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Abstract
Nature constructs a wide variety of structurally complex and bioactive small molecules that have
critical physiological and ecological roles. These natural products have served as an important source in
developing therapeutics that treat a range of human conditions including cancer, infectious disease, and
pain management. Investigating the biosynthesis of these natural products offers the opportunity to discover
new bioactive small molecules as well as engineer these pathways for the production of novel compounds.
Elucidating the enzymes that catalyze the chemical transformations within these biosynthetic pathways will
enable applications in genome mining, biocatalysis, and synthetic biology that can afford therapeutic
candidates. Here we describe the discovery and characterization of novel enzymes that install the reactive
diazo functional group during cremeomycin biosynthesis. These efforts have provided insight into a longstanding challenge within the field of natural products chemistry and provide the knowledge for identifying
and engineering novel diazo-containing small molecules.
In Chapter 2 we describe our efforts to identify the biosynthetic gene clusters that are responsible
for producing the diazo-containing natural products cremeomycin (cre) and lomaiviticin (lom). We
undertook a genome mining strategy, based on the hypothesized intermediacy of the molecule 3-amino-4hydroxybenzoic acid (3,4-AHBA) in cremeomycin biosynthesis and the polyketide nature of lomaiviticin,
to identify the putative cre and lom gene clusters. These clusters were confirmed experimentally using
heterologous expression and bacterial genetics, respectively. Based on the enzymatic chemistry encoded
within the gene clusters we provided an updated biosynthetic hypothesis for cremeomycin and lomaiviticin
assembly.
In Chapter 3 we use a combination of in vivo and in vitro enzyme characterization, synthesis, and
stable isotope feeding studies to elucidate the biosynthesis of cremeomycin up to the point of diazotization.
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We find that following 3,4-AHBA synthesis by the enzymes CreH and CreI, subsequent C2 hydroxylation
and C4 O-methylation are carried out sequentially by the flavin-dependent monooxygenase CreL and the
SAM-dependent O-methyltransferase CreN to afford 3-amino-2-hydroxy-4-methoxybenzoic acid (3,2,4AHMBA). Thus, diazotization in cremeomycin biosynthesis occurs as the last step via late-stage N–N bond
formation with the aniline 3,2,4-AHMBA.
In Chapter 4 we identify and characterize a novel pair of enzymes that generate nitrite from Laspartate. Feeding studies with 15N inorganic nitrogen salts suggest that nitrite is the source of the distal
nitrogen atom in the diazo group of cremeomycin. In vitro biochemical reconstitution supports a model in
which the flavin-dependent monooxygenase CreE catalyzes the six-electron N-oxidation of L-aspartate to
nitrosuccinate with subsequent C–N bond cleavage by the aspartase homolog CreD to afford nitrite and
fumarate. Interestingly, CreD and CreE appear to form a tightly regulated complex and this complex is
essential for nitrite generation.
Finally, in Chapter 5, we identify and conduct preliminary characterization of the diazo-forming
enzyme from cremeomycin biosynthesis. Using a combination of an Escherichia coli-based heterologous
expression system, lysate experiments, site-directed mutagenesis, and biochemical reconstitution with
partially-purified enzyme, we demonstrate that the fatty acid-coenzyme A (CoA) ligase homolog CreM
catalyzes diazotization of 3,2,4-AHMBA with nitrite to afford cremeomycin in vivo and in vitro. Our in
vivo and in vitro investigations suggest that ATP is required for the diazotization reaction, which we propose
is used to activate nitrite and potentially an N–N linked intermediate. Future efforts are focused on structural
and further biochemical characterization of CreM in order to develop a detailed mechanistic understanding
of the diazotization reaction including the role of ATP.
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Chapter 1. Introduction to natural product biosynthetic pathways and the biosynthesis of N–N
bonds and diazo groups

Parts of this chapter were adapted from previous publications.1
1.1

Introduction to the study of natural product biosynthesis

Natural products, also known as specialized or secondary metabolites, are genomically encoded organic
molecules produced by living things that are not essential for the survival of the producing organism.2 While
these molecules are not critical for life, they often play critical roles for the producing organism, including
mediating intercellular communication, chemical defense, and virulence.3-5 Natural products are produced
by all three domains of life; however, bacteria, fungi and plants are the most prolific producers of these
important compounds. Many organisms devote significant portions of their genomes to the synthesis of
these beneficial molecules.6 While certain organisms, particularly the Streptomyces genus of bacteria,
appear to encode the ability to synthesize large numbers of natural products, it is becoming increasingly
clear that only a small subset of these metabolites are produced under standard laboratory conditions.7
Scientists are only beginning to understand the varied natural functions of many of these small molecules
in their ecological context and under what conditions their expression is elicited.8

Living organisms construct secondary metabolites using enzymes via efficient and elegant biosynthetic
pathways. A tremendous structural diversity of natural products exists including ribosomally-synthesized
and post-translationally modified peptides (RiPPs) (e.g. goadsporin, 1), nonribosomal peptides (e.g.
gramicidin, 2), polyketides (e.g. amphotericin B, 3), alkaloids (e.g. berberine, 4), steroids (e.g. digoxin, 5),
aromatics (e.g. pinoresinol, 6), terpenes (e.g. taxadiene, 7),

as well as several hybrid combinations including polyketide-nonribosomal peptides and polyketideterpenoids (Figure 1.1).9-12 The enormous complexity and diversity in natural product architecture and
functionality is generated from simple building blocks, including amino acids, malonate and its derivatives,
and dimethylallyl pyrophosphate, via the action of individual biosynthetic enzymes, and macromolecular
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machines including the ribosome, and so-called ‘assembly line enzymes’ in the cases of polyketide
synthases (PKS) and nonribosomal peptide synthetases (NRPS). Additionally, biosynthetic intermediates
can be modified by a wide range of tailoring enzymes that mediate various transformations including
oxidations, reductions, cyclizations, methylations, acetylations, aminations, glycosylations, halogenations
and isomerizations en route to the final natural product. In many cases, a late stage intermediate is
diversified by different combinations of tailoring enzymes to give a suite of structurally related congeners
that constitute a natural product family.
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Figure 1.1. Examples illustrating classes of natural products and their biosynthetic origins
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Generally, in bacteria and fungi the entire set of biosynthetic enzymes required for synthesizing a particular
natural product are encoded by physically-adjacent genes that form what is known as a ‘biosynthetic gene
cluster’.13 Typically, these biosynthetic gene clusters encode all the necessary enzymatic chemistry to
construct the natural product, as well as regulatory proteins that control the expression of these enzymes,
and therefore, the synthesis of the molecule. The regulation of biosynthetic gene clusters is an intenselystudied field as the ability to elicit the production of small molecules from the approximately 90% of ‘silent’
biosynthetic gene clusters (gene clusters that do not appear to produce a small molecule under standard
laboratory conditions) would greatly expand our access to these small molecules.7,14,15 In addition, for toxic
small molecules, the biosynthetic gene cluster often encodes resistance systems to protect the producing
organism, including exporters, mutated target proteins, or enzymes involved in a pro-drug strategy.
Certainly, the evolution of this stunning display of chemistry suggests the utility and importance of these
molecules in the biology of the producing organism.

Natural products have had a profound impact on human health throughout history. Some of the earliest
medicines were natural product extracts from plants, such artemisinin from Artemisia annua extracts and
quinine from cinchona tree extracts, both used to treat malaria symptoms.16 More recently, the discovery of
penicillin from the fungus Penicillium chrysogenum and streptomycin from the soil bacterium Streptomyces
griseus in the early-to-mid 20th century launched major breakthroughs in modern medicine by providing
the ability to combat pathogens responsible for causing deadly infectious diseases.17 Subsequent efforts
demonstrated the power of tapping into the huge chemical resource provided by microorganisms to discover
not only antibiotics, but also a wide range of medicinally important molecules. This platform for therapeutic
discovery resulted in an ensuing ‘Golden Age’ of drug discovery that provided the single largest category
of drugs in clinical use.18-20 Moreover, natural products continue to serve as a major inspiration for drug
development. Between 1981 and 2014, natural products, their derivatives, or mimics represented 47% of
newly approved drugs by the Food and Drug Administration.21-24 Natural products have served as
therapeutics themselves or as a starting points for the development of drugs in a number of therapeutic areas
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including oncology (paclitaxel (8) and etoposide (9)), autoimmune (ciclosporin (10) and tacrolimus (11)),
infectious disease (penicillin G (12) and tetracycline (13)), analgesia (morphine (14) and aspirin (15)), and
cardiovascular disease (simvastatin (16)) (Figure 1.2).
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Figure 1.2. Examples of therapeutics that are natural products or natural product-derived
NP = natural product
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It is precisely this combination of intriguing and elaborate molecular complexity coupled with potent and
useful bioactivities that has generated the enormous interest in natural products from the broader chemical
community. Synthetic chemists have long been enamored by the structures of these molecules and have
been compelled to elucidate and confirm their structures through total synthesis efforts. Additionally, they
have been inspired to develop synthetic routes and new methodologies to access these molecules in useful
quantities for biological evaluation, and, increasingly, with routes that mimic their biosynthesis. Natural
products chemists, biochemists, and chemical biologists are increasingly eager to uncover new sources of
natural products, to develop methods for identifying novel biosynthetic pathways and ways to elicit their
production, and to understand in detail the biosynthesis of natural products – all with the goal of identifying
new therapeutic interventions for a variety of diseases.25-28

Research into natural products, and particularly the biosynthesis of these molecules, is at an exciting and
challenging time with the enormous amount of microbial genome sequencing data constantly becoming
available as a result of low sequencing costs.29 With this abundance of data, the challenge becomes
identifying biosynthetic gene clusters with the greatest potential to encode both novel enzymatic chemistry
and natural products with medically relevant biological activities.13,30,31 In the following sections (Section
1.1.1 and 1.1.2) a general conceptual framework is outlined that prioritizes natural products for the
discovery of novel enzymatic chemistry and biosynthetic logic. This strategy relies on chemical knowledge
to both identify intriguing natural products of interest and to elucidate the chemistry involved in the
biosynthesis of the natural product being studied.32 In this Dissertation, this chemically-guided approach
was utilized to discover and characterize the genetic and biochemical basis for diazo group construction in
the natural product cremeomycin.
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1.1.1

Predicting novel enzymatic chemistry in biosynthetic pathways

Enzymes are capable of catalyzing remarkably difficult transformations with apparent ease. These proteinbased catalysts accelerate reaction rates many orders of magnitude and can operate with precisely evolved,
high degrees of regio-, chemo-, and enantioselectivity under ambient conditions in water. Discovering and
characterizing novel enzymatic chemistry can provide insights and tools that would have a significant
impact across multiple scientific fields (Section 1.1.2)

In particular, natural product biosynthetic enzymes catalyze some of the most chemically challenging
reactions known. Biosynthetic pathways use these extraordinary catalysts to construct natural products with
staggering complexity and remarkable efficiency. We, along with others, have recognized that the
biosynthesis of natural products represents an attractive target for the discovery and investigation of novel
and exciting enzymatic chemistry (Figure 1.3).1,31-36 In this approach to discovery, natural products with
unusual molecular architectures or intriguing functional groups are selected for investigation. After
selecting a natural product of interest, subsequent characterization of the pathway using a variety of
techniques leads to the elucidation of the chemistry and logic involved in constructing the chosen functional
group. Characterization of the genetic and biochemical basis for the biosynthesis of these structural features
is carried out with the expectation that new fundamental insights into the reactions catalyzed by nature will
be gained, as well as the discovery of new and useful biocatalysts. An understanding of chemical structure
and reactivity can help guide the selection of natural product targets, for example, natural products that
contain critical pharmacophores that may play a role in bioactivity.
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Figure 1.3. Studying natural product biosynthesis yields novel enzymatic chemistry

1.1.2

Uncovering new enzymatic chemistry provides important tools and knowledge

The identification and investigation of new enzymatic reactions can inspire advances across multiple fields
(Figure 1.4). An understanding of the genes and enzymes involved in the biosynthesis of specific structural
or functional groups could advance the disciplines of biocatalysis and synthetic biology by revealing new
enzyme-catalyzed reactions. Subsequent engineering of these enzyme(s) could increase their substrate
scope, thus allowing transformations to take place on a broader range of substrates. Currently, the toolbox
of enzymatic reactions for use in biocatalysis is extraordinarily limited compared to the scope of reactions
afforded by synthetic chemistry.37-39 Biocatalysts of commercial utility are generally limited to hydrolases
and enzymes that interconvert functional groups e.g. transaminases and alcohol dehydrogenases.40 Notably,
an engineered transaminase is used in the process-scale, industrial synthesis of the antidiabetic drug
sitagliptin (Januvia) and hydrolases are used extensively in the food-processing industry.41 In order for the
fields of biocatalysis and synthetic biology to deliver on their promise of affording the sustainable and
environmentally-friendly, large-scale synthesis of valuable chemicals, scientists will need to greatly expand
the scope of available enzymatic reactions.42-46 This process can begin by identifying new and useful
reactions that would be beneficial to these fields and searching for these enzymatic transformations within
the biosynthetic pathways of natural products.

Our understanding of the biosynthesis of various functional groups is not only helpful for applications in
biocatalysis and synthetic biology, but can also be used to identify novel, unknown natural products from
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sequenced genomes. By understanding the biosynthesis of a functional group in one pathway, it is possible
to use this knowledge to identify additional, unknown natural products that bear similar structural features
in other pathways.13

Figure 1.4. Discovery of new enzymes provides tools for multiple fields

An individual gene or gene cassette that encodes the enzymes responsible for installing the functional group
of interest can be queried against genome sequencing data to uncover new biosynthetic gene clusters
encoding uncharacterized natural products. This process of ‘genome mining’ will be discussed in more
detail in Section 1.1.3. In this way, scientists can assess a range of natural products sharing similar structural
features and potentially identify novel bioactive molecules. Importantly, when the functional group of
interest represents a key pharmacophore responsible for biological activity, this favors the discovery of
similarly bioactive natural products. An understanding of chemical reactivity can aid in the appropriate
selection of these candidate pharmacophores and bioactive molecules.

Finally, the discovery of new enzymes can inspire synthetic organic chemists.47 Chemists frequently design
small molecule catalysts and synthetic routes in an attempt mimic the efficiencies of biosynthetic pathways
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and are inspired by the mechanisms, stereoselectivity, and efficiencies of enzymes.48 Understanding the
biosynthesis of new natural products and elucidating the chemistry and mechanisms of novel enzymes will
provide organic chemists with new strategies and creative directions for catalyst design and small molecule
synthesis.

1.1.3

Genome mining connects bioactive natural products to biosynthetic gene clusters

With the increasing amount of publically-available microbial genome sequencing data, scientists are faced
with the exciting and important challenge of discovering and characterizing the biological roles of genes
and enzymes of unknown function.49-54 While the number of gene sequences deposited in public databases
has increased exponentially, and shows no signs of diminishing, our ability to characterize these genes and
the proteins they encode has lagged extremely far behind.51 Only a small fraction of gene sequences within
databases can be confidently assigned annotations for their specific biochemical functions.55 Despite the
challenges associated with deciphering these large data sets, the abundance of available microbial genomes
has dramatically increased our ability to study microbial natural products and their biosynthesis as we can
now more readily connect these structures back to gene sequences.6 Moving forward, this ever-increasing
surge of data comes with the challenge of prioritizing which gene clusters and natural products to investigate
for new enzymatic chemistry, biosynthetic logic, and bioactivity.56-59 In general, there are two approaches
to using genome sequencing data to make the connection between a biosynthetic gene cluster and the
encoded natural product (Figure 1.5).60 One strategy, the ‘gene first’ approach, starts with a biosynthetic
gene or gene cluster and seeks to identify the associated metabolite(s). The other workflow, the ‘molecule
first’ approach, begins with a characterized metabolite and seeks to identify the genes responsible for its
production.
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Figure 1.5. Connecting molecules and genes in natural product biosynthesis discovery

In a ‘gene first’ approach, a biosynthetic gene cluster can be computationally predicted from sequencing
data using an increasing number of publically-available, web-based programs including antiSMASH,
NaPDoS and NP.searcher.61-65 From here it is necessary to isolate and elucidate the structure of the encoded
natural product. This can be performed using a variety of complementary approaches including genetic
disruption in the native producer followed by comparative metabolite analysis, heterologous expression in
an appropriate host, in vitro biochemical reconstitution, and, more recently, in silico structure prediction
and chemical synthesis. With the connection between gene cluster and molecule now confirmed, the
biosynthesis of the natural product can be investigated, potentially revealing new enzymatic chemistry.

In the ‘molecule first’ approach one begins with a structurally characterized natural product that possesses
a unique or intriguing molecular architecture or functional group for which the biosynthesis is unknown.32
In many cases, this functional group or structural feature is also selected based on its relation to the
bioactivity of the molecule, with the goal of eventually using the knowledge gained to discover additional
bioactive molecules. From here, a generalized biosynthetic hypothesis is formed based on conserved
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molecular features (e.g. polyketide or nonribosomal peptide in origin).13 This biosynthetic hypothesis is
then used to search the genome of the producing organism for a specific gene or set of genes postulated to
be involved in biosynthesis. By analyzing the surrounding regions located next to this gene(s), also known
as the ‘genomic context’, for additional secondary metabolic enzymes, required accessory proteins,
regulatory proteins, and resistance pathways, one can more confidently narrow down the possible candidate
biosynthetic gene clusters. For example, for a nonribosomal peptide of interest, one might search the
genome of a producing microorganism for nonribosomal peptide synthetase (NRPS) genes that are colocalized with genes encoding unique and diagnostic tailoring enzymes that differentiate it from other
nonribosomal peptides. A variety of experimental techniques can then be used to confirm that a putative
biosynthetic gene cluster does indeed encode for the synthesis of the desired natural product. These methods
include heterologous expression in an appropriate host, in vitro biochemical reconstitution, and genetic
disruption followed by comparative analysis of metabolites. With the biosynthetic gene cluster now
identified, systematic characterization of the encoded enzymes can be undertaken to elucidate the enzymatic
chemistry and biosynthetic logic used to construct the unusual scaffold or functional group. This structureguided approach to linking natural products to biosynthetic gene clusters within microbial sequencing data
is what we refer to as ‘chemically-guided genome mining.’

Both approaches for connecting gene clusters and natural products afford the opportunity to reveal
potentially new enzymatic chemistry and/or bioactive molecules. However, the chemically-guided genome
mining approach outlined above affords the opportunity to directly interrogate the biosynthesis of unusual
molecular architectures of interest. In this way, bioactive pharmacophores or reactive functional groups can
be chosen for investigation with the goal of using the knowledge gained to discover additional bioactive
active compounds and/or new enzymes for applications in biocatalysis and synthetic biology. In addition,
chemical knowledge and an understanding of molecular reactivity can provide important insights when
studying the biosynthesis of natural products. Because enzymes operate fully within the rules of physical
organic chemistry, an understanding of reactivity and chemical logic can inform the general type of
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enzymatic chemistry that would be required for a particular transformation of interest (e.g. an oxidative
process or radical-mediated reaction). This crucial insight can help to better predict potential candidate
enzymes for a particular transformation from within a biosynthetic gene cluster and help inform what
transformation an enzyme might perform on a substrate when the exact reaction is not known. Overall,
integrating chemical knowledge into analyses of genome sequencing data offers chemists and chemical
biologists the fascinating opportunity to uncover novel enzymatic reactivity and metabolites with
interesting bioactivities. In the following section, we discuss how a special group of natural products, those
that contain a N–N bond, provide an exciting and challenging opportunity to reveal the biosynthetic logic
and enzymatic chemistry involved in constructing this bioactive chemical linkage.

1.2

Biosynthesis of natural products containing a N–N bond

Functional groups containing N–N bonds have been identified in natural products isolated from a variety
of sources including bacteria, fungi and plants (Figure 1.6). Natural products containing a N–N bond
represent a small, yet structurally diverse class of metabolites. There are approximately 200 members of
this natural product family, ranging from the simple di-amino acid azoxy compound valanimycin to the
complex, diazobenzofluorene polyketide lomaiviticin.66,67 This group of natural products encompasses a
wide range of functional groups, including azoxy (e.g. macrozamin, 17), diazo (azaserine, 18), hydrazido
(e.g. negamycin, 19), hydrazino (ostrerine A, 20), heterocyclic (e.g. withasomnine (21), liguducimine A
(22), noelaquinone (23)), and N-nitroso (e.g. brachystemidine G, 24) motifs. The diverse structures and
reactivities of these scaffolds have captured the attention of chemists and chemical biologists. While many
of these functional groups are rare, they have been found in nearly all major families of secondary
metabolites, including nonribosomal peptides, polyketides, terpenes, alkaloids, and nonproteinogenic
amino acids. To the best of our knowledge, a ribosomally-synthesized and posttranslationally modified
peptide has not been identified that contains a N–N bond.
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Figure 1.6. Examples of natural products containing a N–N bond
A) N–N bond containing functional groups present in natural products. B) Examples of natural products
containing N–N bonds.

This wide distribution suggests that these structural features have important biological roles. By virtue of
the N–N linkage, many of these functional groups are believed to impart biological activity to the natural
product, however, conclusive evidence linking these structural features to natural product function has been
demonstrated only in a limited number of cases.68-71 Metabolites containing such linkages are used clinically
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or have been evaluated in clinical trials, including the N-nitrosourea-containing chemotherapeutic
streptozotocin (Section 1.2.5.1) and the candidate antiproliferative drug azaserine.72,73 Moreover, N–N bond
containing functional groups can be essential for the activity of natural products. For example, the Nnitrosourea substituent of streptozotocin is a precursor to diazomethane, which alkylates DNA.70 Similarly
the presence of both diazo groups in lomaiviticin A (Section 1.3.2) are required for efficient generation of
DNA double strand breaks.74

In addition to their presence in reactive functional groups, N–N bonds play other important roles within
natural products. The N–N bond of piperazic acid (Section 1.2.3.2) imparts increased conformational
rigidity compared with L-proline, potentially contributing to the activity of piperazic acid-containing
nonribosomal peptides, such as kutzneride 1.71,75,76 Generally, the lone pairs and polarized N–H bonds
present within these functional groups facilitate binding to biological macromolecules via hydrogen
bonding and polar interactions.

N–N bonds also have an important role in synthetic organic chemistry and drug development. Structural
motifs with N–N bonds, including tetrazoles, triazoles, pyrazoles, hydrazides, are abundant in synthetic
screening libraries and were present in 7.5% of the 200 most prescribed drugs in 2016, further suggesting
the privileged status of N–N bond containing molecules in imparting biological activity.77,78 Synthetic
methods for accessing these structural motifs are available, however developing new strategies for
constructing N–N linkages is an active area of investigation in synthetic organic chemistry.79-83 An
underexplored but promising approach for accessing such scaffolds is the use of N–N bond forming
enzymes in the context of biocatalysis and synthetic biology. Such applications could help to alleviate the
relative lack of synthetic methods for N–N bond formation in comparison to C–C and C–X bond
construction.
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N–N bond formation is a chemically challenging transformation as both atoms being linked are inherently
nucleophilic.83 Thus the primary difficulty that must be surmounted in enzymatic N–N bond construction
is the ‘reversal’ of this reactivity for one of the amine reaction partners. Our current understanding of N–N
bond formation in natural product biosynthesis points toward a predominant logic in which one of the amine
partners undergoes an initial N–O bond forming reaction to facilitate the eventual generation of an
electrophilic species. The reactivity of these electrophilic, oxidized nitrogen species has led to the proposal
that certain N–N bonds in natural products are formed non-enzymatically, although conclusive
experimental evidence is lacking in these cases.84

This section (Section 1.2) will discuss our current understanding of the enzymes and chemical logic
involved in the construction of various N–N bond containing natural products. The biosynthesis of diazo
natural products in discussed separately in Section 1.3. Prior to the work discussed in this Dissertation, only
one natural product biosynthetic enzyme that catalyzes N–N bond formation had been studied in vitro –
KtzT from piperazic acid biosynthesis (Section 1.2.3.2) – with an additional enzyme that had been
reconstituted in vivo – XiaH from dixiamycin biosynthesis (Section 1.2.3.1).85 In the following sections,
we will discuss examples in which genetic experiments, feeding studies, identification of biosynthetic
intermediates, and/or biochemical characterization of non N–N bond-forming enzymes within pathways
have provided insights into the chemical logic underlying N–N bond construction. Investigations of these
pathways have suggested that a range of different enzymes may promote this general transformation in the
context of building different functional groups. We include a brief discussion of the synthetic methods
available for accessing particular structural motifs at the beginning of several sections to provide a
framework for discussing biosynthetic strategies. This section will be organized by the type of functional
group and further subdivided by the specific natural product, with certain metabolites discussed together
when a shared biosynthetic logic appears operative.
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Interestingly, enzymes catalyzing N–N bond formation in primary metabolism are known and have been
the focus of extensive biochemical and structural investigations given the importance in the global nitrogen
biogeochemical cycle. The enzymes are nitric oxide reductase from the denitrification pathway and
hydrazine synthase from the anammox pathway. Nitric oxide reductase contains both heme and non-heme
iron centers that catalyze electron transfer to reductively couple two molecules of nitric oxide, thus forming
the N–N bond of nitrous oxide which is the final precursor to dinitrogen gas. Hydrazine synthase is a three
protein, multi-heme complex which catalyzes the three electron reduction of nitric oxide to afford
hydroxylamine which then couples with ammonia forging the N–N bond and generating hydrazine.

1.2.1

Azoxy

The first natural product discovered to possess an N–N bond was the azoxy-containing compound
macrozamin (17) in 1951.86 Azoxy compounds have attracted attention given their varied bioactivities,
which include antibacterial, antifungal, anticancer and carcinogenic effects.66,67 However, it is currently
unknown whether the azoxy group is principally responsible for these activities due to a lack of detailed
structure-activity relationship studies. While azoxy-containing metabolites are exceedingly rare among
known natural products, these compounds have well-established roles as intermediates and reagents in
synthetic organic chemistry.87,88 Interestingly, investigations into the biosynthesis of azoxy-containing
compounds have revealed two main routes for the construction of this functional group that appear to
parallel the general strategies used by synthetic chemists (Scheme 1.1). This functional group can be
furnished by the oxidation of azo compounds, a route that involves constructing the N–N linkage first.88
Alternatively, both aliphatic and aromatic azoxides can be accessed through coupling of C-nitroso
compounds and hydroxylamines, with N–O bond of the azoxy linkage installed prior to N–N bond
formation.88
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The natural products discussed in this section will be organized according by the logic used in azoxy group
construction. Metabolites assembled by azo oxidation include valanimycin, the elaiomycins, and KA57-A,
while the azoxymycins and malleobactin D are generated via oxidative dimerization. While the enzyme(s)
responsible for N–N bond formation in these pathways remain to be discovered, we will review the
significant advances that helped to decipher the general logic used in azoxy group biosynthesis.

1.2.1.1

Valanimycin, Elaiomycin, KA57A

Valanimycin (25) was isolated and structurally characterized in 1986 from the soil-dwelling microbe
Streptomyces viridifaciens MG456-hF10 during a screen of a Streptomycete collection for antitumor
antibiotics.89 It showed activity against both Gram-positive and Gram-negative bacteria as well as several
mouse cancer cells lines.89 The increased susceptibility of a DNA-repair deficient Escherichia coli strain to
valanimycin suggested DNA as its primary target, which was later supported by demonstrating the
inhibition of bacterial DNA synthesis.90 Investigations into valanimycin biosynthesis have greatly advanced
our understanding of the construction of this rare functional group. While the specific enzyme(s) that
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participate in N–N bond construction have not been characterized, a series of investigations has deciphered
nearly every other biosynthetic transformation (Scheme 1.2).

Early feeding studies established L-valine, L-serine, isobutylamine (26), and isobutylhydroxylamine (27)
as intermediates in valanimycin biosynthesis.91,92 These latter two intermediates were proposed to derive
from L-valine via decarboxylation and N–hydroxylation. Subsequently a PLP-dependent L-valine
decarboxylase (VlmD) and a specific flavin-dependent isobutylamine N–hydroxylase (VlmH) were
identified in the valanimycin biosynthetic gene cluster and characterized in vitro.93-97 Interestingly, the
flavin-dependent N–monooxygenase VlmH was found to be part of a novel two-component system in which
the reduced flavin cofactor required for monooxygenation was provided by a separate NADPH:flavin
reductase, VlmR.

92,95

. This system showed a strong preference for FAD and NADPH over FMN and

NADH, respectively. Feeding of [15N,18O]-isobutylhydroxylamine to S. viridifaciens MG456-hF10
resulted in 50% incorporation of the

15

N-label into valanimcyin, but no incorporation of the
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O-label,

indicating that the oxygen atom of the azoxy group does not derive from isobutylhydroxylamine.98 The
conversion of 26 to 27 suggested that an oxidative logic for N–N bond construction was operative, as further
oxidation or modification of this functional group could enhance the electrophilicity of this nitrogen atom,
enabling subsequent nucleophilic attack.

Discovery of the valanimycin (vlm) biosynthetic gene cluster increased our understanding of valanimycin
and azoxy group biosynthesis by facilitating the biochemical characterization of additional enzymes.97,99 A
peculiar feature of the vlm gene cluster was the presence of a gene (vlmL) predicted to encode a seryl-tRNA
synthetase. Aminoacyl-tRNA synthetases play an essential role in protein synthesis, but their roles outside
of this context had only begun to be investigated.100 In vitro characterization of VlmL demonstrated that it
catalyzed the aminoacylation of a pool of E. coli tRNAs with L-serine, however, the role of the seryl-tRNA
intermediate in valanimycin biosynthesis was unclear.101 The details of its participation became clear with
the identification of a proposed late-stage biosynthetic intermediate, O-(L-seryl)-isobutylhydroxylamine
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(28) and characterization of the enzyme VlmA.102 The intermediate 28 was identified by incubating 27 and
enzymatically generated, radiolabeled L-[U-14C]seryl-tRNA with cell-free extracts of S. viridifaciens
MG456-hF10 and analyzing assays by thin-layer chromatography (TLC) and autoradiography. The
generation of 28 was dependent on VlmA, as cell-free extracts of a DvlmA mutant could not produce this
compound. Thus, VlmA appears to catalyze the O-acylation of 27 with L-serine to afford 28, with seryltRNA serving as the acyl group donor. This activity could be reconstituted in vitro when VlmA was supplied
with 139 and L-[U-14C]-seryl-tRNA. In accordance with this activity, VlmA shows weak sequence identity
to lysylphosphatidylglycerol synthase, an enzyme that acylates a hydroxyl group of phosphotidylglycerol
with L-lysine using L-lysyl-tRNA.103

The characterization of VlmA and VlmL was a crucial step forward in understanding valanimycin and
azoxy biosynthesis as these enzymes connect the two halves of valanimycin. Unfortunately, the instability
of 28 precluded its use in feeding studies, which could have further confirmed its role as a biosynthetic
intermediate. Presuming the intermediacy of 28, the only transformations needed to afford the final natural
product are azoxy formation and dehydration of the seryl moiety. Gene disruption experiments and feeding
studies with radiolabelled valanimycin hydrate (29) revealed that VlmJ acts as a kinase to phosphorylate
29, generating an activated phosphoryl intermediate which is then dehydrated by VlmK to provide
valanimycin.104 These studies also suggest that azoxy group formation precedes dehydration.
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The enzymes involved in azoxy formation, arguably the most interesting transformation in the construction
of this valanimycin, remain to be identified and characterized. Encouragingly, the work of Parry and
colleagues has put constraints on both the timing of azoxy formation and the enzyme(s) involved. Only
three proteins VlmO, VlmB, and VlmG remain to be investigated for their ability to catalyze azoxy
formation.97 No functions for these proteins have been proposed and their closest homologs are all annotated
as hypothetical proteins. Intermediate 28 may be a likely substrate for one or more of these enzymes.102,104

Two intriguing routes have been proposed that would convert 28 to the azo precursor 30, which could be
subsequently oxidized and dehydrated to form valanimycin (Scheme 1.3).102 In Path A, the amine of the
seryl moiety in 28 is oxidized to provide the a-ketoimine 31, which then cyclizes via an intramolecular
attack by the nitrogen atom of the isobutylamine moeity to provide the unusual oxadiazolidine intermediate
32. Oxidation of the amine to the imine and its conjugation with the carbonyl group would increase the
electrophilicity at the nitrogen atom and could potentially promote N–N bond formation. The
oxadiazolidine intermediate 32 is then proposed to undergo N–O bond cleavage to form the azo
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intermediate 30. However, the key N–N bond forming reaction in this sequence that converts 31 to 32 is a
disfavored, 5-endo-trig cyclization, potentially arguing against this route.
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Alternatively, in Path B, the nitrogen atom of the isobutylamine moiety of 28 could be hydroxylated a
second time to generate the O-acylated N,N-dihydroxy intermediate 33. Paralleling the reactivity observed
in oxime, nitroso, and nitro group biosynthesis, N–O cleavage would generate the nitroso compound 34
and L-serine. Subsequent condensation of these intermediates could afford the same azo compound 30.
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Installation of an N-hydroxyl group on 28 could therefore not only facilitate C–O bond cleavage but could
also be required to sufficiently activate this nitrogen atom for subsequent nucleophilic attack.

While these two proposed mechanisms use a very different series of transformations, they both involve an
oxidative logic to increase the electrophilicity at one of the two nitrogen atoms, allowing for nucleophilic
attack by the second nitrogen atom. Notably, both of these scenarios are potentially inconsistent with the
previous [15N, 18O]-isobutylhydroxylamine feeding studies, which observed no retention of 18O in the final
natural product. Based on the mechanisms proposed in Scheme 31, the oxygen atom of
isobutylhydroxylamine should end up in the carboxylic acid of valanimycin. This inconsistency may be
attributed to isotope-exchange with water during the valanimycin isolation procedure, which includes
several manipulations at pH 3.0 as well as the use of 2 N NH4OH. From the common azo intermediate 30,
oxygenation to form the azoxy group and dehydration would afford valanimycin.

Elaiomycin (35) is a carcinogenic and tuberculostatic antibiotic isolated in 1954 from the fermentation
broth of Streptomyces hepaticus (Scheme 1.4).105-108 Its structure and absolute configuration were later
confirmed by total synthesis.109-114 As with investigations of valanimycin assembly, our insights into
elaiomycin biosynthesis originated with feeding studies using various hypothesized precursors. These
experiments, in combination with the isolation of structurally related congeners, suggest a biosynthetic
logic for azoxy group formation that is shared with the valanimycin pathway.

22

A

B

OH
Me

N

N

HO

Me
Me

O

OMe

CO2H

OH

Me

N

N

NH2

azoxy
formation

Me

O

N
H

OH

45

OMe

elaiomycin D (38)
OH
N

O

O

H 2O
OH

N

via:

R

O

O

Me

H 2N

36

elaiomycin (35)
O

+

NH2

Me

43

N

N

O

Me

X
OH

SAM

OMe

elaiomycin E (39)
OH
Me

N

N

O

amidation
Me

Me

42

37

O

O

elaiomycin F (40)

malonyl-CoA

– CO2

N

N

Me

O

OMe

Me

N

elaiomycin G (41)

N

O

N

N

O

reduction

NH2

C7'
oxygenation

OMe

elaiomycin H (42)
41

O
N

N

O

Me
OMe

O

Me

44

OH

O

Me

H 2O
X

OMe

OMe

O
Me

N

N

OH
Me

N

40

OH

N

O

dehydrogenation
Me

35

OMe

dehydrogenation

OH

elaiomycin K (43)
C7'
oxygenation

O
Me

N

N

O

OH

38

Me

N

N

O

OMe

Me
OMe

elaiomycin L (44)

Scheme 1.4 Structures and biosynthesis of elaiomycins
A) Structures of isolated elaiomycins and B) proposed biosynthesis

23

C3'
oxygenation

OH

39

Early feeding studies support the biosynthetic hypothesis shown in Scheme 1.4B. Key biosynthetic
precursors include n-octylamine (36), which is derived from fatty acid biosynthesis, L-serine, malonylCoA, and a SAM-derived methyl group.115,116 The results of these experiments led to the proposal that
installation of the secondary hydroxyl group arises from a Claisen condensation between an activated
intermediate 37 and malonyl-CoA. This would yield a b-ketoester which would be hydrolyzed,
decarboxylated, and finally reduced.116 Further insights into elaiomycin biosynthesis came nearly 30 years
later when several structurally related elaiomycin derivatives were isolated from Streptomyces sp. strain
HKI0708 and Streptomyces sp. Tu 6399 (elaiomycin D – H, K, L; 38 - 44) (Scheme 1.4A).117,118 These
metabolites likely represent a consortium of intermediates and analogues resulting from differential
tailoring reactions (Scheme 1.4B). Their structures are consistent with L-serine and 36 as direct precursors
to elaiomycin and support the proposal that azoxy group formation occurs early in biosynthesis potentially
via a similar O-serylated intermediate (45) to that which occurs in valanimycin biosynthesis. Unfortunately,
a biosynthetic gene cluster has not been reported for elaiomycin, preventing the assignment and
characterization of the enzymes responsible for the proposed biosynthetic steps.

The azoxyalkene natural product KA57-A (46) was isolated from Streptomyces rochei 743AN4 during
efforts to elicit the production of silent biosynthetic gene clusters.119 This natural product had previously
been isolated from an Actinomadura-like fungus.120 The structure of KA57-A strongly resembles
valanimycin and elaiomycin, suggesting a shared strategy for azoxy group construction and a biosynthetic
route deriving from an aliphatic amine (n-hexylamine, 47) and an amino acid (L-serine) via an O-serylated
intermediate 48. Insight into the biosynthesis of KA57-A derives entirely from feeding studies and supports
the biosynthetic proposal outlined in Scheme 1.5. The generation of the intermediate 49 is proposed to
follow a similar sequence to elaiomycin biosynthesis involving a Claisen condenation with malonyl-CoA
followed by hydrolysis, decarboxylation, and oxidation/reduction tailoring reactions. Interestingly, analysis
of the draft genome of S. rochei 743AN4 revealed homologs of vlmJ and vlmK, the kinase and dehydratase
from valanimycin biosynthesis that dehydrate the serine residue. These enzymes could be involved in

24

dehydrating the 3-aminobutane-1,2-diol moiety of 49. The authors did not comment on the genes within
close physical proximity to the vlmJ and vlmK homologues and whether they might represent the KA57-A
biosynthetic gene cluster.

HO
Me

+

NH2

H 2N

47

CO2H

NH2

azoxy
formation

via:

R

O

N
H

OH
O

48

O
Me

N

N

O

malonyl-CoA

X
OH

– CO2
OH

Me

N

49

N

O

dehydration

OH

OH

– H 2O
OH

Me

N

N

OH

O

OH
Me
N

N

OH

O

KA57-A (46)

Scheme 1.5 Structure and proposed biosynthesis of KA57-A

25

Overall, valanimcyin, elaiomycin, and KA57-A represent a structural class of azoxyalkene natural products
that appear to share a biosynthetic logic for azoxy group construction which involves O-seryl
hydroxylamine and azo intermediates. The absence of biosynthetic gene clusters for both elaiomycin and
KA57-A has severely hindered the characterization of these two pathways, as well as the elucidation of the
enzymatic chemistry involved in azoxy group biosynthesis. If these three pathways do employ the same
general logic for azoxy group assembly, the discovery of the elaiomycin and KA57-A gene clusters could
aid in the identification of the azoxy group forming enzyme(s) via comparative genomics.

1.2.1.2

Azoxymycins, Malleobactin D

Malleobactin is a siderophore discovered in the 1990s and is produced by the pathogenic bacteria
Burkholderia pseudomallei and Burkholderia mallei.121,122 The malleobactin (mba) biosynthetic gene
cluster was later discovered using a combination of global transcriptional analysis and gene disruption
experiments.123 The structure of malleobactin was not determined until 2013, when four structurally related
nonribosomal peptides, malleobactin A – D (50 – 53), were structurally characterized (Figure 1.7). These
structures are consistent with the tetramodular NRPS and accessory enzymes encoded within the mba gene
cluster.84,124,125 Malleobactin A – C differ in the oxidation state of the N-terminal ornithine residue, ranging
from the hydroxylamine to the nitro group, and malleobactin D is an azoxy-linked dimer.
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The presence of the 5-nitropentanoic acid residue in malleobactin A and the azoxy group in malleobactin
D is highly unusual in siderophores. Analysis of the mba gene cluster revealed only one enzyme (MbaC)
likely to oxidize the N-terminal ornithine residue. MbaC is annotated as a putative flavin-dependent
monooxygenase based on sequence identity and is similar to the well-studied ornithine and lysine Nmonooxygenases.84 In vitro characterization of MbaC revealed that this enzyme converts L-ornithine to N5hydroxy-L-ornithine as the major product, consistent with its annotation and the reactivity of related
enzymes.84 Small amounts of the nitro, nitroso and azoxy-linked dimer were also detected in this assay and
were proposed to arise from autoxidation based on the known reactivity of aliphatic hydroxylamines.84

These results led to the suggestion that the hydroxylamine congener malleobactin B might be the actual
product of the mba gene cluster. Indeed, incubation of malleobactin B under physiological conditions led
to the non-enzymatic formation of malleobactins A, C, and D. Based on these results, it has been claimed
that the azoxy-containing compound malleobactin D represents a shunt product formed non-enzymatically
during the autoxidation of the hydroxylamine group of malleobactin B. This reactivity is consistent with
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previous reports of azoxy formation from the condensation of hydroxylamines and nitroso compounds.126,127
While its formation may be non-enzymatic, this does not rule out the possibility that malleobactin D may
be generated in vivo and has a specific physiological role.
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The azoxymycins are a class of dimeric aromatic azoxy compounds that were isolated from Streptomyces
chattanoogensis L10 in 2015 (Figure 1.8).128 Azoxymycin A, B, and C (54 – 56) are bright yellow solids
and analysis of these compounds using HPLC-diode array detection demonstrated that they exist as
interconverting cis-trans isomers at room temperature.128 The azoxymycin (azo) biosynthetic gene cluster
was discovered using a genome mining approach based upon the hypothesis that these compounds were
polyketide-derived.129 Involvement of this gene cluster in azoxymycin production was confirmed by gene
knockout experiments. Importantly, when azoC was disrupted two amino aromatic polyenes (57 and 58)
accumulated in the mutant (Scheme 1.6).130 The protein encoded by azoC is a putative PABA N-oxygenase
resembling the extensively studied nitro group-forming non-heme di-iron N-oxygenase AurF.131 This
annotation suggests that AzoC may be involved in oxidizing the amino group of 57 and 58 en route to azoxy
group formation. Specifically, AzoC may oxidize these putative biosynthetic precursors to hydroxylamine
and/or nitroso derivatives that could dimerize either enzymatically or non-enzymatically to generate the
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azoxymycins. The possibility of non-enzymatic azoxy formation during the course of AzoC-mediated
oxidation of 57 and 58 was not explicitly tested, but appears possible given the known reactivity of this
class of molecules.126
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Scheme 1.6 Proposed biosynthesis of azoxymycin A – C involving coupling of amino precursors
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The examples of malleobactin D and the azoxymycins showcase a pathway for azoxy group formation that
differs dramatically from that involved in the production of valanimycin, elaiomycin and KA57-A,
suggesting that at least two strategies for azoxy group biosynthesis have evolved separately. Perhaps
unsurprisingly, these routes rely heavily on oxidative chemistry for N–N bond formation, however, the
enzymatic chemistry used in each pathway differs. A flavin-dependent N-monooxygenase is employed in
malleobactin D biosynthesis, while a putative non-heme di-iron N-oxygenase is used to assemble the
azoxymycins. Both types of enzymes can generate intermediates that are known to dimerize nonenzymatically to generate azoxide products (Scheme 1.7).126,127 Malleobactin D and azoxymycin
biosynthesis therefore highlight the potential interplay between enzymatic and non-enzymatic chemistry in
constructing structurally intriguing functional groups. Whether azoxy formation in these natural products
is truly a non-enzymatic process in vivo and whether these azoxy congeners have physiological relevance
remains unknown.
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1.2.2

Hydrazide

Hydrazides are well represented among N–N bond containing natural products and can be found in both
linear and cyclic scaffolds. The first hydrazide-containing secondary metabolite was isolated in the early
1960s and since then molecules bearing this functional group have been discovered in fungi, both terrestrial
and marine bacteria, and plants.66,67 These natural products exhibit a wide range of bioactivities including
antidepressant, antiinflammatory, antiproliferative, antibacterial, and antifungal.66,82
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Figure 1.9. Logic for hydrazide construction in organic synthesis and biosynthesis

Hydrazide compounds are widely used synthetic organic chemistry, both as reagents and intermediates, as
well as final target scaffolds.132 In this context, hydrazides are most commonly accessed by acylation of
hydrazine and hydrazine derivatives (Figure 1.9).82 Hydrazide natural products may be biosynthesized using
related logic in which an activated carboxylic acid derivative undergoes nucleophilic attack by hydrazine
or a hydrazine derivative. Currently, our understanding of the genes and enzymes involved in hydrazide
biosynthesis come from studying the fosfazinomycins and piperazic acid-containing nonribosomal
peptides. For both classes of molecules, hydrazide installation appears to follow the strategy described
above.
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1.2.2.1

Fosfazinomycin

Fosfazinomycin A (60) and B (61) were isolated in 1983 from the culture filtrate of Streptomyces
lavendofoliae No. 630 during a screening program for antifungal antibiotics.133-135 Investigations into these
natural products were reinvigorated over 30 years later with their isolation from Streptomyces sp. WM6372
and the identification of the fosfazinomycin (fzm) biosynthetic gene cluster using genome mining and a
novel enzymatic isotope labeling approach termed SILPE (stable isotope labeling of phosphonates in
extracts).136 Interestingly, the fzm gene cluster contains putative diazo-forming gene cassettes from both the
cremeomycin and kinamycin/lomaiviticin pathway. In vitro characterization of enzymes from both of these
gene cassettes has led to proposals for their roles in hydrazide biosynthesis.

Investigation of fosfazinomycin biosynthetic enzymes in vitro has clarified the order of events in this
pathway, confirmed the proposed activities of several enzymes, and elucidated key biosynthetic
intermediates that are proximal to hydrazide installation.137,138 Based on this work, it is currently
hypothesized that fosfazinomycin is assembled via a convergent process involving the incorporation of
phosphonate and amino acid building blocks (Scheme 1.8). In the phosphonate side of the pathway, the
enzymes FzmBCDG, which consist of an O-methyltranferase, phosphoenolpyruvate (PEP) phosphomutase,
phosphonopyruvate (PnPy) decarboxylase, and a-ketoglutarate diooxygenase, respectively, convert PEP
(62) to the intermediate (S)-2-hydroxy-2-phosphono-acetate (63).137 This phosphonate intermediate 63 is
then coupled with methylated arginine hydrazide (64) to form 61, which can be further elaborated to 60 by
ligation of L-valine. While the enzymatic chemistry involved in constructing 63 is well-precedented, the
biosynthetic route to the hydrazide coupling partner 64 has not been completely elucidated.
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A preliminary hypothesis for hydrazide construction has been put forth based on the contents of the fzm
gene cluster and the in vitro activities of biosynthetic enzymes (Scheme 1.9). Arginine hydrazide (65) is
believed to be a precursor to the late-stage intermediate 64 as it is selectively methylated by FzmH to
generate 64.137 The synthesis of 65 is thought to involve nitrite production as the fzm gene cluster encodes
homologs of CreD and CreE (FzmL and FzmM, respectively) from cremeomycin biosynthesis (discussed
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in Chapter 4).138,139 Consistent with this proposal, these enzymes FzmM and FzmL convert L-aspartate to
nitrite and fumarate in vitro. Based on the hypothesis that hydrazinosuccinate (66) is a biosynthetic
intermediate, it has been proposed that nitrite diazotizes a second equivalent of L-aspartate, forging the N–
N bond that appears in the final hydrazide natural product. This diazo acid intermediate (67) may then be
reduced via an unknown process to generate 66.

In addition to homologs of CreD and CreE the fzm gene cluster contains most of the putative diazo-forming
gene cassette from the kinamycin and lomaiviticin pathways, including the glutamine synthetase (fzmN),
the amidase (fzmO), the hypothetical protein (fzmP), the N-acetyltransferase (fzmQ), and the
adenylosuccinate lyase (fzmR) which will also be presented in Chapter 2 with our discussion of lomaiviticin
biosynthesis. In vitro characterization of two biosynthetic enzymes, FzmQ and FzmR, has led to the
proposal that these enzymes participate in converting 66 to acetylhydrazine (68). The N-acetyltransferase
FzmQ was shown to selectively acylate the terminal nitrogen atom of hydrazinosuccinate with acetyl-CoA,
providing 69. The adenylosuccinate lyase homolog FzmR catalyzed the elimination of 68 from 69 forming
fumarate as a co-product. One or more of the remaining enzymes encoded by the putative hydrazide gene
cassette (FzmN, FzmO), the asparagine synthase FzmA, or the pyruvate carboxylase FzmF have been
proposed to ligate 68 with L-arginine and subsequently remove the acetate group to afford 65. Thus, the
key hydrazide-forming reaction appears to involve acylation of 68 or a related intermediate. The generation
of 68 rather than direct use of hydrazine may have evolved to avoid accumulation of this toxic and reactive
species.
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The biosynthesis of the fosfazinomycins concludes with the methylation of 65 by methyltransferase FmzH
to give 64, its condensation with the phosphonate intermediate 63 via unknown enzymes to afford
fosfazinomycin B, and finally, the ligation of L-valine by the aminoacyl-tRNA peptidyl transferase FzmI
to provide fosfazinomycin A. The FmzH-catalyzed methylation of 6 and appendage of L-valine to
fosfazinomycin B by FzmI have been confirmed in vitro. The N–P bond forming reaction that constructs
the phosphonamidate linkage remains enigmatic.

From an evolutionary perspective, fosfazinomycin biosynthesis is particularly intriguing. The fzm gene
cluster contains elements from two very different diazo-containing natural product biosynthetic pathways.
The presence of functional CreD and CreE homologs suggests that nitrite is involved in hydrazide
biosynthesis.139 The high degree of similarity between the putative fzm hydrazide-synthesizing gene cassette
and the kin/lom diazo-forming gene cassette suggests additional parallels in biosynthetic logic. The lack of
the predicted ferredoxin oxidoreductase from the lom/kin-type diazo gene cassette (Lom30) in the fzm
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hydrazide gene cassette is notable but its contribution to diazo biosynthesis is unclear.140 The distribution
of similar biosynthetic machinery in very distinct biosynthetic pathways should help to guide future
experimental efforts to decipher the elusive enzymatic chemistry involved in N–N bond formation in the
context of both hydrazide and diazo functional group synthesis.

1.2.2.2

Piperazic–acid containing nonribosomal peptides

The hydrazide functional group also appears in a wide range of nonribosomal peptides that utilize piperazic
acid as a building block, including the antibiotic monamycin F (70)141-143, the antiproliferative himastatin
(71)144-146, the immunosuppressive mixed PKS-NRPS sanglifehrin (72)147,148, and the antimicrobial
kutzneride 1 (73)149-151 (Figure 1.10). Although piperazic acid elongation by an NRPS has not yet been
demonstrated in vitro, its incorporation into these scaffolds is expected to be consistent with the established
logic of these assembly-line enzymes. Piperazic acid is incorporated intact rather than synthesized on the
assembly line, with additional modifications (chlorination, oxidation) occurring on the piperazyl-S-ACP
tethered intermediate.85,152,153
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Figure 1.10. Selected piperazic acid-containing hydrazide NRPS-derived natural products

Presumably, piperazic acid is selected and activated by the adenylation (A) domain using ATP (Scheme
1.10). An A domain sequence motif predictive of piperazic acid utilization has not been described; however,
the A domain specificity code of the predicted piperazic acid-incorporating NRPS module SfaD is most
similar to the motif for L-proline activation, which is in agreement with their similar structures.147,148 The
resulting acyladenylate intermediate is then transferred to the phosphopantetheinyl arm of the thiolation (T)
domain. The condensation (C) domain then likely catalyzes the nucleophilic attack of one of the amines of
the tethered piperazic acid onto the thioester of an upstream tethered intermediate to form the hydrazide
linkage. In most natural products, including monamycins, himasatin, and kutzernides the N1 amine acts as
the nucleophile in hydrazide formation, however, in sanglifehrin A the N2 amine is the nucleophile.
Therefore, use of piperazic acid as an NRPS extender unit generates a hydrazide linkage rather than a typical
amide bond. The biosynthesis of the piperazic acid building block is discussed below in Section 1.2.3.
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While the overall logic for hydrazide biosynthesis in the fosfazinomycins and piperazic-acid containing
nonribosomal peptides is analogous, the enzymes used are highly distinct. The putative hydrazide-forming
enzymes in fosfazinomycin biosynthesis resemble enzymes that participate in primary metabolism, while
the piperazic acid containing peptides utilize the well-characterized NRPS assembly-line machinery. In
both pathways the N–N bond appears to be synthesized before the acyl groups are appended.
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1.2.3

Hydrazine

Hydrazines are relatively rare among natural products containing an N–N bond.67 Moreover, there is
considerable debate as to whether small hydrazine-containing natural products are synthesized
enzymatically or whether they result from abiotic processes.66 Hydrazine derivatives have been isolated
from bacteria, plants, and fungi.66 These compounds exhibit varied bioactivities and can be highly toxic as
is the case for N-formyl-N-methylhydrazine from the mushroom Gyromitra esculenta.154

Unlike their metabolite counterparts, hydrazine derivatives are well-represented among synthetic
compounds. Most commonly, the N–N linkage in complex hydrazines is constructed through the
incorporation of hydrazine and simple hydrazine derivatives into synthetic intermediates (Figure 1.11).
Methods for synthesizing hydrazine derivatives that involve N–N bond formation are quite limited.83 While
it is conceivable that hydrazine itself could be involved in the biosynthesis of more complex hydrazine-
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containing natural products, little experimental evidence supports this hypothesis. Although hydrazine is
generated as an intermediate in the energy-yielding metabolic pathway known as anammox by the
hydrazine synthase complex, it is restricted to very specialized classes of anaerobic bacteria.155
Furthermore, due to the reactivity and toxicity of hydrazine, it is produced and sequestered in a highly
adapted bacterial organelle called the annamoxasome, which likely prevents its interaction with other
metabolic pathways.
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Figure 1.11. Logic of hydrazine installation in organic synthesis versus biosynthesis

Our current understanding of the biosynthesis of hydrazine-containing natural products derives largely from
studies of two structurally unrelated compounds, the atropisomeric dixiamycins A and B and piperazic acid.
A flavin-dependent enzyme has been discovered that is capable of catalyzing late-stage N–N bond
formation in the biosynthesis of the dimeric dixiamycins. In the case of piperazic acid biosynthesis, a flavindependent N-oxygenase and a heme-containing enzyme have been discovered and characterized to function
together to construct the N–N bond. A comparison of the chemical logic used to overcome the challenge in
forging N–N bonds in these two different methods will be discussed.
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1.2.3.1

Dixiamycins

Xiamycin A (94) was discovered in 2010 from Streptomyces sp. GT2002/1503 during a screen for new
natural products from endophytes of mangrove plants.156 Xiamycin represented the first example of a
bacterial indolosesquiterpene, a class of biologically active and medically relevant molecules previously
isolated only from fungi and plants. Xiamycin exhibits both anti-HIV and antitumor activity. The xiamycin
(xia) biosynthetic gene cluster was reported independently two years later in the strains Streptomyces sp.
HKI0576 and Streptomyces sp. SCSIO 02999.157,158 These gene clusters were identified by genome mining
and verified by genetic disruption experiments and heterologous expression. A combination of genetics,
heterologous expression, and in vitro biochemical studies elucidated several of the key steps that afford the
indolosesquiterpene backbone of the xiamycins. In particular, a novel type of flavin-dependent oxygenase
(XiaI) was shown to be involved in the final oxidative cyclization cascade that furnishes the carbazoledecalin fused ring system of 94.157,158
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Several new metabolites were also identified that were produced by the xia cluster when expressed in
Streptomyces albus, including the N–N linked atropisomers dixiamycin A/B (75a/75b) (Scheme 1.11A).158
These dimeric compounds appeared to result from the direct N–N coupling of two xiamycin monomers
through their carbazole nitrogens.159 Additionally, two regioisomeric C–N linked xiamycin dimers were
isolated, including dixiamycin C (76) and the atropisomers dixiamycins D/E (77a/77b). Lastly, an
oxygenated cycloether derivative of xiamycin termed oxiamycin (78) was isolated.159 Interestingly, the N–
N linked analogs were the most active against panels of bacteria, filamentous fungi, and yeast. Systematic
mutational analysis of the xia gene cluster revealed that XiaH, an enzyme homologous to FAD-dependent
aromatic ring hydroxylases, was responsible for producing all the dimeric dixiamycins as well as
oxiamycin. S. albus expressing XiaH also produced all the dimeric dixiamycins and oxiamycin when fed
199.

The ability of one enzyme to generate the dimeric dixiamycins and the cycloether oxiamycin suggested a
radical-based mechanism might be operative (Scheme 1.11B).159 A resonance-stabilized xiamycin radical
(79) produced by XiaH-mediated one-electron oxidation could combine with a second equivalent of 79 at
various positions, affording both N–N- and C–N-linked dimers (75 – 77). Alternatively, 79 could react with
molecular oxygen to afford 78. When 74 was incubated with the radical initiator benzoyl peroxide, all the
dixiamycins and oxiamycin were produced, supporting the hypothesis that radical chemistry is used in the
synthesis of these metabolites.159

XiaH is the first enzyme from natural product biosynthesis demonstrated to catalyze N–N bond formation.
However, its ability to construct such a wide range of distinct products is unusual. The ability of a nonenzymatic catalyst to mediate the same chemistry suggests that XiaH may generate and then release the
stabilized xiamycin radical from the active site where it could participate in further non-enzymatic
reactions. Flavin-dependent monooxygenases are capable of transferring single electrons during the
generation of the flavin (hydro)peroxide oxygenating species.160 XiaH may catalyze the one-electron
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oxidation of 74 to 79 with molecular oxygen, FAD, or the flavin semiquinone serving as the oxidant, and
further experiments will be needed to understand this reactivity.

It is unclear whether additional hydrazine-containing natural products are constructed using similar
biosynthetic logic. This strategy can only be used when the substrate-based radical is sufficiently stabilized
to allow for a one-electron oxidation within the redox potential of flavin-dependent enzymes –
approximately -495 mV to +150 mV relative to standard hydrogen electrode.161 The highly conjugated
nature of the carbazole moiety within xiamycin may stabilize the resulting radical enough to facilitate this
chemistry. Interestingly, this biosynthetic strategy is conceptually analogous to the electrochemical-based
oxidation used by Baran for their total synthesis of diaxiamycin B.83

1.2.3.2

Piperazic acid

Piperazic acid is a nonproteinogenic amino acid that was first identified in 1971 as a constituent of the
antibiotic monamycin.141 Intense research into the activity and synthesis of piperazic acid and piperazicacid containing natural products has resulted in several previous reviews.71,75,76 While the biosynthesis of
piperazic acid has also been reviewed,71 recent insights have increased our understanding of this process.

Piperazic acid assembly was initially studied in the context of monamycin and polyoxypeptin A
biosynthesis by feeding isotopically-labelled amino acids to Streptomyces jamaicensis and Streptomyces
strain MK498-98F14, respectively.142,162 The observed incorporation rates suggested that L-glutamine and
D/L-glutamate were likely precursors to piperazic acid while L-ornithine was not. Based on these
experiments, two potential biosynthetic hypotheses were proposed (Scheme 1.12).163 These routes require
reduction of the amide carbonyl of L-glutamine, oxidation of the corresponding amine of 80 or 81 to the
hydroxylamine 82 or 83, respectively, and intramolecular nucleophilic displacement to construct the N–N
linkage.
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Recently, biochemical and structural characterization of enzymes from the kutzneride pathway has
demonstrated that piperazic acid biosynthesis originates from L-ornithine and involves N-oxygenation
chemistry.85,153,164 The kutznerides are a family of piperazic acid-containing antimicrobial and antifungal
cyclodepsipeptides produced by Kutzneria sp. 744. Discovery and annotation of the kutzneride (ktz)
biosynthetic gene cluster revealed a putative flavin-dependent lysine/ornithine N-monooxygenase (KtzI).149
Since no N-hydroxylated lysines or ornithines were present in the kutznerides, it was postulated that KtzI
generated the N-hydroxylamine intermediate previously proposed to be involved in piperazic acid

44

biosynthesis.163 KtzI was characterized in vitro and shown to hydroxylate the N5 nitrogen of L-ornithine,
while D-Orn, D/L-Lys, D/L-Glu, and D/L-Gln were not accepted as substrates.

Further support for the involvement of L-ornithine and N5-hydroxy-L-ornithine in piperazic acid
biosynthesis came from feeding studies with labeled amino acids and analysis of extracts by LC-MS/MS.153
Consistent with previous studies, 13C5-Glu and 13C5-Gln were incorporated into the kutznerides. However,
the mass isotopic envelope was particularly wide suggesting that the 13C label was distributed across both
the hydroxyglutamate and piperazic acid residues. Furthermore, mass shifts ranging from +1 Da to +5 Da
suggested that extensive scrambling of the label had occurred due to entry into primary metabolism.
Alternatively, feeding studies with

13

C5-L-ornithine and

13

C5-N5-hydroxy-L-orinithine resulted in

incorporation levels as high as 35%, with the labeling largely isolated to the piperazic acid residues. These
results indicate that L-ornithine and N5-hydroxy-L-orinithine are more proximal precursors to piperazic
acid than glutamate or glutamine. Label suppression feedings studies with 13C5-L-ornithine and 13C5-N5hydroxy-L-orinithine further demonstrated that

13

C5-N5-hydroxy-L-orinithine is downstream of

13

C5-L-

ornithine in piperazic acid biosynthesis. In total, these results are consistent with L-glutamate and Lglutamine being converted to L-ornithine via L-proline in primary metabolism. It is unclear why previous
studies did not detect incorporation of ornithine; this amino acid may not be taken up by these organisms
or they may access piperazic acid via a different route.153 The latter explanation is unlikely given that KtzI
homologs have been implicated in the biosynthesis of additional piperazic acid-containing natural products,
including himastatin, sanglifehrin A, and polyoxypeptin A.144,147,165
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From N5-hydroxy-L-ornithine two pathways (Path A and B) were proposed for piperazic acid formation
(Scheme 1.13).153 N5-hydroxy-L-ornithine could be oxidized to the nitroso intermediate 84 which could
then cyclize through condensation of the a-amine onto the nitroso group thus forging the N–N bond of
piperazic acid (Path A). Reduction of the resulting hydrazone (85) would afford piperazic acid.
Alternatively, the N-hydroxyl group could be activated as a leaving group to 86 via an unknown mechanism,
enabling an intramolecular SN2-like displacement (Path B).

46

Recently, the discovery and biochemical characterization of the N–N bond forming enzyme in piperazic
acid biosynthesis has been reported.85 By comparing the biosynthetic gene clusters of several natural
products that contain piperazic acid, a conserved enzyme of unknown function (KtzT in the kutzneride gene
cluster) was identified that was also encoded next to KtzI homologs in several clusters. Its universal
distribution among piperazic acid-utilizing gene clusters and co-localization with KtzI suggested it may be
involved in piperazic acid biosynthesis.

Incubation of purified KtzT in vitro either in a coupled assay with L-ornithine and KtzI or alone with
synthetically prepared N5-hydroxy-L-ornithine resulted in the production of piperazic acid as analyzed by
LC-MS after Fmoc derivatization (Scheme 1.14A). The production of piperazic acid in these experiments
represents the first reported successful in vitro reconstitution of an N–N bond forming enzyme in natural
product biosynthesis. Further biochemical and spectroscopic characterization of KtzT revealed the presence
of a heme b cofactor which was critical for maximal activity. Interestingly, formation of piperazic acid from
N5-hydroxy-L-ornithine by KtzT was not dependent on the oxidation state of the iron-bound heme as both
ferrous and ferric states catalyzed the reaction with similar efficiencies. Moreover, the reaction could be
carried out anaerobically, indicating that no additional oxidation chemistry is required for N–N bond
formation and arguing against a radical-based mechanism involving molecular oxygen. Collectively, these
results suggest that KtzT catalyzes the intramolecular N–N bond forming reaction using a Lewis acid
activation strategy (Path B). It is proposed that the heme iron coordinates the oxygen atom of the
hydroxylamine in N5-hydroxy-L-ornithine, thus polarizing the N–O bond and promoting nucleophilic
attack by the a-amine to forge the N–N bond (Scheme 1.14B). This strategy is similar to the logic used by
hydrazine synthase in anammox metabolism in which this heme protein catalyzes N–N bond formation
between hydroxylamine and ammonia to give hydrazine.166,167
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The chemical logic used to construct the hydrazine linkages in dixiamycins A/B and piperazic acid differs
markedly, with each type of pathway evolving a distinct solution to overcome the inherent difficulty of
forming a bond between two nucleophilic atoms. In the case of the dixiamycins it appears that the
flavoenzyme XiaH uses one-electron chemistry to generate a stabilized, substrate-based radical which can
couple together to form the N–N bond, while in piperazic acid biosynthesis the N-hydroxylating
flavoenzyme KtzI generates N5-hydroxy-L-ornithine via a two-electron oxidation which serves to activate
the nitrogen atom for subsequent nucleophilic using a heme-iron based Lewis acid approach. However, the
need to oxidize amine substrates is a unifying feature of these two strategies, as is the central role of flavindependent enzymes. The catalytic versatility of this cofactor may explain its use in diverse N–N bond
forming pathways.
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1.2.4

Aromatic Heterocycles

Aromatic heterocycles containing N–N bonds have been isolated from a wide variety of sources including
terrestrial and marine bacteria, fungi, and many plants.66 Synthetic compounds containing these
heterocycles, including pyrazoles and pyridazines, are often considered “privileged scaffolds” as they are
well-represented in modern screening libraries and are structural elements in many important
pharmaceuticals.77,78,168,169 There are many synthetic methods available for constructing these various 5and 6-membered scaffolds.82 As noted in previous sections, synthetic methods for constructing various N–
N bond containing functional groups commonly utilize reagents in which this linkage is pre-formed.
Methods for constructing heterocycles that involve direct N–N bond formation are rare, yet desirable due
to the drawbacks of working with hydrazine.79-81

Understanding biosynthetic routes to aromatic heterocycles containing N–N linkages could enable the
discovery and development of therapeutics. Although enzymes capable of catalyzing N–N bond formation
in such pathways have not yet been identified, in vivo experiments have provided insights into the logic and
enzymatic chemistry used. The following sections will be divided into two structural subclasses: pyrazoles
and pyridazines. Knowledge of pyrazole biosynthesis has been obtained by studying the plant metabolites
pyrazole and b-pyrazole-1-ylalanine, and investigations of azamerone and pyridazomycin have informed
our understanding of pyridazine assembly.

1.2.4.1

Pyrazole

Pyrazole (87) and b-pyrazol-1-ylalanine (88) are structurally and biosynthetically related metabolites
isolated from seed extracts of the watermelon Citrullus vulgaris.170 The latter molecule has also been
detected in several cucumber varieties including Cucumis sativus.171 The identification of 88 in 1959
marked the first discovery of a pyrazole-containing natural product.172 The biosynthesis of these metabolites
has been studied using stable isotope feeding experiments and in vitro assays with partially purified protein
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extracts. These studies support a biosynthetic hypothesis for 88 in which 1,3-diaminopropane (89)
undergoes a six-electron oxidation to 87 via the intermediate 2-pyrazoline (90), followed by condensation
with O-acetylserine (Scheme 1.15).171,173,174 A partially purified protein extract from Cucumis sativus
seedlings was capable of converting 89 to 87.171 Interestingly, this activity was stimulated by the addition
of FAD, but not NAD+ or NADP+. Dialysis of the protein extract against EDTA did not inhibit its activity
nor did the addition of various metals ions. Taken together, these results suggest that one or more flavindependent enzymes are involved in the six-electron oxidative cyclization and dehydrogenation that converts
89 to 87. The lack of a stimulatory effect by addition of NAD+/NADP+ and lack of an inhibitory effect of
EDTA suggest that this oxidative process is not catalyzed by nicotinamide- or metal-dependent oxidases.
A related assay with crude protein extracts revealed the final coupling reaction that affords 88.175,176
Although direct evidence is lacking, it is interesting to consider whether the biosynthetic logic for N–N
bond formation in pyrazole biosynthesis may be similar to that of other pathways which use flavindependent enzymes, including the azoxy compound valanimycin and the hydrazine piperazic acid.

FAD
dependent
enzyme?
H 2N

NH2

H
N
N

NH2

H
N

N

N

N–N bond
formation
1,3-diaminopropane (89)

CO2H

FAD
dependent
enzyme?

N

O-acetylserine
2-pyrazoline (90)

pyrazole (87)

β-pyrazol-1ylalanine (88)

Scheme 1.15 Proposed biosynthesis of pyrazole and b-pyrazol-1-alanine

1.2.4.2

Pyridazine

An understanding of the biosynthesis of pyridazine-containing natural products has come from studying
the Streptomyces-derived metabolites azamerone and pyridazomycin. Insights into N–N bond formation
have been gained entirely from stable isotope feedings studies. Currently, no enzyme(s) have been
identified to be involved in formation of the N–N bonds in these heterocyclic natural products.
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Azamerone (91) is a meroterpenoid phthalazinone which was isolated from Streptomyces sp. CNQ766 and
CNQ525 during a screening program for marine sediment-derived actinomycete natural products.177 Based
on this natural product’s resemblance to the diazonaphthoquinones A80915D (92) and SF2415A3 (93), it
was proposed that the pyridazine ring of azamerone arises through oxidative rearrangement of a diazo
intermediate (Scheme 1.16).177-180 This hypothesis was supported by feeding the isotopically-labelled diazo
compound [2-15N, 9-13C]-SF2415A3, which resulted in incorporation of the 15N label into the pyridazine
ring of azamerone.180 Feeding studies with various 15N-labelled inorganic nitrogen sources revealed high
(>70%) and selective labeling of both N2 of azamerone and the distal nitrogen atom of the diazo
intermediate 92 by nitrite and nitrate. This result suggests nitrite may play a key role in diazo formation.
The putative aminotransferase NapB3 has been postulated to generate the substrate 94 for diazotization. No
enzymes from the azamerone gene cluster have been assigned roles in either N–N bond formation or the
oxidative rearrangement. Interestingly, when this gene cluster was heterologously expressed, no
nitrogenated compounds were identified. Homologs of the nitrite-generating enzymes CreD and CreE are
encoded elsewhere in the genome of the producer, potentially explaining this result.139
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Scheme 1.16 Proposed biosynthetic pathway of azamerone
Proposed mechanisms involves oxidative rearrangement of the diazo intermediate A80915D to afford
the pyridazine ring.
The antifungal natural product pyridazomycin (95) was isolated in 1988 from Streptomyces violaceoniger
sp. griseofuscus strain Tu 2557, representing the first pyridazine natural product.181 Extensive feeding
studies with labeled amino acids and a detailed analysis accounting for potential scrambling suggested that
glycine and L-ornithine are likely precursors to this metabolite (Scheme 1.17).182 Mapping these building
blocks onto the pyridazomycin scaffold suggested that the remaining precursor is oxaloacetate (96).
Although no enzymes from this biosynthetic pathway have been identified, the biosynthetic intermediates
identified may implicate a late-stage N–N bond formation.
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1.2.4.3

Toxoflavin

Toxoflavin (97) is produced by several members of the Burkholderia genus and causes a disease in rice
known as panicle blight as well as food poisoning in humans.183 Toxoflavin can be non-specifically reduced
in vivo which leads to reaction with oxygen and the generation of reactive oxygen species that cause
oxidative damage to the host.184 Two enzymes, TRP-1 (ToxA) and TRP-2 (ToxD), were identified to be
essential for toxoflavin biosynthesis after transposon mutagenesis screening in Burkholderia glumae.185 The
remainder of the putative toxoflavin biosynthetic gene cluster was identified by sequencing adjacent to
these two genes.186 Recently, the toxoflavin gene cluster was identified in Pseudomonas protegens Pf-5
using a genome mining approach that queried for toxA and toxD.187
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Several steps within the toxoflavin biosynthetic pathway have been proposed, however, the N–N bond
forming enzyme remains to be identified and characterized (Scheme 1.18). The enzymes ToxB, a putative
GTP cyclohydrolase II, and ToxE, a predicted deaminase, are homologs of enzymes involved in generating
the nucleoside triphosphate 98 during riboflavin biosynthesis. Therefore, early steps in toxoflavin
biosynthesis are predicted to generate this intermediate. Stable isotope feeding studies in Pseudomonas
cocovenenans have demonstrated that glycine is incorporated into toxoflavin.188 Thus, it is proposed that
after hydrolysis of 98, 5,6-diaminouracil (99) is condensed with glycine, forming the N–N bond and
generating the triazine heterocycle 100. In the final step, the methyltransferase ToxA has been characterized
to catalyze dimethylation of 100 to afford toxoflavin.189 Two additional enzymes within the cluster, ToxC
and ToxD, have not been characterized and share no significant sequence identity to characterized enzymes.
Importantly, when either of these genes is deleted the production of toxoflavin is abolished.187 Thus, both
enzymes are candidate N–N bond forming catalysts and their characterization remains a future challenge.
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1.2.5

N-nitroso

The nitrosation of amines has been the focus of extensive research as N-nitrosated amines from primary
metabolism have been linked to gastric cancer and inflammation.190,191 N-nitrosation of secondary amines
generates reactive nitrosamines and alkylnitrosoureas which degrade to release unstable diazonium ions.
These species act as alkylating agents that damage various biomolecules within the cell. Current
understanding of in vivo N-nitrosation has implicated nitrite as the primary precursor in generating various
reaction intermediates that cause nitrosation of amines. Under acidic conditions (pH < ~3) nitrite can afford
the electrophilic nitrosonium ion, and certain metalloenzymes can catalyze the formation of reactive
nitrogen species from nitric oxide. In a recently discovered pathway, nitrous anhydride (N2O3) derived from
nitrite under pH neutral and metal-free conditions can nitrosate secondary amines under physiologically
relevant conditions.192 Despite this interest in N-nitrosation in primary metabolism, the pathway(s) for N–
N bond formation in N-nitroso natural products have not been elucidated.

55

A

H+

NO+

M

NO2–

M

R

N
H

R'

R

NO+

N
N

nitrite

N2O3

NO

R'

O

N-nitrosamines

B
O
R

N
H

hydrolysis

R'

N

R'
N+

N

O

HO

H+

–H2O

N

nitrosourea

DNA
alkylation

OH
R

N
N

R'

hydrolysis

R'
N+

O
H+

–H2O

N

aliphatic nitrosamine
oxidation product

Figure 1.12. Role of nitrite in N-nitrosation
A) Current paradigms for N-nitrosation in living organisms. B) Mechanisms of action for nitrosamines.

1.2.5.1

Streptozotocin

Streptozotocin (101) biosynthesis has been investigated through feeding studies with radioactively labeled
predicted precursors (Scheme 1.19). To date, no enzyme or non-enzymatic pathway has been identified for
formation of the N–N bond in the nitrosourea moiety. Based on the known reactivity of amines with nitrous
acid, it has been proposed that nitrous acid is the N-nitrosation reagent that is involved in N–N bond
formation with the corresponding urea substrate.67 Feeding studies with several radioactively labeled
precursors have indicated that D-glucosamine, the methyl group of L-methionine, and the carboxamide
group of L-citrulline contribute to streptozotocin biosynthesis.72 Feeding experiments to identify the source
of the nitroso group have not been reported. Future efforts to understand the enzymatic or non-enzymatic
basis for N–N bond formation in nitrosourea formation will reveal potential similarities and differences
with the corresponding reactivity in primary metabolism.

56

OH
O

NH2

OH
Me

OH

S

NH2

HO

O

OH

OH

O

D-glucosamine

OH

L-methionine
O

N
H

HO
OH

N

Me

N
O

streptozotocin (101)
O

O
N
H

HO

Unknown
source
of HNO2?

NH2

NH2

L-citrulline

Scheme 1.19 Proposed biosynthesis for streptozotocin based on feeding studies

1.3

Biosynthesis of diazo-containing natural products

Diazo-containing metabolites are a small subset of N–N bond containing natural products that exhibit a
range of structural diversity and have been reviewed previously.193 This group of secondary metabolites has
generated considerable interest among chemists given their potent bioactivities, interesting mechanisms of
actions, intriguing structures, and unknown biosynthesis. The first diazo-containing metabolites discovered
were modified α-amino acids, and many were evaluated clincally.73,194-199 Based on its ability generate a
variety of reactive intermediates, the diazo functional group is believed to impart diazo-containing natural
products with their biological activity (Figure 1.15).193 For example, the mechanism of action of the diazocontaining natural product lomaiviticin A has been extensively studied and requires both diazo groups to
cause DNA double strand breaks.74

Although diazo-containing metabolites are rare, synthetic diazo compounds are important reagents and
intermediates within organic chemistry due to their unique reactivity, which facilitates many
transformations, including 1,3-dipolar cycloadditions, carbene insertions, and alkylations.200-202 Recently,
diazo compounds have also been used extensively as carbene precursors in biocatalysis applications
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employing engineered heme-Fe and porphyrin-Ir based metalloenzymes for a variety of C–H, N–H, B–H,
Si–H, and S–H insertions as well as cyclopropanation reactions (Scheme 1.20).203-209

O
R1

R3

HO

R2

O

alkylations

R3

O

biocatalytic
applications
heme-Fe based
metalloenzymes
(e.g. P450s)

N

hv or [M]

N

R XH
5

R1

H
N

R2

R5
R1

R2

O

carbene insertions:
C-H, S-H, N-H,
Si-H, B-H and
cyclopropanation

H

N

OR

N

Fe IV

N

N
S

Cys
R4

N
R2
R1

N
R4

1,3-dipolar
cycloadditions

metallocarbenoid

Scheme 1.20 Reactions of diazo compounds and proposed heme-based metallocarbenoid
intermediate in P450 enzymes

Over the last two centuries synthetic chemists have developed versatile and efficient methods for installing
diazo groups into organic molecules.210 Most of these approaches use a reagent that contains a pre-formed
N–N bond, including trifyl azide and tosyl hydrazine. Synthetic methods for diazo construction that involve
N–N bond formation are known, but the use of this disconnection in complex molecule synthesis is limited
given the inherent difficulty and harsh conditions often required (Figure 1.13).210

Understanding the genetic and biochemical basis for diazo installation would fill a void in our
understanding of enzymatic bond constructions in nature and could facilitate biocatalytic and synthetic
biology efforts to access clinically relevant molecules and yield reagents for synthetic chemistry.
Understanding synthetic strategies for diazo installation may be helpful in formulating hypotheses for diazo
biosynthesis. Interestingly, early investigations into diazo biosynthesis have demonstrated that nature likely
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employs a strategy involving N–N bond formation to install this reactive functional group into secondary
metabolites.193 However, recent investigations of both the kinamycin and fosfazinomycin biosynthetic
pathways have suggested that diazo construction may also employ an alternative strategy involving a C–N
disconnection approach. This biosynthetic logic will be discussed in detail Chapter 2. Prior to the work
discussed in this thesis, enzymatic diazo formation had not been demonstrated in vitro, and the role of nonenzymatic processes in generating this functional group was unclear.

Recently, the availability of sequenced genomes has provided new insights into the enzymatic chemistry
that may be involved in constructing diazo groups. Comparative analyses of gene clusters that produce
diazo-containing metabolites has revealed two putative sets of diazo biosynthetic enzymes: a cre-type diazo
gene cassette currently found only in the cremeomycin gene cluster and a lom/kin-type diazo gene cassette
shared by the lomaiviticin and kinamycin biosynthetic gene clusters. The following section will provide an
introduction to the kinamycins, lomiviticins and cremeomycin as well as a discussion of kinamycin
biosynthesis. A detailed discussion of our work on lomaiviticin biosynthesis will be described in Chapter
2. The biosynthesis of cremeomycin, and specifically the elucidation of the enzymatic chemistry and
biosynthetic logic for diazo group construction, is the subject of this Dissertation and will appear in
Chapters 2–5.

59

B

A
R1

R2
N
N

C—N
disconnection

R1
R2

R1
Commonly
used in organic
synthesis

R2

ii

vi

NH2

R2

R1

i
R1

N

R2

NH2

biological route

N

v
R1

R2
N
N

R1

N—N
Not commonly used
disconnection in natural product
total synthesis
Biosynthesis of
natural products

X

N
N
H

R2

R1

R2

R1

iv

N
N

iii

N

R2

NH
R4

O

N
R3

N

Figure 1.13. Diazo biosynthesis and chemical synthesis
A) Logic of diazo group installation in organic synthesis versus biosynthesis. B) Synthetic methods for diazo
group installation: (i) Regitz diazo transfer, (ii) oxidation of hydrazones, (iii) decomposition of
sulfonylhydrazones, (iv) rearrangement of N-alkyl-N-nitroso compounds, (v) fragmentation of triazenes
generated from reaction of phosphinoester with azides (vi) diazotization of α-acceptor substituted amines.

1.3.1

Kinamycin

The kinamycins (A, C, D, F; 102– 105) are a family of anti-proliferative antibiotics first isolated in 1970
and produced by several bacterial species including Streptomyces murayamaensis ATCC 21414 (Figure
1.14).211-218 Initial structural characterization incorrectly assigned the kinamycins as N-cyanocarbazoles.218220

It was only after two decades of investigations that the molecules were reassigned as the correct 5-

diazobenzo[b]fluorenes.221,222 The bioactivity of these compounds is directly related to the reactive diazo
group, with studies demonstrating a range of potential mechanisms for its activation and cytotoxicity
(Figure 1.15).223-228 The kinamycins can cleave DNA in vitro under biomimetic conditions with mild
reductants.225,226 Both reductive and nucleophilic activation of the diazo group have been proposed to give
rise to various reactive intermediates, including a vinyl radical, o-quinone methide, acylfulvene, and a
covalent adduct. In addition, the quinone moiety may undergo redox cycling to produce reactive oxygen
species.
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Due to their bioactivity and complex molecular architecture, which includes a highly oxygenated and
congested A-ring, redox-sensitive quinone, and a reactive diazo group, the kinamycins have been subject
to a number of total synthesis efforts.229-232 In these syntheses the predominant methods for diazo group
installation has been Regitz diazo transfer to activated methines or oxidation of hydrazone intermediates
accessed via condensation of hydrazine reagents with ketone precursors. Notably, the diazo group in the
kinamycins has not been installed using a late-stage N–N bond formation such as the nitrous acid-based
diazotization used to synthesize cremeomycin.
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Kinamycin biosynthesis has been studied primarily through feeding studies and the isolation of
intermediates from mutant strains. However, recent in vitro characterization of several biosynthetic
enzymes has provided additional insights. The identification of the full kinamycin biosynthetic gene cluster
has enabled a more complete understanding of genetic and biochemical basis for kinamycin biosynthesis
and laid the groundwork for understanding diazo group installation. Despite the original misassignment of
their structures, much of the information gleaned from early kinamycin studies remains relevant, and this
work has been reviewed previously (Scheme 1.21).233

Initial feeding experiments demonstrated that the kinamycins were of polyketide origin based upon
incorporation of labeled acetate.234-236 The previously known benz[a]anthraquinone polyketide
dehydrorabelomycin (106) was subsequently isolated from S. murayamensis ATCC 21414 and was
confirmed to be a biosynthetic intermediate by feeding a deuterated analog.237 Over the next decade,
additional metabolites connected to kinamycin biosynthesis were isolated, including prekinamycin (107),
kinobscurinone (108) and stealthin C (109).237-240 Deuterated versions of both 108 and 109 were fed and
incorporated into kinamycin D, suggesting they are intermediates in kinamycin production. These feeding
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studies suggest that diazo group installation occurs via a stepwise process involving N–N bond formation
on the polyketide scaffold rather than through the incorporation of an intermediate containing an intact N–
N bond. Kinamycin D was not labeled when deuterated 107 was fed. This result was attributed to the low
solubility of 107 in fermentation media and this metabolite has still been proposed as an intermediate in
kinamycin biosynthesis.233
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Early efforts to identify the kinamycin (kin) biosynthetic gene cluster led to the discovery of a cosmid from
a genomic library of S. murayamaensis ATCC 21414 that produced 106, 108, and 109 upon expression in
S. lividans ZX7.241 The lack of kinamycin production was attributed to the incomplete capture of the
biosynthetic gene cluster in a single cosmid. Recently, the full kin gene cluster (initially identified as the
alp gene cluster) was identified in the genome of Streptomyces ambofaciencs ATCC 23877, a strain
previously not known to produce kinamycins.216 This gene cluster had previously been shown to produce
an antibacterial compound termed alpomycin, however its structure had not been elucidated. Genetic
disruption of a transcriptional repressor (AlpW) enabled structural elucidation of the encoded natural
products, revealing several members of the kinamycin family, including 103 and 104.

63

Recently, the enzymatic chemistry involved in constructing the benzo[b]fluorene scaffold of the kinamycins
has been elucidated. A combination of genetics and in vitro and in vivo enzyme characterization identified
a pair of flavin-dependent oxidases (AlpJ and AlpK) that appear to be responsible for B-ring cleavage of
106, ring contraction, and hydroxylation to yield the hydroquinone form of the intermediate 108.242,243

Identification of the putative diazo-forming enzymes encoded in the kin gene cluster relied upon having
access to biosynthetic gene clusters that produce the lomaiviticins, a related family of diazofluorenes. A
discussion of these enzymes and an updated biosynthetic hypothesis for diazo construction in the closely
related natural products kinamycin and lomaiviticin will therefore be included in Chapter 2 (Section 2.2.1)
along with the discovery and preliminary characterization of the lomaiviticin biosynthetic gene cluster.

1.3.2

Lomaiviticins

The lomaiviticins are C2-symmetric diazobenzofluorene glycosides obtained in 2001 from the ascidianassociated marine bacterium Micromonospora lomaivitiensis (later classified Salinispora) using a DNAdamage assay to guide isolation (Figure 1.16).244 The lomaiviticins are extraordinarily potent antitumor
antibiotics with lomaiviticin A (110) and B exhibiting minimum inhibitory concentrations (MIC) of 6-25
ng/spot against several Gram-positive bacteria and lomaiviticin A exhibiting IC50 values of 0.01-98 ng/mL
against a panel of 24 cancer cell lines.244 The greatly enhanced cytotoxicity of 110 compared to lomaiviticin
C (111) and 103 likely arises from the presence of two diazo groups in 110 compared with one diazo group
in 111 and 103, which allow a single molecule of 110 to generate a double strand break.74
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This cytotoxicity profile suggested a novel mechanism of action for 110, and extensive studies have
provided both biochemical and structural evidence that this metabolite intercalates DNA and induces double
strand breaks.68,74,223,227,228,245,246 Structural characterization using NMR spectroscopy has demonstrated that
the two diazofluroene moieties of 110 insert into the DNA duplex and disrupt base pairing thus positioning
the reactive diazo functional groups in close proximity to each DNA strand.68 It is then proposed that both
diazo groups sequentially undergo nucleophilic activation and loss of dinitrogen to generate two vinylic
radicals that each abstract a hydrogen atom from complementary strands on the deoxyribose backbone
leading to double strand breaks in DNA (Scheme 1.22).69,74 Studies incubating 110 with cell-free calf
thymus DNA in which exchangeable protons were replaced with deuterium resulted in significant
incorporation of deuterium into the vinyl positions of the reduced lomaiviticin by-product, providing
evidence for vinyl radical formation and hydrogen atom abstraction from the deoxyribose sugar backbone.
Further in vitro studies with 110 demonstrated that thiols, including N-acetyl-L-cysteine methyl ester and
benzylthiol, in the presence of base can promote nucleophilic activation via 1,7-addition to form a
diazosulfide intermediate. This intermediate collapses to release dinitrogen, a sulfide radical, and the vinyl
radicals which can then abstract deuterium atoms from methanol-d4 and acetone-d6.69 However, the identity
of the in vivo endogenous nucleophile that may activate 110 when bound to DNA remains to be identified.
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As with the kinamycins, the lomaivitcins have been the focus of a number of total synthesis efforts due to
the exciting synthetic challenges associated with their construction and the desire to evaluate their
bioactivity and potential therapeutic applications. To date, no total synthesis of any lomaiviticin has been
achieved, although the aglycone can be accessed in just eleven steps and 110 can be generated semisynthetically from the more abundant metabolite 111.228,232,245,247,248 In these total synthesis and semisynthesis efforts, the diazo groups are installed via Regitz diazo transfer onto an activated methine
intermediate.

A discussion of the genome mining effort that discovered a putative lomaiviticin gene cluster, the validation
of that gene cluster using genetic and biochemical approaches, and our biosynthetic hypothesis for the
lomaiviticin assembly will be presented in Section 2.2.1. We will also discuss recent characterization of
several steps in the lomaiviticin pathway reported by other groups. Finally, I will present a detailed
discussion of our identification of putative diazo-forming genes and a biosynthetic hypothesis for diazo
formation based on encoded enzymes.

1.3.3

Cremeomycin

Cremeomycin (112) is a bright yellow, light-sensitive molecule isolated in 1967 from the soil-dwelling
bacteria Actinomyces cremeus (later renamed Streptomyces cremeus) by the Upjohn Company.249 The
initial patent describing the invention of cremeomycin production detailed several isolation methods, an
empirical molecular formula, and several other physio-chemical and spectral characterization data, but no
structure was proposed. Cremeomycin demonstrated moderate activity against both Gram-positive and
Gram-negative bacteria, including Salmonella gallinarum and Salmonella typhosa (7.8 µg/mL),
Escherichia coli (15.6 µg/mL), and Staphylococcus aureus (15.6 µg/mL).249 In addition, cremeomycin
showed antiproliferative effects with an IC50 of 1.5 µg/mL against a murine lymphocytic leukemia L-1210
cell line.250
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The unusual o-diazoquinone structure of cremeomycin was determined 28 years later using nuclear
magnetic resonance (NMR) spectroscopy, mass spectrometry, and primarily X-ray crystalography (Figure
1.17).250 No mechanism of action studies have been conducted with cremeomycin, thus it is unclear if this
natural product exerts its toxic effects in a manner similar to the diazofluorenes kinamycin and lomaiviticin.
A total synthesis of cremeomycin has been reported that employs a classical nitrous acid-based
diazotization of 3-amino-2-hydroxy-4-methoxybenzoic acid (3,2,4-AHMBA) as a final step.251 In the report
describing the structure of cremeomycin, 3-amino-4-hydroxybenzoic acid (3,4-AHBA) was proposed as a
biosynthetic intermediate.250,252

However, prior to the work described in this Dissertation no additional biosynthetic hypotheses nor
experimental evidence provided any insights or knowledge into cremeomycin biosynthesis. The subsequent
chapters of this thesis describe the discovery of the cremeomycin biosynthetic gene cluster and the
elucidation of the complete biosynthetic pathway, including the enzymes involved in constructing the
reactive diazo functional group.

CO2H
O

N
OMe

N

cremeomycin (112)

Figure 1.17. Structure of cremeomycin

68

1.4

Chapter Preview

The objective of this thesis was to discover and characterize the enzymatic chemistry and biosynthetic logic
employed to construct the reactive diazo functional group in natural product biosynthesis. Our early efforts
investigated the biosynthesis of the structurally distinct natural products lomaiviticin and cremeomycin.
After initial investigations in both biosynthetic pathways, my work focused on elucidating diazo group
construction in cremeomycin biosynthesis. The Dissertation communicated here describes our successful
elucidation of the entire cremeomycin biosynthetic pathway, as well as the discovery and characterization
of three enzymes involved in installation of the diazo functional group. With the elucidation of the genetic
and biochemical basis for diazo biosynthesis, our work now enables investigations of the biosynthesis of
additional diazo and N–N bond-containing natural products, targeted genome mining efforts to identify
potentially bioactive diazo compounds, and the use of diazo-forming enzymes in synthetic biology and
biocatalysis applications.

In Chapter 2 of this Dissertation the identification and subsequent validation of the putative cremeomycin
(cre) and lomaiviticin (lom) biosynthetic gene clusters are described. Biosynthetic hypotheses for each
molecule were formulated and then used to search the genomes of S. cremeus and S. pacifica, respectively,
in order to identify putative biosynthetic gene clusters. Experimental work then validated each gene cluster
as being responsible for metabolite production. The role of the cre gene cluster was confirmed through
heterologous expression of the entire gene cluster in a Streptomyces host, while the lom gene cluster was
validated through genetic experiments and biochemical characterization of the enzymes involved in a novel
starter unit generation mechanism. Identification of the cre biosynthetic gene cluster allowed for subsequent
characterization of the enzymes involved in the biosynthetic pathway.

Chapter 3 of this work describes the determination of the order of reactions in the cre biosynthetic pathway
and the in vivo and in vitro characterization of the enzymatic transformations leading up to the point of
diazotization. Using a combination of synthetic chemistry, 15N stable isotope feeding studies, and in vitro
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and in vivo enzyme characterization we determined the order of events from the early-stage intermediate 3amino-4-hydroxybenzoic (3,4-AHBA) to cremeomycin. Thus we established that diazotization occurs as
the last step in biosynthesis via a late-stage N–N bond forming reaction. Identification of the substrate for
the diazotization reaction – 3,2,4-AHMBA – greatly aided future efforts to characterize this transformation.

Chapter 4 reports the determination of the source of the second nitrogen atom required for diazotization
of 3,2,4-AHMBA. Our knowledge of synthetic methods for diazotization, prior investigations of a diazocontaining metabolite, and our feeding studies performed with S. cremeus all suggested that nitrite was the
nitrogen source required for diazotization in cremeomycin biosynthesis. Bioinformatic analysis of the cre
gene cluster revealed a novel pair of enzymes that could potentially generate nitrite. Subsequent in vitro
biochemical characterization with purified enzymes revealed their ability to catalyze nitrite generation from
L-aspartate.

Finally in Chapter 5, we identify and provide preliminary characterization of a diazo-forming enzyme in
cremeomycin biosynthesis. Using a combination of an in vivo E. coli heterologous expression system, lysate
experiments, in vitro biochemical reconstitution with partially purified protein, and site-directed
mutagenesis studies we firmly establish the identity of the diazo-forming enzyme. Additionally, we provide
preliminary evidence suggesting a role for ATP in catalysis of diazo formation and suggest a possible
mechanism of the reaction. Finally, we include a discussion of putative diazo-containing natural products
identified through genome mining efforts which were enabled by this work.
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2

Chapter 2. Identification and validation of the lomaiviticin and cremeomycin biosynthetic gene
clusters

Parts of this chapter were adapted from previous publications.1-3
Parts of the work in this chapter were conducted by other lab members and co-workers. Their work will
be recognized in the Results and Discussion section, as well as in the Materials and Methods.
2.1

Introduction

The ultimate goal of this thesis project was to understand the biosynthetic logic and enzymatic chemistry
employed by Nature to construct the reactive diazo functional group within natural products. The
elucidation of diazo biosynthesis in natural products is a long-standing, unmet challenge in the field that
began with the identification of the first diazo-containing natural products in the 1950s. Discovery and
characterization of diazo-forming enzymes would inform applications in biocatalysis and synthetic biology,
affording both reagents for small molecule production as well as new, potentially bioactive diazo
compounds. In addition, an understanding of the genetic basis for diazo biosynthesis would allow for the
targeting mining of sequenced genomes to reveal putative bioactive diazo-containing natural products.

With this objective, we set out to identify diazo-containing natural products and investigate their
biosynthesis in order uncover the genes and enzymes responsible for diazo installation. We selected two
natural products, the lomaiviticins and cremeomycin to begin our investigations into diazo biosynthesis.
The lomaiviticins are structurally complex and intriguing natural products with potent bioactivities that
offer a rich source of unusual enzymatic chemistry and have attracted the attention of both synthetic and
biological chemists. Cremeomycin is an understudied natural product that we hypothesized possessed
certain features that would make it particularly amenable to investigating diazo group formation. Our
approach for deciphering diazo group formation in both of these biosynthetic pathways involved identifying
the respective biosynthetic gene clusters and using chemically-guided hypotheses to discover and
subsequently characterize the enzymes responsible for diazo group installation. At the beginning of our
investigations the genetic and biochemical basis for lomaiviticin and cremeomycin biosynthesis was
completely unknown.
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The following sections (Sections 2.1.1 and 2.1.2) describe our initial hypotheses for lomaiviticin and
cremeomycin biosynthesis which were subsequently used to identify the lom and cre biosynthetic gene
clusters, respectively. The Results and Discussion section (Section 2.2) describes our identification of the
biosynthetic gene clusters, experimental validation of the clusters, bioinformatics analysis and annotation
of the clusters, and updated biosynthetic hypotheses.

2.1.1

Formulation of an initial hypothesis for lomaiviticin biosynthesis

The lomaiviticins (lomaiviticin A and B) were first isolated in 2001 from ‘Micromonospora lomaivitiensis’
(later reclassified as Salinispora pacifica) using a DNA damage based induction assay to guide their
isolation.4 Subsequently, additional lomaiviticins (lomaiviticin C – E) were identified from Salinispora
pacifica DPJ-0019 and the complete absolute stereochemistry for lomaiviticin A was assigned.5 These
architecturally

complex

secondary

metabolites

possess

a

distinctive

C2-symmetric

dimeric

diazotetrahydrobenzo[b]fluorene (diazofluorene) core which is decorated with the dideoxyglycoside
residues L-oleandrose and N,N-dimethyl-L-pyrrolosamine. Their core carbon scaffold bears structural
similarity to polyketides of the angucycline family including the jadomycins and gilvocarcins, suggesting
the lomaiviticins are polyketide derived (Scheme 2.1). The angucyclines are a large family of type II
polyketide natural products that are diverse in structure and bioactivity.6 Type II polyketide natural products
are constructed from malonate building blocks using iterative decarboxylative Claisen condensations
carried out minimally by a three protein system termed the type II polyketide synthase (PKS). In the
angucycline family of type II polyketides, this iterative process generates an initial decaketide framework
which subsequently undergoes cyclization and aromatization by the PKS and post-assembly line tailoring
enzymes to generate the angucylcinone UWM6 (1) that is an early stage, common biosynthetic
intermediate. Subsequent tailoring of this intermediate gives rise to the various angucycline family
members.
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Scheme 2.1

Biosynthetic relationship of the lomaiviticins, kinamycins, jadomycins and additional
angucyclines

One member of the angucycline family – the kinamycins – bears extraordinary structural resemblance to
the lomaiviticins with the presence of the unusual and distinctive diazofluorene core.7 Though the
lomaiviticins share their unusual diazofluorene pharmacophore with the kinamycins, this natural product
family possesses additional, unique structural features. These include their C2-symmetric dimeric structure
connected by a sterically congested C–C bond, the presence of unusual glycoside residues, and more
extensive oxidative tailoring including an additional A-ring hydroxyl group and a D-ring carbon at the
ketone oxidation state. The exceptional structural similarity between the lomaiviticins and kinamycins
suggests a shared biosynthetic origin. Extensive biosynthetic studies on the kinamycins (described in
Section 1.3.1) have demonstrated the polyketide nature of these secondary metabolites and a similar early
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biosynthetic sequence to members of the angucycline family including the jadomycins (Scheme 2.1). We
envisioned that this extensive knowledge of kinamycin biosynthesis would enable our identification of the
lomaiviticin gene cluster and facilitate a more complete annotation of both diazofluorene biosynthetic
pathways using comparative genomics.

Based on the similarity in structure between the lomaiviticins and kinamycins we hypothesized that the
biosynthesis of the lomaiviticins would largely parallel that of the kinamycins with the exception of
additional, unique tailoring events described above. With substantial knowledge of kinamycin assembly,
we envisioned using a genome mining and comparative genomics approach to begin our investigations of
lomaiviticin biosynthesis. Using this comparative and chemically-guided approach we envisioned being
able to elucidate the enzymatic chemistry and biosynthetic logic of diazo construction in both the
lomaiviticins and kinamycins. Moreover, we predicted that their unusual and complex molecular
architecture would be a rich source of novel enzymatic chemistry in addition to the diazo-forming
enzyme(s).

Some of the worked described in this chapter was conducted in collaboration with colleagues in the Natural
Products division of the Worldwide Medicinal Chemistry group at Pfizer Worldwide Research and
Development in Groton, Connecticut. These collaborators included Jeffrey E. Janso, Brad A. Haltli,
Alessandra S. Eustáquio, Kerry Kulowski, Valerie S. Bernan, Haiyin He, Guy T. Carter and Frank E.
Koehn. Their contributions will be noted appropriately in the following sections.

During our work to discover and characterize the lomaiviticin biosynthetic pathway, the Moore group
reported the discovery of the lomaiviticin (lom) biosynthetic gene cluster from Salinispora tropica CNB440 using a bioactivity-guided genome mining strategy and put forth a biosynthetic scheme for the assembly
of lomaiviticin A.8
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2.1.2

Formulation of an initial hypothesis for cremeomycin biosynthesis

Cremeomycin is a light sensitive natural product isolated from the soil bacteria Streptomyces cremeus in
1967 from the Upjohn Company.9 The unusual structure of this o-diazoquinone metabolite was not revealed
until 28 years later in 1995.10 In the report describing its structure, McGuire et al proposed that cremeomycin
may arise from the novel microbial metabolite 3-amino-4-hydroxybenzoic acid (3,4-AHBA), however, no
evidence for this assertion was provided, although it is assumed to be based on structural similarities to
cremeomycin. It was proposed that 3,4-AHBA would arise from a variant of the shikimic acid pathway
which produces other aminohydroxybenzoic acid derivatives including 2-amino-3-hydroxybenzoic acid
and 3-amino-5-hydroxybenzoic acid.10,11 Interestingly, Gould et al were contemporaneously performing
studies on the biosynthesis of the iron-chelating secondary metabolite 4-hydroxy-3-nitrosobenzamide (2)
from Streptomyces murayamaensis and had demonstrated that 3,4-AHBA was a biosynthetic intermediate
to 2.12 Through an extensive series of feeding and NMR studies with isotopically labeled precursors, it was
shown that 3,4-AHBA was in fact not biosynthesized from the shikimic acid pathway, but instead from
intermediates of the tricarboxylic acid cycle.13 This represented the first known example of an
aminohydroxybenzoic acid derivative that was not synthesized from the shikimic acid pathway.

A decade later, the biosynthesis of 3,4-AHBA was elucidated in the context of grixazone biosynthesis.14
Two enzyme – GriI and GriH – were shown to generate 3,4-AHBA in vitro from the primary metabolites
L-aspartate-4-semialdhyde (L-ASA) and dihydroxyacetone phosphate (DHAP) (Scheme 2.2A). GriI is
homologous to class I aldolases and is proposed to catalyze an aldol reaction between L-ASA and DHAP
to generate the putative 7-carbon intermediate 2-amino-4,5-dihydroxy-6-one-heptanoic acid-7-phosphate.
This unstable intermediate is then the substrate for the cyclase enzyme GriH which catalyzes formation of
3,4-AHBA via an unknown mechanism. The cyclization catalyzed by GriH, but not the aldol reaction
catalyzed by GriI, was shown to be dependent on Mn2+. Furthermore, the GriH-catalyzed cyclization was
not dependent on the presence of any additional redox cofactors tested (nicotinamide and flavin cofactors).
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Scheme 2.2

Preliminary cremeomycin biosynthetic hypothesis

A) Biosynthesis of 3,4-AHBA and B) Preliminary cremeomycin biosynthetic hypothesis from 3,4-AHBA
We selected cremeomycin for our investigations because we envisioned it to be an amenable system to
study diazo biosynthesis given the relatively simple structure and therefore presumed short biosynthetic
sequence, as well as the ability to access cremeomycin and putative biosynthetic intermediates via synthetic
chemistry with relative ease based on literature reports.15 These advantages would allow us to presumably
quickly characterize the non-diazo-forming transformations in the biosynthesis of cremeomycin and
subsequently focus directly on the diazo forming enzyme(s).

In agreement with the proposal my McGuire et al, we envisioned that based on the structure of cremeomycin
it appeared likely that 3,4-AHBA was a biosynthetic intermediate in cremeomycin biosynthesis. From a
purely chemical analysis, an additional three biosynthetic transformations would be required to convert 3,4AHBA to cremeomycin: 1) oxidation at the C2 position, 2) O-methylation of the C4 hydroxyl group, and
3) diazotization of the C3 amine. (Scheme 2.2B) However, the precise order of these transformation was
not known. Because aromatic hydroxylations and O-methylations are extensively studied reactions in
natural product biosynthesis we envisioned that cremeomycin biosynthesis would mostly be carried out by
homologs of well-studied enzymes, thus allowing us to focus on the diazotization reaction. We planned to
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sequence the genome of the producing organism S. cremeus and search for homologs of the griI and griH
genes in a genome mining approach to identify the putative cremeomycin biosynthetic gene cluster.

During our investigations of the diazo-forming reaction in cremeomycin biosynthesis the Ohnishi group
reported on the discovery and partial characterization of the cremeomycin biosynthetic pathway including
two key enzymes involved in diazo group formation.16 Their results will be discussed where relevant.
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2.2

Results and Discussion

2.2.1

Identification of a putative lomaiviticin biosynthetic gene cluster using two complementary
approaches

We identified putative lomaiviticin (lom) biosynthetic gene clusters from two strains of marine
actinomyetes, Salinispora pacifica DPJ0016 and Salinispora pacifica DPJ0019, using two complementary
approaches. Both approaches relied on a preliminary understanding of certain aspects of lomaiviticin
biosynthesis to uncover these gene clusters.

2.2.1.1

Discovery of a lomaiviticin biosynthetic gene cluster in Salinispora pacifica DPJ-0016 by
screening a genomic library1

For identification of the lom gene cluster in the S. pacifica DPJ-0016 strain our collaborators took advantage
of the fact that the lomaiviticins are glycosylated with the 6-deoxyhexose sugars L-oleandrose and N,Ndimethyl-L-pyrrolosamine. The biosynthesis of 6-deoxyhexose sugars has been studied and the enzyme
dTDP glucose 4,6-dehydratase catalyzes a key deoxygenation step to remove the hydroxyl group at the C6
position.17 They proposed to identify the entire lom gene cluster by locating this key enzyme that is
predicted to be involved in L-oleandrose and N,N-dimethyl-L-pyrrolosamine biosynthesis.

They constructed a cosmid library of genomic DNA from S. pacifica DPJ-0016 and screened this library
with a DNA probe for dTDP glucose 4,6-dehydratase that was previously reported to amplify the gene from
a wide variety of actinomycetes.18 The screening of this library initially identified two overlapping clones
– 2C7 and 5E8b – that encoded the dTDP glucose 4,6-dehydratase enzyme. Cosmid 2C7 (37.4 kb) encoded
enzymes of the minimal PKS including the type II polyketide b-ketoacyl synthase (KSa) and the chain
length factor (CLF) in addition to several genes involved in deoxy sugar biosynthesis. Cosmid 5E8b (40.9

1

The discovery of the lom gene cluster in S. pacifica DPJ-0016 described here was conducted by our collaborators at
Pfizer.
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kb) contained homologs of several enzymes that are involved in the processing and tailoring of the type II
polyketide scaffold including an aromatase/cyclase, anthrone oxidase, ketoreductase, and several
monooxygenases. Believing that these two clones did not capture the entirety of the lom gene cluster, an
additional DNA probe was designed to target the ketoreductase based on this open reading frame (ORF)
from 5E8b and screened our genomic library a second time. This screening revealed a third overlapping
cosmid, p730497 (23.9 kb), which contained additional homologs of putative type II polyketide tailoring
genes, as well as an additional gene, NDP hexose 2,3-dehydratase, predicted to be involved in 2,6deoxysugar biosynthesis. Together these three overlapping cosmids assembled to provide a contiguous
DNA region of ~70 kb that appeared to contain all the biosynthetic machinery required to construct the
lomaiviticins and this was designated the lom gene cluster.

2.2.1.2

Discovery of a lomaiviticin biosynthetic gene cluster in Salinispora pacifica DPJ-0019 by
genome mining2

Our group’s discovery of the lom biosynthetic gene cluster in S. pacifica DPJ-0019 was conducted
contemporaneously using a genome mining approach. We performed whole genome sequencing to
construct a draft genome of S. pacifica DPJ-0019 using assembled Illumina sequencing reads. We searched
this resulting sequencing data for homologs of the type II PKS machinery from the kinamycin pathway19,20
and identified a nearly identical putative lom gene cluster as that found in the S. pacifica DPJ-0016 strain
except for the absence of a small cassette of genes (lom36 – lom42) (Figure 2.1). The absence of these 7
genes in the DPJ-0019 strain suggests they are not essential for lomaiviticin biosynthesis and their function
is currently unknown. Additionally, the lom gene cluster identified in DPJ-0019 is identical in content and
organization to the lom gene cluster reported by Moore et al in S. tropica CNB-440.8

2

Hitomi Nakamura grew S. pacifica DPJ-0019 and isolated genomic DNA. Emily P. Balskus identified the lom gene
cluster. Abraham J. Waldman conducted sequencing to complete lom gene cluster. Abraham J. Waldman and Li Zha
helped annotate the cluster.
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Salinispora pacifica DPJ-0016
Salinispora pacifica DPJ-0019
5 kb

Deduced functions of lom gene products:
= type II polyketide synthase machinery and starter unit biosynthesis
= tailoring of polyketide scaffold

= diazo group biosynthesis

= sugar biosynthesis

= dimerization

= glycosyltransferases

= transport or resistance

= regulation

= function unknown

= genes unique to S. pacifica DPJ-0016 cluster

Figure 2.1. Lomaiviticin biosynthetic gene clusters in S. pacifica DPJ-0016 and DPJ-0019 with
general annotated functions

2.2.2

Experimental validation of the predicted lomaiviticin biosynthetic gene clusters using
bacterial genetics3

The nearly identical content and organization of the putative lom gene clusters from the lomaiviticin
producers S. pacifica DPJ-0016, S. pacifica DPJ-0019, and S. tropica CNB-440, coupled with its high
similarity to the kin gene cluster from the related diazofluorene natural product kinamycin, suggested that
our two predicted lom gene clusters were in fact responsible for lomaiviticin biosynthesis. However, our
collaborators at Pfizer wanted to obtain experimental validation that these clusters were in fact responsible
for encoding the assembly of the lomaiviticins. Thus, they set out to use bacterial genetics to genetically
inactivate a key gene predicted to be involved in lomaiviticin biosynthesis and assess the ability of this
mutant to produce the lomaiviticins. They constructed an insertional inactivation mutation with an
apramycin resistance marker (aminoglycoside-(3)-acetyltransferase IV gene (aac3IV)) in a critical enzyme
of the minimal PKS, the KSa (lom58). The successful interruption of the lom58 gene was confirmed by
colony PCR. Through this method they obtained a double crossover mutant, DPJ-0019-lom58::acc(3)IV

3

The experimental validation of the lom gene cluster in S. pacifica DPJ-0019 using bacterial genetics described here
was conducted by our collaborators at Pfizer.
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termed ‘MT1’. This mutant strain was cultured alongside S. pacifica DPJ-0016 and S. pacifica DPJ-0019
wild-type in PCAA medium and analyzed crude fermentation extracts by high performance liquid
chromatography (HPLC) to assess the ability of MT1 to produce the lomaiviticins. While both wild-type
strains S. pacifica DPJ-0016 and S. pacifica DPJ-0019 produced lomaiviticin C at 18 mg/L and 9 mg/L,
respectively, the KSa mutant MT1 did not produce lomaiviticins at a detectable level (Figure 2.2). This
inability of MT1 to produce lomaiviticins confirms that the lom gene cluster identified in S. pacifica DPJ0016 and S. pacifica DPJ-0019 is indeed responsible for lomaiviticin production and confirms the essential
role the lom58.

lomaiviticin C
18 mg/L
lomaiviticin
D
1.3 mg/L

DPJ-0016

9 mg/L
0.8 mg/L

DPJ-0019
MT1
6

8

10 min

Figure 2.2. Genetic disruption of KSa (lom58) abolishes production of lomaiviticins
MT1 = S. pacifica DPJ-0016-lom58::acc(3)IV mutant strain
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2.2.3

Annotation of lomaiviticin gene clusters and an updated biosynthetic hypothesis4

With the successful discovery and validation of the lom biosynthetic gene cluster we next performed a
detailed bioinformatic analysis of the entire ~70 kb biosynthetic gene cluster by assigning predicted
functions to each gene based on shared sequence similarity to characterized proteins pathways (Table 2.1).
Our analysis and annotation of the lom gene clusters was facilitated by the availability of the kin and
jadomycin (jad) biosynthetic gene clusters, as well as characterization of several enzymes from the
jadomycin biosynthetic pathway.19-24 Moreover, specifically comparing the lom gene cluster with full and
partial kin gene clusters allowed us to more definitively assign specific roles to certain enzymes (Table 2.2).
After this extensive analysis, we developed an updated biosynthetic hypothesis for the lomaviticins that
focused on the identification of the putative dimerization enzyme and diazo-forming enzymes (Scheme
2.3).

The lom gene cluster from S. pacifica DPJ-0019 contains a total of 57 predicted genes while the S. pacifica
DPJ-0016 contains 64 genes. Except for the additional 7 genes (lom36 – lom42) in strain DPJ-0016, the
two gene clusters encode identical biosynthetic machinery. Generally speaking, both gene clusters encode
enzymatic chemistry required to construct the angucycline polyketide core, to biosynthesize the two 2,6deoxysugars L-oleandrose and N,N- dimethylpyrrolosamine, and to catalyze the many tailoring reactions
required to afford the lomaiviticins.

4

Detailed bioinformatic analysis of the lom gene cluster was conducted primarily by Emily P. Balskus with
assistance from Abraham J. Waldman and Li Zha.
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Table 2.1 Annotation of the S. pacifica DPJ-0016 and DPJ-0019 lom gene clusters

Gene

Size [aa]
(DPJ0016;
DPJ0019)

lom1
lom2
lom3
lom4
lom5
lom6
lom7
lom8
lom9

524; 524
161; 160
276; 276
316; 316
176; 167
258; 258
278; 278
277; 281
464; 464

Closest homolog
[S.tropica CNB-440
unless otherwise
indicated]
(% aa identity,
DPJ-0016; % aa
identity, DPJ-0019)
Strop_ 2172 (90; 91)
Strop_ 2173 (91; 88)
Strop_ 2174 (95; 95)
Strop_ 2175 (95; 96)
Strop_ 2176 (91; 89)
Strop_ 2177 (93; 93)
Strop_ 2178 (94; 95)
Strop_ 2180 (85; 86)
Strop_ 2181 (91; 90)

Closest homolog
[S.tropica CNB440 unless
otherwise
indicated]
Accession
Number
YP_001159001
YP_001159002
YP_001159003
YP_001159004
YP_001159005
YP_001159006
YP_001159007
YP_001159009
YP_001159010

lom10
lom11
lom12
lom13
lom14
lom15
lom16
lom17
lom18
lom19

221; 221
148; 148
275; 275
590; 590
488; 488
368; 368
499; 503
490; 490
242; 242
290; 289

Strop_ 2182 (86; 88)
Strop_ 2183 (90; 92)
Strop_ 2184 (88; 91)
Strop_ 2185 (90; 93)
Strop_ 2186 (91; 91)
Strop_ 2187 (93; 93)
Strop_ 2188 (92; 93)
Strop_ 2189 (91; 92)
Strop_ 2190 (91; 93)
Strop_ 2191 (90; 89)

YP_001159011
YP_001159012
YP_001159013
YP_001159014
YP_001159015
YP_001159016
YP_001159017
YP_001159018
YP_001159019
YP_001159020

lom20
lom21

205; 205
109; 109

Strop_ 2192 (87; 88)
Strop_ 2193 (89; 87)

YP_001159021
YP_001159022

lom22

261; 261

Strop_ 2194 (91; 92)

YP_001159023

lom23
lom24
lom25

345; 345
503; 503
320; 319

Strop_ 2195 (94; 94)
Strop_ 2196 (92; 96)
Strop_ 2197 (93; 91)

YP_001159024
YP_001159025
YP_001159026

lom26

479; 479

Strop_ 2198 (89; 89)

YP_001159027

lom27

492; 492

Strop_ 2199 (93; 95)

YP_001159028

lom28
lom29
lom30
lom31
lom32
lom33
lom34
lom35
lom36

247; 247
627; 627
118; 118
264; 264
500; 496
472; 478
430; 428
133; 133
400;
absent

Strop_ 2200 (93; 94)
Strop_ 2201 (91; 91)
Strop_ 2202 (97; 98)
Strop_ 2203 (95; 95)
Strop_ 2204 (93; 94)
Strop_ 2205 (88; 89)
Strop_ 2206 (93; 94)
Strop_ 2207 (92; 89)
Streptomyces
acidiscabies (55;
absent)

YP_001159029
YP_001159030
YP_001159031
YP_001159032
YP_001159033
YP_001159034
YP_001159035
YP_001159036
WP_010355011
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Proposed Function

Transporter
Hypothetical
ABC transporter
ABC transporter
glyoxalase/dioxygenase
Hypothetical
SARP family regulatory protein
AraC family transcriptional regulator
NDP-hexose 2,3 dehydratase
(sugar biosynthesis)
Hypothetical
carboxymuconolactone decarboxylase
Glutamyl hydrolase, amidotransferase
FAD-binding monooxygenase
Protoporphyrinogen oxidase
Nuclease
FAD-binding monooxygenase
FAD-binding monooxygenase
Short-chain dehydrogenase/reductase
NmrA family protein
(putative dimerization enzyme)
DSBA oxidoreductase
Polyketide synthesis, cyclase
(JadI homolog)
Polyketide synthesis, ketoreductase
(JadE homolog)
O-methyltransferase
FAD-binding monooxygenase
Polyketide synthesis, cyclase/dehydratase
(JadD homolog)
FAD-binding monooxygenase
(JadF homolog)
FAD-binding monooxygenase
(JadH homolog)
Anthrone oxidase (JadG homolog)
Hypothetical (diazo formation)
4Fe-4S ferredoxin (diazo formation)
Hypothetical
Glutamine synthase (diazo formation)
Amidase (diazo formation)
adenylosuccinate lyase (diazo formation)
N-acetyltransferase (diazo formation)
Aminotransferase

Table 2.1 Annotation of the S. pacifica DPJ-0016 and DPJ-0019 lom gene clusters (continued)

lom37

375;
absent

lom38

341;
absent

lom39

158;
absent

lom40

204;
absent

lom41

465;
absent

lom42

363;
absent

lom43
lom44
lom45
lom46
lom47
lom48
lom49

589; 589
106; 106
136; 136
265; 265
520; 520
373; 373
339; 340

Closest homolog
[S.tropica CNB-440
unless otherwise
indicated]
(% aa identity,
DPJ-0016; % aa
identity, DPJ-0019)
Streptomyces
griseoflavus (37;
absent)
Nocardia
brasiliensis ATCC
700358 (66; absent)
Streptomyces
violaceusniger Tu
4113 (51, absent)
Streptomyces
violaceusniger Tu
4113 (59; absent)
Streptomyces
acidiscabies (70;
absent)
Streptomyces
acidiscabies (63;
absent)
Strop_ 2208 (95; 96)
Strop_ 2209 (85; 87)
Strop_ 2210 (98; 96)
Strop_ 2211 (91; 94)
Strop_ 2212 (91; 92)
Strop_ 2213 (87; 90)
Strop_ 2214 (93; 93)

lom50

308; 308

Strop_ 2215 (90; 91)

YP_001159044

lom51

321; 328

Strop_ 2216 (91; 90)

YP_001159045

lom52

203; 203

Strop_ 2217 (86; 89)

YP_001159046

lom53

334; 337

Strop_ 2218 (88; 91)

YP_001159047

lom54
lom55
lom56

244; 244
346; 346
403; 403

Strop_ 2219 (87; 91)
Strop_ 2220 (94; 93)
Strop_ 2221 (91; 92)

YP_001159048
YP_001159049
YP_001159050

lom57

338; 334

Strop_ 2222 (88; 88)

YP_001159051

lom58

423; 423

Strop_ 2223 (96; 96)

YP_001159052

lom59
lom60

442; 429
84; 84

Strop_ 2224 (94; 93)
Strop_ 2225 (95; 95)

YP_001159053
YP_001159054

Gene

Size [aa]
(DPJ0016;
DPJ0019)

Closest homolog
[S.tropica CNB440 unless
otherwise
indicated]
Accession
Number
AEH41802

Proposed Function

Methyltransferase

YP_006807087

3-Isopropylmalate dehydrogenase

YP_004800063

Aminotransferase

YP_004800064

3-Isopropylmalate dehydratase

WP_010355001

Isopropylmalate isomerase

WP_010355002

Pyruvate carboxyltransferase

YP_001159037
YP_001159038
YP_001159039
YP_001159040
YP_001159041
YP_001159042
YP_001159043

ABC transporter
Rieske (2Fe-2S) domain protein
Glyoxalase
Glyoxalase
Secreted peptidase
Glycosyltransferase
O-methyltransferase
(sugar biosynthesis)
N-methyltransferase
(sugar biosynthesis)
NAD-dependent epimerase/dehydratase
(sugar biosynthesis)
NDP-4-keto-6-deoxyhexose 3,5epimerase (sugar biosynthesis)
NDP-hexose-3-ketoreductase
(sugar biosynthesis)
Hypothetical
Glycosyltransferase
Deoxysugar aminotransferase
(sugar biosynthesis)
dTDP-glucose 4,6-dehydratase
(sugar biosynthesis)
Beta-ketoacyl synthase
(JadA homolog)
Chain length factor (JadB homolog)
Acyl carrier protein (JadC homolog)
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Table 2.1 Annotation of the S. pacifica DPJ-0016 and DPJ-0019 lom gene clusters (continued)

Gene

Size [aa]
(DPJ0016;
DPJ0019)

lom61

327; 327

Closest homolog
[S.tropica CNB-440
unless otherwise
indicated]
(% aa identity,
DPJ-0016; % aa
identity, DPJ-0019)
Strop_ 2226 (90; 93)

Closest homolog
[S.tropica CNB440 unless
otherwise
indicated]
Accession
Number
YP_001159055

lom62

324; 324

Strop_ 2227 (90; 91)

YP_001159056

lom63

82; 107

_

lom64
lom65

153; 156
290; 290

Strop_2228
(pseudogene)
Strop_ 2229 (91; 91)
Strop_ 2230 (97; 97)

YP_001159057
YP_001159058

Proposed Function

Acyltransferase
(starter unit generation)
Acyltransferase/decarboxylase (starter
unit generation)
Acyl carrier protein
(starter unit generation)
Transcriptional regulator
dTDP-1-glucose synthase
(sugar biosynthesis)

A common early biosynthetic intermediate in angucycline biosynthesis is the tetracyclic aromatic
compound UWM6. Based on homology to enzymes from the kin and jad gene clusters, the lom gene cluster
appears to encode all necessary enzymes to generate this intermediate. This includes the three proteins that
make up the minimal PKS responsible for generating the decaketide intermediate (3), namely the KSa
(lom58), CLF (lom59), and acyl carrier protein (ACP, lom60 or lom63), as well as three tailoring enzymes
including the ketoreductase lom22 and the cyclases lom21 and lom25 (Scheme 2.3).

One structural distinction that is noticeable when comparing the lomaiviticins to the kinamycins and
jadomycins is the presence of an ethyl substituent on the D-ring of the lomaiviticins compared to a methyl
group in the kinamycins and jadomycins. In our biosynthetic hypothesis we proposed that this ethyl
substituent arises from the use of a propionyl starter unit by the type II PKS in lomaiviticin biosynthesis as
opposed to the more common acetyl starter unit used in most type II polyketides. This would generate the
analogous ‘ethyl’-UWM6 (4) as depicted in our biosynthetic hypothesis. While less common, several
natural products including the clinically-relevant antitumor drugs doxorubicin and daunorubicin contain an
ethyl substituent that arises from the use of a propionyl starter unit by the type II PKS.25-27
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At the time of our initial investigations into lomaiviticin assembly, all characterized type II polyketides that
contain this ethyl substituent were demonstrated to involve the use of propionyl-CoA as the source of this
three carbon building block.27 In these systems, the introduction of this unusual starter unit is catalyzed by
a dedicated type III PKS and a separate ACP that is not part of the minimal PKS.27 Interestingly, however,
analysis of the lom gene cluster did not reveal the presence of the priming type III PKS that is required for
installation of this propionyl starter unit, suggesting that lomaiviticin biosynthesis employs a new strategy
for generating this ethyl substituent. Our discovery and characterization of a novel enzyme system for
generating the propionyl starter unit in lomaiviticin biosynthesis is described in Section 2.2.6. Briefly,
however, we noticed that the lom gene cluster contains two putative ACP-encoding genes (lom60 and
lom63) as well as a gene encoding a predicted bifunctional acyltransferase-decarboxylase (AT/DC, lom62).
This AT/DC is homologous to an enzyme from the type I modular polyketide synthase pathway that
constructs leinamycin and is involved in generation of a propionyl-ACP used in construction of a bpropionyl branch in the carbon scaffold.28,29 Thus, we predicted that Lom62 and one of the ACPs may have
been co-opted from this type I PKS pathway to generate the propionyl-ACP starter unit used in lomaiviticin
biosynthesis.
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Scheme 2.3

Biosynthetic hypothesis for lomaiviticin assembly

A) Hypothesis for lomaiviticin assembly to the intermediate ‘ethyl’-kinobscurinone based on predicted
similarity to the jadomycin and kinamycin pathways. B) Prediction of key tailoring reactions including diazo
group formation, A-ring and D-ring tailoring, dimerization, and glycosylation.
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From ‘ethyl’-UWM6, we propose that lomaiviticin assembly involves several key dehydrating and
oxidative transformations in analogy to characterized steps in jadomycin biosynthesis to afford the biaryl
intermediate 5.6,24 First, the two bifunctional, flavin-dependent dehydratase-monooxygenases Lom26 and
Lom27 – homologs of JadF and JadH, respectively – are proposed to act sequentially to catalyze the
dehydration and oxidative aromatization of ‘ethyl’-UWM6 to afford the fully aromatic tetracyclic
intermediate 6 after a spontaneous two-electron oxidation.22,30

The intermediate 6 is the ethyl derivative of the well-known intermediate dehydrorabelomycin which has
been isolated from several organisms that produce angucyclines.24 From here, intermediate 6 is proposed
to be a substrate for Lom28 (homolog of JadG) which is a predicted flavin-dependent Baeyer-Villiger
monooxygenase that catalyzes oxidative C–C bond cleavage to mediate ring opening and afford the biaryl
acid-aldehyde 6.23,31,32 Interestingly, both the lom and kin gene clusters contain an additional putative flavindependent oxygenase (Lom24) that is not encoded within the jad gene cluster. We propose that this
predicted oxygenase is responsible for catalyzing the decarboxylative C–C bond forming oxidation that
generates the distinctive benzo[b]fluorene ring system in ‘ethyl’-kinobscurinone (7) that is shared by the
diazofluorene family. Kinobscurinone is a well-established intermediate in kinamycin biosynthesis.33

After the generation of ‘ethyl’-kinobscurinone, a complex series of tailoring transformations including
diazo group installation, aromatic ring oxidation, dimerization, D-ring reduction, and glycosylations occurs
to generate the final natural product lomaiviticin A. Based on the reactivity of intermediates and the
catalytic capability of the encoded enzymes, we can predict the relative order of certain tailoring events, for
example, dimerization likely occurs when the D-ring is fully aromatic, however, the precise time of each
tailoring event could not be rigorously established based solely on bioinformatic analysis of the gene cluster
and we present only one option here. Our biosynthetic hypothesis for transforming ‘ethyl’-kinobscurinone
to lomaiviticin A was guided by our chemical understanding of the reactions necessary to complete this
sequence, as well as the predicted enzymes from the lom and kin gene clusters and their catalytic capabilities
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to carry out certain types of transformations. Moreover, because kinamycins and lomaiviticin differ slightly
in the extent of their oxidations we could more confidently assign certain oxygenases to specific
transformations in lomaiviticin biosynthesis by comparative genomics of the lom and kin gene clusters
(Table 2.2).

Table 2.2 ORFs shared between the S. pacifica DPJ-0019 lom cluster and the kin clusters from S.
ambofaciens ATCC 23877 (full) and S. murayamaensis (partial).
ORF
from
S.
pacifica
DPJ-0019

Homolog in
S.
ambofaciens
ATCC 23877

lom11

Accession #

% aa
identity,
% aa
similarity

Homolog in S.
murayamaensis
partial kin
cluster

Accession #

%
identity,
%
similarity
(aa)

SAMT0131

CAJ87840

50%, 66%

-

-

-

lom12

SAMT0135

CAJ87844

43%, 54%

-

-

-

lom16

SAMT0136

CAJ87845

57%, 70%

-

-

-

lom17

SAMT0139

CAJ87848

58%, 69%

-

-

-

lom18

SAMT0133

CAJ87842

57%, 67%

-

-

-

lom21

SAMT0166

CAJ87875

70%, 80%

kinI

AAO65345

70%, 81%

lom22

SAMT0162

CAJ87871

68%, 80%

kinE

AAO65349

71%, 81%

lom23

SAMT0158

CAJ87867

53%, 69%

-

-

-

lom24

SAMT0159

CAJ87868

57%, 65%

kinO2

AAO65352

59%, 68%

lom25

SAMT0161

CAJ87870

54%, 65%

kinD

AAO65350

54%, 64%

lom26

SAMT0160

CAJ87869

45%, 55%

kinOR

AAO65351

49%, 60%

lom27

SAMT0168

CAJ87877

64%, 74%

kinO1

AAO65343

62%, 72%

lom28

SAMT0167

CAJ87876

49%, 64%

kinG

AAO65344

52%, 68%

lom29

SAMT0148

CAJ87857

61%, 71%

-

-

-

lom30

SAMT0149

CAJ87858

75%, 84%

-

-

-

lom32

SAMT0146

CAJ87855

61%, 72%

-

-

-

lom33

SAMT0147

CAJ87856

59%, 71%

-

-

-

lom34

SAMT0145

CAJ87854

67%, 77%

-

-

-

lom35

SAMT0144

CAJ87853

68%, 78%

-

-

-

lom58

SAMT0165

CAJ87874

68%, 81%

kinA

AAO65346

67%, 80%

lom59

SAMT0164

CAJ87873

61%, 74%

kinB

AAO65347

59%, 73%

lom60

SAMT0163

CAJ87872

40%, 57%

kinC

AAO65348

47%, 61%
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In our biosynthetic hypothesis, we propose that a gene cassette conserved between the lom and kin gene
clusters (lom29, lom30, and lom32-35) encodes the enzymes responsible for catalyzing diazotization of
‘ethyl’-kinobscurinone to give prelomaiviticin (8). A full discussion of how we predicted these enzymes
and our hypothesis for diazo installation is presented in Section 2.2.4.

After the generation of

prelomaiviticin, we predict that the flavin-dependent monooxygenase Lom13 catalyzes the hydroxylation
of the A-ring to produce 9. We predict that Lom13 specifically oxidizes the A-ring, as opposed to the several
other predicted oxygenases, because the kinamycins lack this A-ring oxidation and the kin gene cluster does
not contain a Lom13 homolog. From 9, an additional aromatic hydroxylation occurs at the D-ring, which
also occurs in kinamycin biosynthesis, to afford 10. This reaction is potentially catalyzed by the predicted
flavin-dependent monooxygenases Lom16 or Lom17, both of which have homologs in the kin gene cluster.

We next predict that Lom19 catalyzes the oxidative dimerization of 10 to form the distinctive dimeric
scaffold of intermediate 11. We identified this enzyme by searching the lom gene cluster for enzymes not
contained in the kin gene cluster (as the kinamycins are monomeric), and, additionally were not predicted
to be involved in other tailoring events, such as A-ring and D-ring tailoring and sugar biosynthesis. This
analysis revealed Lom19 as a particularly strong candidate for the dimerization enzyme. Lom19 displays
strong homology to ActVA-Orf4 from the actinorhodin biosynthetic gene cluster (51% identity at the amino
acid level).34,35 Both Lom19 and ActVA-Orf4 are homologs of the NmrA family of nicotinamide-cofactor
binding proteins, and thus are predicted to perform NAD+/NADP+-based redox chemistry.36 Bacterial
genetics has suggested that ActVA-Orf4 is responsible for catalyzing the key dimerization reaction that
forms the distinctive biaryl framework of actinorhodin. It has been proposed that this reaction proceeds via
a hydroquinone intermediate (Scheme 2.4).34,35 The requirement for a hydroquinone intermediate as the
substrate for this dimerization reaction necessitates that in lomaiviticin biosynthesis the D-ring tailoring
events occur after this dimerization reaction has occurred. This prescribed order of events poses a
significant challenge as the subsequent D-ring tailoring and glycosylation reactions would have to occur on
the extremely hindered biaryl framework of 11. Indeed, in the biosynthetic hypothesis put forth by Moore
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et al they propose the substrate for the Lom19 dimerization is the D-ring tailored cyclohexanone derivative
of 10 rather than the hydroquinone due to concerns with functionalizing the congested biaryl scaffold of
11.8 However, we do not favor this hypothesis in light of the characterization of ActVA-Orf4 as using a
hydroquinone intermediate as well as from a chemical reactivity standpoint, as it seems unlikely that at an
NAD+/NADP+-utilizing enzyme would possess the catalytic capability needed to dimerize the less activated
cyclohexanone substrate.

OH

CO2H

OH

x2

O
Me

OH

ActVA-orf4
O

CO2H

OH

regiospeciﬁc
C–C bond formation?

OH
OH

O

O

Me
O

Me

O

OH
OH

O

CO2H

actinorhodin

Scheme 2.4

Predicted biochemical function of ActVA-ORF4 from actinorhodin biosynthesis

From the dimeric intermediate 11, an additional D-ring oxidation, D-ring reduction, and glycosylations are
required to afford the final lomaiviticin A product. We propose that one of the predicted flavin-dependent
monooxygenases Lom16 or Lom 17 (whichever did not catalyze D-ring oxidation of 9 to give 10) catalyzes
an oxidative dearomatization of the D-ring to give 12. This could be followed by regioselective D-ring
ketone reduction catalyzed by the predicted short-chain dehdyroxygenase Lom18. The biosynthesis of
lomaiviticin A would be completed by glycosylation with TDP-L-oleandrose and TDP-N,N-dimethyl-Lpyrrolosamine carried out by the predicted glycosyltransferases Lom48 and Lom55. Additionally, we
predicted all the biosynthetic machinery required to construct the two sugars L-oleandrose and N,N-
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dimethyl-L-pyrrolosamine (Lom9, 49-54,56,57,65) and developed a biosynthetic hypothesis for their
assembly from a common intermediate based on the biosynthetic pathway for L-oleandrose from
avermectin biosynthesis (Scheme 2.5). Overall, our biosynthetic hypothesis assigns putative enzymes to
each biosynthetic transformation that is required to construct lomaiviticin A.
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O
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2.2.4

Me
H 2N

O

OTDP

Lom50

Me
Me 2N

O

OTDP

HO

HO

methyl transfer

TDP-N,N-dimethylL-pyrrolosamine

Proposed biosynthetic hypothesis for assembly of L-oleandrose and N,N-dimethylL-pyrrolosamine sugar scaffolds

Identification of a putative diazo-forming gene cassette and biosynthetic hypothesis for
diazo group formation in lomaiviticins and kinamycins

Our efforts to understand diazo group formation in lomaiviticin biosynthesis were guided by its proposed
shared biosynthetic logic with the related diazofluorene natural product kinamycin. Thus, our insights and
understanding were informed by the extensive feeding, genetic and isolation studies performed by Gould
et al that have revealed many key intermediates in the kinamycin pathway.7 Furthermore, access to the lom
gene cluster as well as partial and full kin gene clusters now afforded the opportunity to perform a
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comparative analysis to identify putative diazo forming enzymes, which based on our hypothesis, would be
shared between the two full gene clusters.2,8,19,20 This analysis, coupled with experimental investigations
from kinamycin biosynthesis, proved particularly enabling in our identification of strong candidates for
diazo group installation which we have termed a ‘kin/lom-type’ diazo gene cassette (Figure 2.3).

In this comparative analysis, we first ruled out all of the genes predicted to be involved in constructing
‘ethyl’-kinobscurinone (lom21, lom22, lom24–28, lom58-60, lom62, lom63). We also eliminated from
consideration several genes believed to mediate other tailoring events including A-ring and D-ring redox
tailoring, dimerization, glycosylations, and sugar biosynthesis (lom9, lom13, lom16–19, lom49–54, lom56,
lom57, lom65). Further comparison of the complete lom and kin gene clusters revealed a conserved, colocalized set of genes encoding homologs of several C–N bond forming and bond cleaving enzymes, as
well as enzymes that are predicted to perform redox chemistry (lom29, lom30, lom32–35). Notably, these
genes are absent from a partial kin gene cluster that was identified from S. murayamaensis.19 The lack of
these genes is consistent with the inability of this partial gene cluster to generate diazo-containing
compounds when heterologously expressed in S. lividans.19

The general biochemical functions encoded within the predicted kin/lom-type diazo gene cassette are
consistent with the types of transformations needed to construct a diazo group from two separate nitrogencontaining metabolites (Figure 2.3). This includes predicted C–N bond forming enzymes [glutamine
synthetase (lom32/SAMT0146) and an N-acetyltransferase (lom35/SAMT0144)] and homologs of C–N bond
cleaving enzymes [an amidase (lom33/SAMT0147) and an adenylosuccinate lyase (lom34/SAMT0145)].
Additionally, a hypothetical protein (lom29/SAMT0148) encoded adjacent to a predicted ferredoxin
(lom30/SAMT0149) may be involved in redox chemistry.
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Figure 2.3. Putative diazo- and hydrazide-forming gene cassettes and encoded enzymatic reactions
A) Gene cassettes from lomaiviticin, kinamycin and fosfazinomycin biosynthetic gene clusters. B)
Reactions catalyzed by homologous enzymes.
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Results from stable isotope feedings studies with the kinamycin producer S. murayamaensis have
demonstrated that deuterium-labeled C1,C3-2H-stealthin C is incorporated at low levels (~0.67%
incorporation) into kinamycin D.37 In addition, stealthin C can be isolated from mutant strains of S.
murayamaensis. Taken together, these results suggest that stealthin C is an on-pathway intermediate in
kinamycin biosynthesis. From stealthin C, it has been proposed that this aryl amine intermediate may be
diazotized in analogy to the diazotization of an aryl amine intermediate in azamerone biosynthesis to afford
the diazo-containing compound to afford A80915D.38 We previously proposed that diazo group formation
in lomaiviticin biosynthesis may occur via a similar route involving the amination of ‘ethyl’-kinobscurinone
to generate ‘ethyl’-stealthin C that then is diazotized to afford prelomaiviticin (Scheme 2.6). If diazo group
installation in lomaiviticin and kinamycin biosynthesis indeed occurs using this logic, the combination of
enzymatic chemistry (redox and C–N bond formation/cleavage chemistry) in the kin/lom-type diazo gene
cassettes is well-suited for the reactions required to carry out this transformation.

Scheme 2.6 Preliminary proposal for diazo group installation in lomaiviticin biosynthesis

However, recent work in our group5 has discovered a pathway for the production of stealthin C in vivo and
in vitro and demonstrated that its formation likely occurs non-enzymatically, thus challenging its role as a
biosynthetic intermediate.39 Wang et al. demonstrated in vitro that AlpJ (from kinamycin producer S.
ambofaciens) along with either the flavin-reductase Fre from E. coli or a predicted flavin-reductase KinO1
from S. ambofaciens and the cofactors FAD and NADPH could catalyze the Baeyer–Villiger oxidation of

5

Worked conducted on stealthin C described here was performed by Peng Wang.
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dehydrorabelomycin, facilitating C–C bond cleavage and ring opening to afford a proposed biaryl
intermediate 5. The intermediate 5 can subsequently undergo decarboxylation, ring closure, dehydration
and finally a hydroxylation at C5 to afford ‘hydroquinone’-kinobscurinone (Scheme 2.7). It was also shown
that this unstable ‘hydroquinone’-kinobscurinone intermediate can react non-enzymatically with a variety
of thiol nucleophiles to provide various substituted by products. Notably, reaction with L-cysteine as the
nucleophile resulted in the formation of stealthin C via a proposed non-enzymatic S–N-type Smiles
rearrangement. The ability of ‘hydroquinone’-kinobscurinone to engage non-selectively in substitution
chemistry with a wide range of thiol nucleophiles in vitro suggests that stealthin C is produced in vivo by a
non-enzymatic reaction between ‘hydroquinone’-kinobscurinone and L-cysteine. These results call into
question whether stealthin C is a true biosynthetic intermediate in kinamycin biosynthesis, and, by analogy,
whether ‘ethyl’-stealthin C is an intermediate in lomaiviticin biosynthesis.
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Scheme 2.7 Non-enzymatic formation of stealthin C challenges role as intermediate
A) Overall transformation of dehydrorabelomycin to stealthin C via intermediate hydroquinonekinobscurinone by AlpJ and non-enzymatic processes. B) Proposed mechanism for non-enzymatic
formation of stealthin C from L-cysteine and hydroquinone-kinobscurinone.
With this challenge to the intermediacy of stealthin C and ‘ethyl’-stealthin C in kinamycin and lomaiviticin
biosynthesis, respectively, we began to examine other proposals and hypotheses for diazo group
installation. Intriguingly, all but one of the kin/lom-type diazo-forming enzymes (Lom30) are encoded
within the biosynthetic gene cluster that produces the hydrazide-containing natural product fosfazinomycin
(fzm), further supporting their role in N–N bond formation (Figure 2.3).40 The lack of the predicted
ferredoxin oxidoreductase in the fzm hydrazide gene cassette may be notable given the difference in
oxidation state between the diazo and hydrazide groups, but its contribution to diazo biosynthesis is
unclear.2 However, this may suggest that lom32–35 and the corresponding fzm homologs generate a
common N–N linked intermediate that is subsequently processed differently to afford the diazo and
hydrazide moieties.
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Based on the highly conserved genetic content of the kin/lom diazo cassette and the fzm hydrazide cassette,
we wondered whether diazo and hydrazide biosynthesis in these pathways may share similar enzymatic
functions and analogous biosynthetic logic. Based on in vitro biochemical characterization of several
enzymes within the fosfazinomycin pathway (Section 1.2.2.1), our group has proposed a new biosynthetic
pathway for lomaiviticin and kinamycin biosynthesis (Scheme 2.8). In our updated proposal, the same
acetylhydrazine intermediate proposed in fosfazinomycin biosynthesis is generated using homologous
enzymes from the lom gene cluster [N-acetyltransferase (Lom35/SAMT0144) and adenylosuccinate lyase
(Lom34/SAMT0145)] from two equivalents of L-aspartate. Interestingly, unlike the fzm gene cluster, the
kin and lom gene cluster does not contain homologs of CreD and CreE for the generation of nitrite. This
nitrite is proposed to diazotize the second equivalent of L-aspartate, thus generating the N–N bond in both
the final diazo and hydrazide groups of lomaiviticin and fosfazinomycin, respectively. With
acetylhydrazine generated, some combination of the remaining putative diazo-forming enzymes (Lom29 –
Lom33) are proposed to use acetylhydrazine to install the diazo group onto the intermediate ‘ethyl’kinobscurinone to provide the diazo-containing intermediate prelomaiviticin. Subsequent oxidative
tailoring, dimerization and glycosylation reactions afford the lomaiviticins.
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Scheme 2.8 Updated biosynthetic hypothesis for diazo group installation in lomaiviticin and
kinamycin biosynthesis

2.2.5

Initial genome mining of kin/lom-type diazo forming gene cassettes in genome sequence
databases

After our discovery of the putative kin/lom diazo-forming gene cassette, we were interested in assessing the
prevalence of these genes in microbial genomes to understand the distribution of this putative diazo-forming
pathway. We searched for homologs of the putative diazo-forming enzymes in sequenced bacterial genomes
and discovered similar enzymatic machinery encoded in 57 other secondary metabolite biosynthetic gene
clusters. This finding suggests that the potential to synthesize natural products containing diazo groups may
be more widespread than has been previously appreciated. The majority of the identified gene clusters
possess homologs of all six genes (lom29, lom30, lom32–35). In addition, 13 of the gene clusters encode
only a portion of the sub-cluster. Among the gene clusters containing homologs of all six genes were 34
homologous lom gene clusters from other Salinispora strains and the kin gene cluster from S. ambofaciens.
Excitingly, an additional nine clusters encoded unknown metabolites that potentially contain diazo groups.
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2.2.6

Biochemical characterization of Lom62 and Lom63 as a novel starter unit generating
system

In order to further confirm that the predicted lom clusters were responsible for lomaiviticin biosynthesis,
we sought to biochemically characterize enzymes encoded within the cluster. Our attention was drawn to
the unusual ethyl substituent of the lomaiviticins, which differs from the methyl group of the closely related
kinamycins. We focused on this substituent because the lom cluster appeared to lack the canonical
enzymatic machinery necessary for the installation of this starter unit.

Type II polyketide secondary metabolites are constructed from malonate building blocks using iterative
decarboxylative Claisen condensations carried out by a type II polyketide synthase (PKS). An important
point for introducing structural diversity in these pathways is the initial priming of the PKS with a starter
unit.41 Understanding the logic underlying starter unit synthesis is therefore a critical component of efforts
to engineer the biosynthesis of ‘non-natural’ analogs of aromatic polyketides. In this section, we describe
evidence supporting the involvement of a new strategy for starter unit generation in lomaiviticin
biosynthesis that employs an enzyme previously associated only with type I modular PKSs.

Type II PKS systems consist of a ketosynthase-chain length factor (KSα-CLF) complex, which performs
the C−C bond-forming chemistry, and an acyl carrier protein (ACP) that tethers an incoming malonyl
extender unit. The majority of secondary metabolites made by type II PKS systems utilize an acetate starter
unit generated by decarboxylation of a malonyl-ACP thioester substrate derived from malonyl-CoA.42
Propionyl starter units are employed less frequently but are involved in the biosynthesis of the clinically
important antitumor drugs doxorubicin and daunorubicin ( Scheme 2.9A).25,26 As highlighted earlier in
Section 2.2.3, at the time of our discovery of the lomaiviticin pathway, all characterized mechanisms for
incorporating propionyl starter units into type II polyketides utilized propionyl-CoA as the source of this
three carbon building block ( Scheme 2.9B). In doxorubicin and daunorubicin biosynthesis, a separate
priming KS (KSIII), homologous to the E. coli FabH enzyme, catalyzes an initial Claisen condensation
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using propionyl-CoA and ACP-bound malonyl-CoA. The diketide product is then transferred to the main
KSα-CLF for further rounds of elongation. Other type II polyketide biosynthetic pathways that utilize
longer alkyl chain starter units similarly employ this KSIII loading module strategy, and most of the
corresponding gene clusters also encode a second ACP that is dedicated to starter unit production.

27

Scheme 2.9 Type II PKS pathways use a dedicated KS III for the incorporation of non-acetate
starter units
A) Examples of type II polyketides that incorporate a 3 carbon propionyl starter unit (shown in red) B) Use
of propionyl-CoA and KSIII for introduction of propionyl unit in daunorubicin and doxorubicin
biosynthesis.
The lomaiviticins possess an ethyl substituent on their D-ring suggesting that lomaiviticin biosynthesis
employs the less common propionyl starter unit. Unexpectedly, the lom gene cluster identified by our group
and Moore et al. does not encode an enzyme homologous to the priming KSIII typically employed in
propionyl starter unit loading. The absence of this enzymatic function suggested that an alternate method
of starter unit synthesis could be used in lomaiviticin biosynthesis.
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In our annotation of the lom gene cluster we identified several genes that we hypothesized could play a role
in propionyl starter unit generation: a homologue of the bifunctional acyltransferase/ decarboxylase
(AT/DC) LnmK (lom62) and two ACPs (lom60 and lom63). LnmK is involved in the biosynthesis of
leinamycin, a natural product constructed by a type I modular PKS-NRPS assembly line.28,43 Biochemical
characterization of LnmK has revealed its ability to catalyze both the transfer of methylmalonyl-CoA to an
ACP and subsequent decarboxylation to provide a propionyl-ACP thioester (Scheme 2.10).29 This
intermediate is ultimately used to install a β-propionyl substituent onto the polyketide backbone of
leinamycin.44 Recently, the crystal structure of LnmK was solved and revealed a double-hot-dog fold which
represents a novel structural motif for this enzymatic activity.45 Co-crystallization with methylmalonylCoA revealed putative active site residues, which led to the identification of an essential tyrosine (Tyr62)
as the key functionality necessary for AT activity.
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Scheme 2.10 Characterized role of LnmK and proposed role for homolog Lom62
A) Characterized pathway for LnmK-catalyzed propionyl-ACP generation used for b-alkylation during
type I modular polyketide biosynthesis B) Proposed pathway for generation of propionyl-ACP in
lomaiviticin biosynthesis using the LnmK homolog Lom62 and with partner ACP Lom63.
The presence of an LnmK homologue (44% amino acid identity) in the lom gene cluster led us to
hypothesize that Lom62 might catalyze an analogous reaction, transferring methylmalonyl-CoA to an ACP
and then decarboxylating the resulting methylmalonyl-ACP thioester intermediate to generate a propionylACP thioester (Scheme 2.10). Transfer of this propionyl starter unit to the KS domain of the KSα-CLF
could then occur directly from the ACP or via the action of the predicted AT Lom61. The presence of two
ACPs in the lom gene cluster (Lom60 and Lom63) further suggests use of an alternate starter unit, with one
of the ACPs likely dedicated to propionyl-ACP generation and the other ACP used as part of the minimal
PKS for chain elongation. Importantly, homologues of these putative starter unit-forming enzymes (Lom62
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and a second ACP) are not found in the kinamycin biosynthetic gene cluster, providing additional support
for this hypothesis. If operative, this co-opting of type I PKS tailoring enzymes would constitute a
completely new mechanism for type II PKS starter unit generation. However, the dramatically different
pathway contexts of Lom62 and LnmK (type II vs type I modular PKS systems) precluded the assumption
that the two enzymes would exhibit the same biochemical activity.

To provide further support that the sequence similarity of Lom62 and LnmK was likely to reflect a shared
biochemical function, we performed additional bioinformatic analyses. Alignment of Lom62, LnmK, and
Strop_2227 (the homolog from the S. tropica CNB-440 lom cluster) amino acid sequences showed
conservation of the essential tyrosine residue that is hypothesized to function as the nucleophile in catalysis
(Figure 2.4). Key residues that contact the CoA backbone are also conserved in Lom62. These similarities
were reinforced by construction of a Lom62 homology model (Figure 2.5). Overall, these analyses further
demonstrated that Lom62 and LnmK likely possess related functions.
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Figure 2.4. Lom62, LnmK, and Strop_2227 multiple sequence alignment identifies putative catalytic
tyrosine residue
The red asterisk indicates the tyrosine active site residue required for acyltransferase activity. Black asterisks
indicate active site residues that contact bound coenzyme A.

Figure 2.5. Lom62 structural homology model
A) Overlay of the Lom62 homology model (green) with the crystal structure of LnmK (blue). B) Active site
residues in the putative substrate binding site are conserved between Lom62 and LnmK. Amino acid
numbering follows: Lom62/LnmK
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We tested the hypothesis that Lom62 plays a role in propionyl starter unit generation by characterizing its
activity in vitro. We cloned lom62 and the two ACPs lom60 and lom63 from S. pacifica DPJ-0019 and
expressed them individually in E. coli as His6-tagged fusions (Figure 2.6). LC−MS assays confirmed the
identities of both apo-ACPs and their ability to undergo conversion to their corresponding holo-forms in
the presence of CoA and the phosphopantethienyltransferase Sfp (Figure 2.7, Figure 2.8, Figure 2.9, Error!
Reference source not found., Error! Reference source not found., Figure 2.12, Error! Reference
source not found., Table 2.3, Table 2.4, Table 2.5).

Figure 2.6. SDS-PAGE of purified N-His6-tagged Lom60, N-His6-tagged Lom63, and C-His6-tagged
Lom62
4-15% Tris-HCl gel (Bio-Rad). MW = Precision Plus Protein All Blue Molecular Weight Standards (BioRad).
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Figure 2.7. HPLC traces of as-purified apo-Lom60 and apo-Lom63 as standards (220 nm)

Figure 2.8. Deconvoluted spectra from LC-MS analysis of apo ACPs
A) Deconvoluted MS spectra of ‘-fMet’ apo-Lom60 (left) and ‘-fMet & glucuronidated’ apo-Lom60
(right) B) Deconvoluted MS spectra of ‘-fMet’ apo-Lom63 (left) and ‘-fMet & glucuronidated’ apoLom63 (right)
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Table 2.3 Deconvoluted masses from LC-MS analysis of purified apo-Lom60 and apo-Lom63
Observed Product
apo-Lom60-N-His6
(-fMet)
apo-Lom60-N-His6
(-fMet & glucuronidated)
apo-Lom63-N-His6
(-fMet)
apo-Lom63-N-His6
(-fMet & glucuronidated)

Chemical Formula Calculated Mass (Da)

Observed Mass (Da)

C485H757N145O161S4

11323.4

11323.6

C491H767N145O167S4

11501.5

11501.7

C627H962N188O192S2

14269.7

14270.0

C633H972N188O198S2

14447.8

14448.2

Figure 2.9. Loading of Lom60 and Lom63 with BODIPY-CoA by phosphopantetheinyl transferase
Sfp
Loading with Bodipy-CoA indicates both ACPs can be posttranslationally modified by Sfp with
phosphopantetheine. Left = SDS-PAGE gel; Right = fluorescence imaging of SDS-PAGE gel; MW of Sfp
= ~25 kDa; MW of Lom60 and Lom63 = ~11 kDa
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Figure 2.10. HPLC traces of holo-Lom63 and propionyl-Lom63 standards (220 nm)
A) Reaction scheme for formation of holo-Lom63 standard from reaction with apo-Lom63, CoA and Sfp.
B) Reaction scheme for formation of propionyl-Lom63 standard from reaction with apo-Lom63,
propionyl-CoA and Sfp. C) HPLC trace of holo-Lom63 and propionyl-Lom63 standards from in vitro
reactions.

Figure 2.11. Deconvoluted mass spectra from LC-MS analysis of standard-forming reaction with
Lom63
A) Mass spectra of holo-Lom63, non-glucuronidated (left) and glucuronidated (right) from the standard
holo-forming reaction. B) Mass spectra of prop-Lom63, non-glucuronidated (left) and glucuronidated (right)
from the standard propionyl-forming reaction.
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Table 2.4 LC-MS analysis of standard holo-Lom63 and propionyl-Lom63 from in vitro reactions

Reaction
holo-rxn
(+ CoA)
holo-rxn
(+ CoA)
prop-rxn
(+ prop-CoA)
prop-rxn
(+ prop-CoA)
prop-rxn
(+ prop-CoA)
prop-rxn
(+ prop-CoA)

Observed
Product

Formula

Calculated
Mass (Da)

Observed
Mass (Da)

holo-Lom63

C638H983N190O198S3P

14610.0

14610.3

C644H993N190O204S3P

14788.1

14788.6

C641H987N190O199S3P

14666.1

14666.4

C647H997N190O205S3P

14844.2

14844.7

holo-Lom63

C638H983N190O198S3P

14610.0

14610.3

holo-Lom63
(glucuronidated)

C644H993N190O204S3P

14788.1

14788.6

holo-Lom63
(glucuronidated)
propionylLom63
propionylLom63
(glucuronidated)
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Figure 2.12. HPLC traces of holo-Lom60 and propionyl-Lom60 standards (220 nm)
A) Reaction scheme for formation of holo-Lom60 standard from reaction with apo-Lom60, CoA and Sfp.
B) Reaction scheme for formation of propionyl-Lom60 standard from reaction with apo-Lom60, propionylCoA and Sfp. C) HPLC trace of holo-Lom60 and propionyl-Lom60 standards from in vitro reactions

Figure 2.13. Deconvoluted mass spectra from LC-MS analysis of standard-forming reaction with
Lom60
A) Mass spectra of holo-Lom60, non-glucuronidated (left) and glucuronidated (right) from the standard
holo-forming reaction. B) Mass spectra of prop-Lom60, non-glucuronidated (left) and glucuronidated (right)
from the standard propionyl-forming reaction.
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Table 2.5 LC-MS analysis of standard holo-Lom60 and propionyl-Lom60 from in vitro reactions
Reaction
holo-rxn
(+ CoA)
holo-rxn
(+ CoA)
prop-rxn
(+ prop-CoA)
prop-rxn
(+ prop-CoA)
prop-rxn
(+ prop-CoA)
prop-rxn
(+ prop-CoA)

Observed
Product

Formula

Calculated
Mass (Da)

Observed
Mass (Da)

holo-Lom60

C496H778N147O167S5P

11663.7

11663.7

C502H788N147O173S5P

11841.8

11841.8

C499H782N147O168S5P

11719.8

11719.8

C505H792N147O174S5P

11897.9

11898.2

holo-Lom60

C496H778N147O167S5P

11663.7

11663.4

holo-Lom60
(glucuronidated)

C502H788N147O173S5P

11841.8

11841.3

holo-Lom60
(glucuronidated)
propionylLom60
propionylLom60
(glucuronidated)

We examined the activity of Lom62 toward each holo-ACP in the presence of potential substrates
methylmalonyl-CoA and propionyl-CoA using an HPLC assay (Figure 2.14). LC−MS analysis was used to
verify the identities of the major products (Table 2.6, Table 2.7). Robust, Lom62-dependent formation of
the expected propionyl-ACP thioester product was observed only in the presence of methylmalonyl-CoA
and Lom63. In comparison, reactions of Lom62 with methylma- lonyl-CoA and the alternate ACP Lom60
were sluggish, providing <10% conversion after 1 h. Only trace amounts of propionyl-ACP product were
observed when using propionyl-CoA in combination with either ACP partner, confirming that
decarboxylation takes place after loading (Figure 2.14).
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Figure 2.14. Lom62 selectively generates propionyl-Lom63 using methylmalonyl-CoA
A) Reaction scheme for formation of propionyl-ACP from reaction with holo-ACP, methylmalonyl-CoA,
and Lom62. B) HPLC traces of Lom62 assay with Lom63 shows robust generation of propionyl-Lom63
using methylmalonyl-CoA. C) HPLC traces of Lom62 assay with Lom60 shows slow conversion to
propionyl-Lom60 using methylmalonyl-CoA
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Table 2.6 LC-MS analysis of Lom62-catalyzed acyl loading reactions with Lom63
Reaction
+ mMal-CoA
+ Lom62
+ mMal-CoA
+ Lom62
+ mMal-CoA
+ Lom62
+ mMal-CoA
+ Lom62
+ mMal-CoA
– Lom62
+ mMal-CoA
– Lom62
+ prop-CoA
+ Lom62
+ prop-CoA
+ Lom62
+ prop-CoA
– Lom62
+ prop-CoA
– Lom62

Observed
Product

Formula

Calculated Mass
(Da)

Observed Mass
(Da)

holo-Lom63

C638H983N190O198S3P

14610.0

14610.4

C644H993N190O204S3P

14788.1

14788.6

C641H987N190O199S3P

14666.1

14666.5

C647H997N190O205S3P

14844.2

14844.8

holo-Lom63

C638H983N190O198S3P

14610.0

14610.4

holo-Lom63
(glucuronidated)

C644H993N190O204S3P

14788.1

14788.6

holo-Lom63

C638H983N190O198S3P

14610.0

14610.4

holo-Lom63
(glucuronidated)

C644H993N190O204S3P

14788.1

14788.7

holo-Lom63

C638H983N190O198S3P

14610.0

14610.4

holo-Lom63
(glucuronidated)

C644H993N190O204S3P

14788.1

14788.6

holo-Lom63
(glucuronidated)
propionylLom63
propionylLom63
(glucuronidated)
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Table 2.7 LC-MS analysis of Lom62-catalyzed acyl loading reactions with Lom60
Reaction
+ mMal-CoA
+ Lom62
+ mMal-CoA
+ Lom62
+ mMal-CoA
+ Lom62
+ mMal-CoA
+ Lom62
+ mMal-CoA
– Lom62
+ mMal-CoA
– Lom62
+ prop-CoA
+ Lom62
+ prop-CoA
– Lom62
+ prop-CoA
– Lom62

Observed Product

Formula

Calculated
Mass (Da)

Observed
Mass
(Da)

holo-Lom60

C496H778N147O167S5P

11663.7

11663.9

holo-Lom60 (glucuronidated)

C502H788N147O173S5P

11841.8

11842.1

propionyl-Lom60

C499H782N147O168S5P

11719.8

11720.2

propionyl-Lom60 (glucuronidated)

C505H792N147O174S5P

11897.9

11898.3

holo-Lom60

C496H778N147O167S5P

11663.7

11663.9

holo-Lom60 (glucuronidated)

C502H788N147O173S5P

11841.8

11842.1

holo-Lom60 (glucuronidated)

C502H788N147O173S5P

11841.8

11842.1

holo-Lom60

C496H778N147O167S5P

11663.7

11663.8

holo-Lom60 (glucuronidated)

C502H788N147O173S5P

11841.8

11842.0

To further explore the specificity of Lom62 for the two ACPs, we performed a competition experiment,
incubating equal concentrations (43 µM) of the two ACPs with methylmalonyl-CoA and Lom62 for 1 h
(Figure 2.15, Table 2.8). Under these conditions, we observed almost exclusive formation of propionylLom63 by HPLC analysis. This result suggests that LnmK preferentially interacts with only one of the two
ACPs encoded from the lom gene cluster in vivo. The use of a dedicated ACP for starter unit generation is
also observed for other priming mechanisms that use non-acetate type II PKS starter units. Overall, these
biochemical experiments support our hypothesis that Lom62 is involved in generating the propionyl starter
unit required for lomaiviticin biosynthesis and reveal Lom63 as its partner ACP. Additional biochemical
experiments are needed to elucidate the precise mechanism of propionyl starter unit transfer to the type II
PKS.
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Figure 2.15. Lom62 in vitro competition assay with Lom60 and Lom63 shows selective use of Lom63
A) Schematic of in vitro competition reaction between ACPs Lom60 and Lom63 for Lom62-catalyzed
propionyl-ACP formation. B) HPLC traces of in vitro assay demonstrate full conversion to propionylLom63 while only trace formation of propionyl-Lom60

Table 2.8 LC-MS analysis of Lom62 competition assay
Observed
Product

Formula

Calculated Mass
(Da)

Observed Mass
(Da)

holo-Lom60

C496H778N147O167S5P

11663.7

11663.9

C502H788N147O173S5P

11841.8

11842.1

C641H987N190O199S3P

14666.1

14666.6

C647H997N190O205S3P

14844.2

148444.9

holo-Lom60
(glucuronidated)
propionylLom63
propionylLom63
(glucuronidated)
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In summary, we have discovered that a new mechanism for type II PKS propionyl starter unit generation
may be operative in lomaiviticin biosynthesis. Intriguingly, this process co-opts enzymes previously
associated only with type I PKS pathways. These experiments are the first step toward understanding the
logic underlying this unique priming strategy, which may represent a new target for metabolic engineering
efforts targeting aromatic polyketide biosynthesis.

2.2.7

Updates to lomaiviticin biosynthetic hypothesis based on recent investigations by other
groups

The enzymatic chemistry involved in constructing the benzo[b]fluorene scaffold of the kinamycins has been
elucidated by our group and Yang et al.39,46 A combination of genetics and in vitro and in vivo enzyme
characterization identified a pair of flavin-dependent oxidases (AlpJ and AlpK) that appear to be
responsible for B-ring cleavage of dehydrorabelomycin, ring contraction, and hydroxylation to yield the
hydroquinone form of the intermediate kinobscurinone.46 We discussed in Section 2.2.4 our similar
characterization of benzo[b]fluorene scaffold construction and the ability of AlpJ alone to catalyze this
reaction, although its activity is greatly enhanced by the presence of flavin-reductase Fre.

Additionally, the Yang group characterized homologous D-ring epoxide hydrolases AlpU1 and Lom6 from
the kinamycin and lomaiviticin pathways, respectively.47 Both AlpU1 and Lom6 were shown to catalyze
hydrolysis of the D-ring epoxide of the model substrate epoxykinamycin, which was accessed from basecatalyzed,

chemical

deacetylation

of

the

kinamycin-pathway-derived

proposed

intermediate

epoxykinamycin FL-120B’. Hydrolysis of epoxykinamycin affords kinamycin F which is a known cogener
from the kinamycin pathway.7 The ability of AlpU1 and Lom6 to act on the epoxykinamycin substrate in
vitro suggests that this intermediate may be a true biosynthetic intermediate in vivo in both pathways.
Interestingly, if true, this would constrain the order of events of several biosynthetic transformations.

Most notably, this result suggests that tailoring of the D-ring may occur before the dimerization reaction.
This would necessitate that the dimerization enzyme acts using a substrate that is not in the hydroquinone
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oxidation state. Based on previous arguments related to chemical reactivity and characterization of the
ActVA-Orf4 dimerization enzyme from actinorhodin biosynthesis (Section 2.2.3) we believe the oxidation
state of the D-ring is important for catalysis. Noting this issue, Yang et al have provided a modified
biosynthetic hypothesis where they propose that after formation of the proposed lomaiviticin biosynthetic
intermediate kinamycin F, a dehydration event occurs in the D-ring to afford an enol intermediate. This
enol intermediate may then be a substrate for the dimerization enzyme to form the central C–C bond of the
lomaiviticins. Yang et al have proposed no enzyme for catalyzing either the dehydration or dimerization
reactions. Interestingly, they propose that Lom19 (the enzyme both Moore et al and our group have
predicted to be the dimerization enzyme) is involved in a D-ring ketone reduction tailoring reaction. It will
be exciting to discover and characterize future transformations as our group and others continue to explore
the enzymatic chemistry and biosynthetic logic of lomaiviticin biosynthesis and the reactions used to
construct this structurally complex and intriguing natural product.

2.2.8

Isolation of cremeomycin and 2-hydroxy-4-methoxybenzoic acid from S. cremeus6

During our efforts to characterize the lomaiviticin biosynthetic pathway, we became interested in
investigating diazo biosynthesis in cremeomycin assembly. As discussed earlier, we hypothesized that
cremeomycin biosynthesis afforded several attractive features that would be particularly amenable to
understanding diazo biosynthesis.

Before beginning our studies with cremeomycin biosynthesis we wanted to confirm that the strain we had
obtained from the Agricultural Research Service Culture Collection (NRRL), Streptomyces cremeus NRRL
3241, was indeed capable of producing cremeomycin under our laboratory conditions. Cremeomycin was
isolated using a procedure adapted from Bergy and co-workers.9 We cultured S. cremeus in fermentation

6

Verification that the Streptomyces cremeus strain that we received from NRRL produces cremeomycin, and
identification of 2,4-HMBA, was conducted by Yakov Pechersky and Gopal Sirasani.
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media (FM) with the exclusion of light at 25 °C with shaking at 220 rpm for 9 days. After washing the
filtered culture supernatant with hexanes, the supernatant was acidified and extracted with dichloromethane
to afford a crude organic extract that contained a mixture of two compounds as analyzed by thin-layer
chromatography (TLC). This mixture were purified using flash chromatography on buffered silica gel to
afford cremeomycin and 2-hydroxy-4-methoxybenzoic acid (2,4-HMBA). The identities of these
compounds was established using nuclear magnetic resonance (NMR) spectroscopy and liquid
chromatography-mass spectrometry (LC-MS). The data obtained matched literature reports (cremeomycin
and 2,4-HMBA) and commercially available standards (2,4-HMBA) (Figure 2.16, Figure 2.17, Figure 2.18,
Figure 2.19)
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Figure 2.16. 1H-NMR spectrum of cremeomycin in CDCl3 (500 MHz)

Figure 2.17. 13C-NMR spectrum of cremeomycin in CDCl3 (125 MHz)
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Figure 2.18. 1H-NMR spectrum of 2-hydroxy-4-methoxybenzoic acid in CDCl3 (500 MHz)

Figure 2.19. 13C-NMR spectrum of 2-hydroxy-4-methoxybenzoic acid in CDCl3 (125 MHz)
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We predicted that 2,4-HMBA could be a two-electron reduced degradation product of cremeomycin
(Scheme 2.11). Reduction of the diazo carbon by a ‘hydride’ equivalent and expulsion of dinitrogen would
provide 2,4-HMBA. We tested this proposal by incubating a purified sample of cremeomycin in sterile
fermentation (FM) media at 28 °C for 7 days protected from light. Analysis of aliquots by HPLC at the
indicated time points demonstrated the time-dependent degradation of cremeomycin with a concomitant
increase in 2,4-HMBA levels indicating that cremeomycin degrades to 2,4-HMBA in FM media (Figure
2.20). The combination of these isolation and degradation studies demonstrate that cremeomycin is
produced by our strain of S. cremeus and that under the fermentation conditions used to produce
cremeomycin it is degraded to the two-electron reduced product 2,4-HMBA.
CO2H

CO2H
O

N
OMe

OH

2 e- , 2 H+
– N2
N
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Scheme 2.11 Degradation of cremeomycin to 2,4-HMBA
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Figure 2.20. HPLC time course assay of cremeomycin degradation to 2,4-HMBA
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2.2.9

Discovery of the cremeomycin biosynthetic gene cluster in Streptomyces cremeus by genome
mining

As discussed in Section 2.1.2, we took a chemically-guided genome mining approach to uncover the
cremeomycin (cre) biosynthetic gene cluster and characterize the enzymatic chemistry and biosynthetic
logic involved in cremeomycin biosynthesis and diazo group formation.7 Based on structural and reactivity
considerations, as well as a previous report that described the cremeomycin structure, we envisioned that
the known aromatic bacterial metabolic 3-amino-4-hydroxybenzoic acid (3,4-AHBA) would be an early
stage biosynthetic intermediate.10,13 The aromatic amino acid 3,4-AHBA is an intermediate in the
biosynthesis of the natural product grixazone and is synthesized via the action of two enzymes GriI and
GriH, with GriI catalyzing an initial aldol reaction between the two primary metabolites L-4-aspartate
semialdehyde and dihydroxyacetone to generate an intermediate that is subsequently cyclized by GriH to
afford 3,4-AHBA(Scheme 2.2).14

We decided to determine if there was evidence supporting this preliminary biosynthetic hypothesis by
establishing whether the S. cremeus genome contained homologs of the griI and griH genes necessary for
3,4-AHBA synthesis.8 To assess whether S. cremeus possessed these 3,4-AHBA-synthesizing enzymes, we
used degenerate PCR with previously reported primers to amplify putative 3,4-AHBA synthase (griH)
homologs from S. cremeus genomic DNA.48 We successfully amplified a PCR product with high sequence
identity to griH, suggesting that S. cremeus encoded a GriH homolog and had the ability to synthesize 3,4AHBA. With this initial support for our biosynthetic hypothesis, we sequenced the genome of S. cremeus.
BLAST searches using the griH fragment revealed an open reading frame (ORF) encoding a griH homolog

7

Hitomi Nakamura and Yakov Pechersky grew S. cremeus and isolated gDNA for sequencing. Hitomi Nakamura,
Yakov Pechersky, and Emily P. Balskus developed initial biosynthetic hypothesis, identified putative cre gene cluster,
and annotated cre gene cluster. Gopal Sirasani and Yakov Pechersky grew S. cremeus, isolated and characterized
cremeomycin and 2,4-HMBA.
8
PCR screening of S. cremeus gDNA for griH homologs was conducted by Yakov.
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(creH) on a 370 kilobase (kb) scaffold. In close proximity to this gene were additional ORFs encoding
enzymes with predicted functions consistent with roles in cremeomycin assembly.

In order to determine the boundaries of the putative cremeomycin (cre) gene cluster, we searched the
adjacent regions of the scaffold for synteny with the genomes of Streptomyces species not known to produce
cremeomycin.9 The analysis revealed gene synteny with several other Streptomyces strains that are not
reported to make cremeomycin. Specifically, S. davawensis JCM 4913 shared very high levels of synteny
with S. cremeus NRRL 3241 on either side of an 18 kb region surrounding the 3,4-AHBA synthase homolog
(Figure 2.21). S. davawensis JCM 4913 lacked all genes within this 18 kb region. Thus, this 18 kb region
encoding 14 ORFs (creA-creN) was predicted to be the cre biosynthetic gene cluster and hypothesized to
encode all the necessary enzymatic chemistry required to construct cremeomycin. A detailed annotation of
this biosynthetic gene cluster is discussed in Section 2.2.11.

Figure 2.21. High levels of gene synteny between S. cremeus and S. davawensis on either side of the
putative 18 kb cre gene cluster

9

Prediction of cluster boundaries was performed by Yakov Pechersky.

138

2.2.10 Experimental validation of the predicted cremeomycin biosynthetic gene cluster via
heterologous expression
Having identified a candidate cremeomycin biosynthetic gene cluster encoding enzymatic chemistry
consistent with our biosynthetic hypothesis, we next set to experimentally confirm its ability to direct
cremeomycin biosynthesis. We established the link between the cre gene cluster and cremeomycin
production through heterologous expression in Streptomyces lividans TK-64. The integrative plasmid pCre
was constructed from a genomic library of S. cremeus DNA10 and was introduced into S. lividans TK-64
via standard protoplast transformation. Culturing of this strain in the absence of light in ISP1 media
followed by analysis of organic extracts of the culture broth using LC-MS and LC-MS/MS revealed the
successful production of cremeomycin and 2,4-HMBA as confirmed by comparison to authentic standards
(Figure 2.22, Figure 2.24, Figure 2.25). Cremeomycin was not detected in extracts from the wild-type S.
lividans TK-64 strain. A comparison of the titers of cremeomycin and 2,4-HMBA in S. lividans TK64::cre
and wild-type S. cremeus demonstrated significantly reduced titers in the heterologous host (Figure 2.23,
Table 2.9). This is consistent with the known difficulty in heterologously expressing N–N bond containing
natural products.38,40

These results strongly suggest that the cre gene cluster contains all of the genes necessary for cremeomycin
biosynthesis, providing the first experimental link between a set of genes and diazo biosynthesis.
Importantly, the S. lividans TK-64 genome does not contain either a cre-type or kin/lom-type putative diazo
gene cassette, affording further confirmation that this reactivity is mediated entirely by the cre gene cluster
and not from endogenously expressed enzymes from the S. lividans proteome. The success of this
heterologous expression therefore provides strong evidence that all of the enzymes necessary for
assembling cremeomycin, including construction of the diazo group, are encoded within the 14 ORF cre
gene cluster. Thus, this effort significantly narrows down the number of candidate genes encoding diazo-

10

Genomic library was created in conjunction with Peng Wang. Construction of pCre was conducted by Peng
Wang.
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forming enzymes, marking a critical first step towards identification and mechanistic characterization of
the diazo-forming enzymes.

We also established that S. lividans TK-64::cre produces 2,4-HMBA further confirming that 2,4-HMBA is
a degradation product of cremeomycin. Extracts from S. lividans TK-64::cre contained 2,4-HMBA as
confirmed by LC-MS and LC-MS/MS comparison with a commercial standard (Figure 2.22, Figure 2.25).
This compound was not present in extracts of wild-type S. lividans TK-64.

Figure 2.22. Heterologous expression of cre cluster in S. lividans TK64 leads to production of
cremeomycin and 2,4-HMBA
A) Schematic diagram of heterologous expression of cre gene cluster in S. lividans TK64. B) LC-MS
analysis and EIC traces for cremeomycin from heterologous expression experiments. C) LC-MS analysis
and EIC traces for 2,4-HMBA from heterologous expression experiments.
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Figure 2.23. Comparison of titers of cremeomycin and 2,4-HBMA between S. cremeus and S.
lividans TK-64::cre
Yield is the average of three independent culturing experiments. Error bars represent the standard deviation.
Table 2.9 Comparison of titers of cremeomycin and 2,4-HBMA between S. cremeus and S.
lividans TK-64::cre
Yield is the average of three independent culturing experiments.

S. cremeus
S. lividans
TK-64::cre

cremeomycin
2,4-HMBA
cremeomycin
2,4-HMBA

Yield (mg/L)

St Dev (mg/L)

25.9
149.2
0.0349
3.35

4.44
94.8
0.0028
0.130
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% yield
compared to
S. cremeus
0.13
2.18

Figure 2.24. Analysis of S. lividans TK-64::cre extracts by LC-MS/MS and comparison with
cremeomycin standard
Proposed fragment ions are shown for standard. Each experimental sample contains these same fragment
ions.
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Figure 2.25. Analysis of S. lividans TK-64::cre extracts by LC-MS/MS and comparison with 2,4HMBA standard
Proposed fragment ions are shown for standard. Each experimental sample contains these same fragment
ions.

2.2.11 Annotation of the cremeomycin gene cluster and an updated biosynthetic hypothesis
Annotation of the 14 ORFs of the cre gene cluster and prediction of their functional roles in cremeomycin
biosynthesis revealed several enzymes with predicted functions consistent with a role in cremeomycin
assembly (Table 2.10). This analysis has allowed us to propose an updated biosynthetic hypothesis
including the involvement of certain enzymes in particular transformations within cremeomycin
biosynthesis (Scheme 2.12). In addition to the 3,4-AHBA synthase homolog CreH that was used to identify
the gene cluster, a putative aldolase homolog CreI is encoded adjacent to CreH. Together, these two
enzymes likely synthesize 3,4-AHBA. Additionally, the cre gene cluster encodes a putative Class A flavindependent aromatic monooxygenase (CreL) and a predicted S-adenosylmethionine (SAM)-dependent Omethyltransferase (CreN). Homologs of these two enzymes are members of well-characterized families
involved in secondary metabolite biosynthesis and catalyze the hydroxylation of aromatic substrates and
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the methylation of alcohols, respectively. This type of chemistry is entirely consistent with the C2 aromatic
hydroxylation and C4–OH O-methylation reactions required to transform 3,4-AHBA to cremeomycin.

Scheme 2.12 Cremeomycin gene cluster and updated biosynthetic hypothesis
A) Cremeomycin biosynthetic gene cluster with predicted general functions. B) Updated biosynthetic
hypothesis for cremeomycin assembly based on annotation of cre gene cluster
Our identification of putative diazo forming enzymes was guided by an understanding of chemical
reactivity and process of elimination. In addition to the genes predicted to be responsible for 3,4-AHBA
synthesis and tailoring (creHILN), there were five additional genes encoding enzymes that could be
involved in diazo formation (creABDEM). The predicted functions of some of the encoded enzymes (Nhydroxylation, activation with ATP) are consistent with the chemistry required for constructing a diazo
group from two separate nitrogen-containing metabolites.
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Table 2.10 Annotation and predicted functions of genes in the cremeomycin biosynthetic gene
cluster
Protein

Size,
aa

Predicted
function

CreA

365

oxidoreductase

CreB

399

cupin protein

CreC

467

CreD

476

CreE

666

oxidoreductase

CreF

196

SARP family
regulator

CreG

249

regulatory protein

CreH

367

3,4-AHBA
synthase

CreI

271

aldolase

CreJ

159

CreK

431

CreL

394

CreM

553

long-chain fatty
acid CoA ligase

CreN

365

SAM-dependent
methyltransferase

major facilitator
superfamily
protein
3carboxymuconate
cycloisomerase

BadM/Rrf2
transcriptional
repressor
Major facilitator
superfamily
protein
flavin
monooxygenase

Closest homolog
BN6_34700,
Saccharothrix
espanaensis DSM 44229
Namu_306, Nakamurella
multipartite DSM 44233
Cwoe_3061,
Conexibacter woesei
DSM 14684
Saci8_010100025929,
Streptomyces
acidiscabies 84-104
SSOG_07668,
Streptomyces
hygroscopicus ATCC
53653
AknI, Streptomyces
galilaeus
SRIM_39728,
Streptomyces rimosus
subsp. rimosus ATCC
10970
SSOG_07662,
Streptomyces
hygroscopicus ATCC
53653
SSOG_07661,
Streptomyces
hygroscopicus ATCC
53653
O31_010600, Nocardia
brasiliensis ATCC
700358
O31_010605, Nocardia
brasiliensis ATCC
700358
PtnB3, Streptomyces
platensis
SACE_4925,
Saccharopolyspora
erythraea NRRL 2338
SACE_4031,
Saccharopolyspora
erythraea NRRL 2338
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Accession number

%
Identity/
similarity

YP_007037641.1

37/47

YP_003202389.1

41/55

YP_003394855.1

34/48

ZP_10453771.1

64/70

ZP_07299585.1

62/71

AAF70113.1

53/68

ZP_20970175.1

51/66

ZP_07299579.1

87/93

ZP_07299578.1

70/80

YP_006807055.1

68/79

YP_006807056.1

74/82

ADD82995.1

52/62

YP_001107116.1

63/74

YP_001106227.1

56/68

The cre biosynthetic gene cluster also encoded proteins believed to have a role in regulation or resistance
to cremeomycin. The genes creF, creG, and creJ are predicted to encode transcriptional regulators while
creC and creK may encode putative membrane transporters of the major facilitator superfamily (MFS).
These putative transporters could be involved in exporting cremeomycin from the cell to alleviate toxicity.
The roles of these predicted regulatory and resistance proteins were not the focus of this Dissertation and
will not be discussed further.
2.3
2.3.1

Conclusions
Conclusions and future directions for lomaiviticin/kinamycin biosynthesis

In order to study the many interesting transformations that construct the complex and intriguing molecular
architecture and functionality of the lomaiviticins we took genome mining and genomic DNA library
screening approaches to uncover the lomaiviticin biosynthetic gene cluster in two strains of S. pacifica. Our
genome mining approach was guided by the proposed shared relationship between lomaiviticin and
kinamycin biosynthesis based on their similar structures. The involvement of the predicted lom gene cluster
in lomaiviticin biosynthesis was confirmed experimentally using bacterial genetics to disrupt a predicted
key gene (lom58, KSa) involved in lomaiviticin biosynthesis. Extensive comparative genomic analysis of
the lom gene cluster with the biosynthetic gene clusters of the jadomycins and the kinamycins allowed us
to formulate a detailed biosynthetic hypothesis that identified a predicted enzyme for each putative
transformation in lomaiviticin biosynthesis. This included the prediction of enzymes involved in several
key transformations including dimerization (Lom19), diazo group formation (Lom29, Lom30, Lom32–35)
and starter unit generation (Lom62 and Lom63). We went on to characterize the enzymatic system used to
generate the uncommon propionyl starter unit that is believed to be involved in lomaiviticin biosynthesis
in vitro. Interestingly, the use of Lom62 and Lom63 to generate the propionyl-Lom63 ACP from
methylmalonyl-CoA is a novel strategy in type II PKS systems that appears to represent the co-opting of a
tailoring system used in type I modular polyketide biosynthesis for the generation of a starter unit in a type
II iterative polyketide pathway.
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Future efforts to understand lomaiviticin biosynthesis are focused on elucidating the enzymatic chemistry
and biosynthetic logic for diazo group installation. Biochemical characterization of several enzymes in vitro
from the hydrazide-containing fosfazinomycin pathway by the van der Donk group have provided many
insights into how the diazo group may be installed in the diazofluorene natural products. We are also
engaged in understanding the enzymatic chemistry involved in construction of the congested C–C bond that
links the diazofluorene monomers in the lomaiviticins.

2.3.2

Future directions for cremeomycin biosynthesis

Our efforts to understand cremeomycin biosynthesis, and, in particular, the installation of the enigmatic
diazo group began with a chemically-guided genome mining approach to uncover the cremeomycin
biosynthetic gene cluster. Based on structural and reactivity considerations we predicted that 3,4-AHBA
was likely to be an early stage intermediate in cremeomycin assembly. Using the genes known to be
involved in 3,4-AHBA biosynthesis, we used bioinformatics to locate homologous genes within the S.
cremeus genome. Additional comparative genomic analysis identified a putative 18 kb region containing
14 predicted ORFs that we termed the cre gene cluster. We experimentally confirmed that the cre gene
cluster was responsible for cremeomycin production through heterologous expression of the entire 14 ORF
gene cluster in the model heterologous host S. lividans TK-64. This effort represented the first successful
heterologous production of a diazo-containing natural product and provided the first experimental link to a
set of diazo forming genes. The success of this effort marked a critical step in narrowing down the candidate
genes involved in diazo formation and facilitating future discovery and characterization of these enzymes.
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2.4
2.4.1

Materials and Methods
Materials and general methods

Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, IA). Recombinant
plasmid DNA was purified with a Qiaprep Kit from Qiagen. Gel extraction of DNA fragments and
restriction endonuclease clean up were performed using an Illustra GFX PCR DNA and Gel Band
Purification Kit from GE Healthcare. DNA sequencing was performed by Genewiz (Boston, MA). Nickelnitrilotriacetic acid- agarose (Ni-NTA) resin was purchased from Qiagen and Thermo Scientific. SDSPAGE gels were purchased from BioRad. Protein concentrations were determined by absorption at 280 nm
using ExPASy ProtParam (http://web.expasy.org/protparam/) to calculate the extinction coefficients.
Optical densities of E. coli cultures were determined with a DU 730 Life Sciences UV/Vis
spectrophotometer (Beckman Coulter) by measuring absorbance at 600 nm. Analytical HPLC was
performed on a Dionex Ultimate 3000 instrument (Thermo Scientific).

Analysis of cremeomycin and 2-hydroxy-4-methoxybenzoic acid (2,4-HMBA) by LC/MS as well as
analysis of cremeomycin and 2,4-HMBA by LC/MS/MS were carried out on an Agilent 1290 Infinity
UHPLC system (Agilent Technologies, Palo Alto, CA) coupled to a maXis impact UHR time-of-flight mass
spectrometer system (Bruker Daltonics Inc) equipped with an electrospray ionization (ESI) source at the
FAS Small Molecule facility. Data were acquired with Bruker Daltonics HyStar software version 3.2 for
UHPLC and Compass OtofControl software version 3.4 for mass spectrometry, and they were processed
with Bruker Compass DataAnalysis software version 4.2.

For the UHPLC analysis of cremeomycin and 2,4-HBMA 8 µL samples were injected onto the UHPLC
including a G4220A binary pump with a built-in vacuum degasser and a thermostatted G4226A high
performance autosampler. An XTerra MS C18 analytical column (2.1x100 mm, 3.5 µm) from Waters
Corporation was used at the flow rate of 0.3 mL/min using 0.2% acetic acid in water as mobile phase A and
0.2% acetic acid in acetonitrile as mobile phase B. The column temperature was maintained at room
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temperature. The following gradient was applied: 0-3 min: 5% B isocratic, 3-12 min: 5-100% B, 12-14
min: 100% B isocratic, 14-14.5 min: 100-5%B, 14.5-20.5 min: 5% B isocratic.

For the MS portion of the LC/MS, the ESI mass spectra data were recorded on a positive ionization mode
for cremeomycin and on a negative mode for 2,4-HMBA with a mass range of m/z 50 to 1200; calibration
mode, HPC; spectra rate, 1.00 Hz; capillary voltage, 3800 V for ESI+ & 3400 V for ESI-; nebulizer
pressure, 25.0 psi for cremeomycin and 2,4-HMBA; drying gas (N2) flow, 9.3 L/min for cremeomycin and
2,4-HMBA; temperature, 220 ºC. A mass window of ± 0.005 Da was used to extract the ion of [M+Na]+
for cremeomycin & [M-H]- for 2,4-HMBA. Targets were considered detected when the mass accuracy was
less than 5 ppm and there was a match of isotopic pattern between the observed and the theoretical ones
plus a match of retention time between those in real samples and standards.

For the MS portion of the LC/MS/MS, the ESI mass spectra data were recorded on a positive ionization
mode for cremeomycin and negative mode for 2,4-HMBA; calibration mode, HPC; spectra rate, 1.00 Hz;
capillary voltage, 3800 V for ESI+ & 3400 V for ESI-; nebulizer pressure, 25.0 psi; drying gas flow, 9.3
L/min; temperature, 220 ºC. The precursors used for MS/MS of cremeomycin and 2,4-HMBA were m/z
195.0400 ([M+H]+, collision energy (CE) = 15.0 eV) and 167.0350 ([M-H]-, CE = 35.0 eV) respectively,
both with the isolation width of 4.00 m/z. Nitrogen was used as the drying and collision gas.

A mass window of ± 0.005 Da was used to extract the fragment ions [C7H2O3]+. (fragment ion c) for
detection of cremeomycin and [C7H7O2]- (fragment ion e) or [C6H4O2]-. (fragment ion f) for detection of 2,4HMBA. Targets were considered detected when the mass accuracy was less than 5 ppm for the precursors
and there was a match of MS/MS fragmentation patterns between the sample and the standards of
cremeomycin (fragment ions a – d) and 2,4-HBMA (fragment ions e – g) plus a match of retention time
between the sample and the standard. The following are the proposed structures of fragment ions.
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Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear magnetic resonance (13C NMR)
spectra were recorded on Varian Inova-500 (500 MHz, 125 MHz) NMR spectrometers. Chemical shifts are
reported in parts per million downfield from tetramethylsilane using the solvent resonance as internal
standard for 1H (DMSO-d6 = 2.50 ppm, CDCl3 = 7.26 ppm) and

13

C (DMSO-d6 = 39.52 ppm, CDCl3 =

77.25 ppm). Data are reported as follows: chemical shift, integration multiplicity (s = singlet, d = doublet,
t = triplet, m = multiplet, q = quartet, qt=quintet), coupling constant, integration, and assignment. All
chemicals were obtained from Sigma-Aldrich except where noted. All isotopically labeled compounds were
obtained from Cambridge Isotope Laboratories. Solvents were obtained from Sigma-Aldrich except for
hexanes (Macron Fine Chemicals), ethyl acetate and isopropanol (VWR), methanol and diethyl ether (EMD
Millipore), and ethanol (KOPTEC). All NMR solvents were purchased from Cambridge Isotope
Laboratories. NMR spectra were processed using iNMR Reader, version 5.3.4.

For Lom62, the concentration obtained using the Bradford method was averaged with the concentration
obtained by measuring absorbance at 280 nm using a ND-1000 NanoDrop (Thermo Scientific). The molar
extinction

coefficient

of

Lom62

(M-1

cm-1)
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was

determined

using

ExPASy

ProtParam

(http://web.expasy.org/protparam/). Coenzyme A, propionyl-CoA, and methylmalonyl-CoA were
purchased from Sigma (St. Louis, MO).

Analytical HPLC of Lom60 and Lom63 standards and assay mixtures was performed on a Dionex Ultimate
3000 instrument (Thermo Scientific) with monitoring at 220 nm. HPLC analysis was carried out using a
Kinetex C8 column (2.6 µM, 100 Å, 100 x 3.0 mm, Phenomenex) at a flow rate of 0.5 mL/min. The HPLC
assay conditions were: 0% B for 5 min, a gradient increasing to 20% B over 2 min, a gradient increasing to
50% B over 31 min, a gradient increasing to 100% B over 2 min, 100% B for 5 min, a gradient decreasing
to 0% B over 1 min, and 0% B for 4 min (solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in
acetonitrile).

High-resolution LC/ESI-TOF analyses of Lom60 and Lom63 standards and assay mixtures were performed
in the Small Molecule Mass Spectrometry Facility at Harvard University on an Agilent 1200 series HPLC
and 6220 TOF mass spectrometer (Agilent Technologies, Palo Alto, CA) using an electrospray ionization
(ESI) source. 5 µL samples were injected onto an Agilent PLRP-S polymeric reversed phase column (50 x
2.1 mm, 5 µm, 1000 Å) at the flow rate of 0.25 mL/min. The HPLC assay conditions were: a gradient from
5% B increasing to 50% B over 10 min, 50% B for 15 min, a gradient decreasing to 5% B over 1 min, 5%
B for 5 min (solvent A = 0.1% formic acid in water, solvent B = 0.1% formic acid in acetonitrile).
Acetonitrile, isopropanol, water, and formic acid used for LC/ESI-TOF were high purity solvents from
EMD MILLIPORE, J.T. Baker, and Sigma-Aldrich. The ESI mass spectra data were recorded on a positive
ionization mode for a mass range of m/z 400 to 3000 with the m/z scale externally calibrated using Agilent
ESI-L Low Concentration Tuning Mix (P/N: G1969-85000); drying gas (N2) temperature, 325 ºC; drying
gas (N2) flow, 8.0 mL/min; nebulizer, 40 psi; capillary voltage, 3500 V; fragmentor, 180V; and elution
before 2 min was diverted to waste. Deconvolution of protein raw mass spectra was performed using
Agilent MassHunter protein deconvolution software (version B.06.00).
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2.4.2

Cultivation of bacterial strains

S. pacifica DPJ-0016 and S. pacifica DPJ-0019 were routinely cultured on M1 artificial sea water-based
agar (10 g/L Difco soluble starch, 4 g/L Bacto™ yeast extract, 2 g/L Bacto™ peptone, 18 g/L Bacto™ agar,
500 mL deionized water, 500 mL artificial seawater). DPJ-0019-lom58::acc(3)IV-MT1 (DPJ-0019-MT1)
was cultured on the same medium containing 50 µg/ mL apramycin. Escherichia coli strains EPI100™T1R (Epicentre), TOP10 (Invitrogen), and ET12567/pUZ8002 used for mutagenesis experiments were
cultured in Luria-Bertani (LB) media supplemented with the appropriate antibiotics.

2.4.3

Identification of lom gene clusters

Two complementary methods were used to discover lom gene clusters. For S. pacifica DPJ-0016, a cosmid
library was generated from genomic DNA, while for S. pacifica DPJ-0019 the whole genome was
sequenced.

S. pacifica DPJ-0016.11 A genomic library was prepared using the pWEB cosmid cloning kit (Epicentre,
Madison, WI). A dNDP-glucose dehydratase gene fragment was PCR-amplified from the genome of DPJ0016 using previously reported primers18, radiolabeled with [α-32P]dCTP (Amersham) using Ready-To-Go
Labeling Beads (GE, Pittsburgh, PA), and used to probe the genomic library with standard colony
hybridization protocols. Two hybridizing cosmids (2C7 and 5E8b) were found to overlap by 4.4 kb. A
second radiolabeled probe was developed based on an open reading frame (ORF) from 5E8b encoding a
ketoreductase (lom22). A third cosmid, p730497, hybridized with the ketoreductase probe and was found
to overlap with 5E8b by 1.25 kb. Cosmids 2C7 and 5E8b were sequenced by 454 Life Sciences and
p730497 was sequenced at Pfizer on an ABI 3730 sequencer with the ABI Prism DNA sequencing kit and
Big Dye terminators version 3.1 (Applied Biosystems). All sequences were assembled in Vector NTI.

11

The discovery of the lom gene cluster in S. pacifica DPJ-0016 described here was conducted by our collaborators
at Pfizer.
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ORFs were identified using Frameplot 2.3.2 and putative functions were assigned by BLASTp comparison
to deduced amino acid sequences of ORFs contained in the GenBank database. The nucleotide sequence of
the lom gene cluster in DPJ-0016 has been deposited to GenBank under accession number KF731828.

S. pacifica DPJ-0019.12 DNA for whole genome sequencing was isolated from S. pacifica DPJ-0019 with
the UltraClean Microbial DNA Isolation Kit (Mo Bio). The genomic DNA isolation was performed
according to the manufacturer’s protocol with the following modifications. The cell pellets were washed
twice by resuspending the pellets in 600 µL of the MicroBead solution, centrifuging at 10,000 x g for 60 s,
and removing the supernatant. Due to the large size of the cell clumps, a 5-mL serological pipet was used
to transfer the cells to the 2-mL Collection Tubes. After the addition of Solution MD1, the samples were
heated at 70 ºC for 10 min and then vortexed at maximum speed for 10 min to lyse the cells. After lysis, 4
µL of RNaseA (100 mg/mL) was added, and the samples were incubated at room temperature for 2 min.
The wash step with 300 µL of Solution MD4 was performed twice. Genomic DNA was eluted with 50 µL
of Solution MD5 (10 mM Tris, pH 8) and the samples were stored at –80 ºC until submission for sequencing.

Genome sequencing and assembly were performed at Cofactor Genomics (St. Louis, MO). Short insert and
long insert mate pair DNA libraries were sequenced using the HiSeq2000 (Ilumina). The short insert
genomic DNA library was constructed according to the following procedure. Briefly, 2.5 µg of genomic
DNA was sheared to 300 bp using the Covaris S2 (Covaris, Woburn, MA). Another 2.5 µg was sheared to
a size of 500 bp on the Covaris using manufacturer recommended protocols. Following shearing, the DNA
was end-repaired and A-tailed to prepare for adaptor ligation. Indexed adaptors were ligated to sample
DNA, and the adaptor-ligated DNA was then size-selected on a 2% SizeSelect™ E-Gel (Invitrogen,
Carlsbad, CA) and amplified by PCR. Library quality was assessed by measuring the yield using a Qubit

12

Hitomi Nakamura grew S. pacifica DPJ-0019 and isolated genomic DNA. Emily P. Balskus identified the lom
gene cluster. Abraham J. Waldman conducted sequencing to complete lom gene cluster. Abraham J. Waldman and
Li Zha helped annotate the cluster.
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DNA broad range assay (Invitrogen, Carlsbad, CA) and by measuring fragment size in base pairs using the
Experion (Bio-Rad). Adapter containing library molecules were quantified by qPCR prior to paired end
100 bp sequencing on the HiSeq 2000. The long insert mate pair genomic DNA library was constructed
according to the following procedure. Briefly, genomic DNA was sheared to an average size of 2000 bp
using the Covaris S2 (Covaris, Woburn, MA). Sheared DNA was size selected on a 1% agarose gel, excised
from the gel, purified, and quantified using the Qubit broad range assay (Invitrogen, Carlsbad, CA). Sizeselected DNA was end repaired and prepared for circularization. Circularized DNA was subjected to nick
translation. DNA was A-tailed and indexed adapters ligated, followed by PCR. Library quality was assessed
by measuring the yield using a Qubit DNA broad range assay (Invitrogen, Carlsbad, CA) and by measuring
fragment size in base pairs using the Experion (Bio-Rad). Adapter containing library molecules were
quantified by qPCR prior to paired end 100 bp sequencing on the HiSeq 2000.

Cluster generation and the subsequent sequencing were performed according to the cluster generation
manual and sequencing manual from Illumina (Cluster Station User Guide and Genome Analyzer
Operations Guide). Base calls were generated using Casava 1.8.2 (Illumina), and the resulting
demultiplexed sequence reads were filtered for low quality. Cofactor Genomics' assembly pipeline was then
run, comprising the following procedure. Sequence data from each library were sampled to determine
assembly parameters with the aim of balancing specificity and sensitivity. Specifically, low occurrence
observations were filtered and assembly joins were optimized based on the available coverage and the kmer characteristics of each library. Using this information, assembly parameters were chosen and then used
to perform an assembly on the sequence data using SOAPdenovo 1.05 (BGI).

Assembly resulted in 5.45 MB of non-redundant sequence distributed over 8 scaffolds. The assembled data
were converted into a local BLAST database using Geneious. The putative lomaiviticin gene cluster was
identified on scaffold 2 by searching for homologs of the ketosynthase (KSα) and chain length factor (CLF)
components of type II polyketide biosynthetic machinery using BLASTp. The total size of the putative lom
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gene cluster was 62 kb. Sequencing of short stretches of the lom gene cluster not covered in this assembly
was accomplished by cloning these sequences from genomic DNA. Sequence data bordering these
unsequenced stretches were used to design specific PCR primers that would amplify these regions. Bluntended PCR products (amplified with Q5 High-Fidelity 2X Master Mix, New England Biolabs) were ligated
into the linearized pCRII-Blunt-TOPO vector using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen)
and used to transform E. coli Top10 cells according to the manufacturer’s protocol. The sequences of the
inserts enabled a complete assembly of the lom gene cluster. Open reading frames (ORFs) were detected
using FGENESB (Softberry), GeneMark.hmm for Prokaryotes (V 2.8), and Prodigal (Prokaryotic Dynamic
Programming Genefinding Algorithm). ORF lengths were refined by comparison with the homologous
ORFs from S. pacifica DPJ-0016 and the lom gene cluster from Salinispora tropica CNB-440. The
nucleotide sequence of the lom gene cluster in DPJ-0016 has been deposited to GenBank under accession
number KF515737.

2.4.4

Construction of the lom58 mutant in S. pacifica DPJ-001913

Inactivation of the putative lomaiviticin gene cluster was performed by insertional inactivation of the KSα
(lom58) in DPJ-0019.49 A 3.5 kb fragment that encodes for the KSα (lom58), CLF (lom59), and ACP
(lom60) was amplified by PCR (primers Lom-DH-f and Lom-ACP-r) and cloned into pUC19 to generate
pUC19-lom58. pUC19-lom58 was digested with ApaI and then ligated with the aminoglycoside-(3)acetyltransferase IV gene (aac3IV) containing ApaI restrictions sites on the 5’ and 3’ ends. The construct
was moved to the bifunctional E. coli/Streptomyces conjugative plasmid pNWA200 and introduced into
DPJ-0019 via conjugation from E. coli ET12567/pUZ8002. Colonies that were resistant to apramycin but
sensitive to kanamycin were screened by colony PCR with primers TP1_lomKS and TP2_lomKS.

13

The experimental validation of the lom gene cluster in S. pacifica DPJ-0019 using bacterial genetics described
below was conducted by our collaborators at Pfizer.
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2.4.5

Comparative parallel fermentations of DPJ-0016, DPJ-0019, and DPJ-0019-MT114

For first stage seed cultures, DPJ-0016 and DPJ-0019 were each inoculated into 7 mL of WSB seed medium
[5 g/L Soy hydrosylate (SE50MAF−UF), 15 g/L wheat hydrosylate (WGE80M−UF), 3 g/L Bacto™ yeast
extract, 10 g/L Difco soluble starch, 500 mL deionized water, 500 mL artificial seawater) in 25×150 mm
culture tubes. DPJ-0019-MT1 was inoculated in identical conditions with 50 µg/mL apramycin. Seed
cultures were incubated at 30 °C and 220 rpm. After four days, first stage seeds were transferred to 40 mL
of the same seed medium in 250 mL Erlenmeyer flasks and incubated at 30 °C and 220 rpm. The second
stage seeds were cultured for 48 hours. For fermentation, DPJ-0016, DPJ-0019, and DPJ-0019-MT1 were
cultured in PCAA medium (10 g/L Bacto™ peptone, 5 g/L Bacto™ casamino acids, 0.1 g/L sodium citrate),
YESS medium (30 g/L Difco soluble starch, 7.5 g/L Bacto™ yeast extract) and SPYESS medium (30 g/L
Difco soluble starch, 7.5 g/L Kerry Hy-Soy® soy peptone, 2.5 g/L Bacto™ yeast extract). All fermentation
media were prepared in half strength artificial seawater with 50 g/L Diaion HP-20 added pre-autoclave. All
fermentations were performed in duplicate at 30 °C and 220 rpm in 500 mL Erlenmeyer flasks each
containing 100 mL of medium and inoculated with 4% (volume/volume) second stage seed.

After 14 days of incubation, duplicate samples (1 mL each) were taken from all fermentations. The bacterial
cells and HP-20 were collected by centrifugation. The supernatants were removed and discarded. One set
of resin and cell pellets was extracted twice (1 mL × 2) with methanol (MeOH). The other set was extracted
twice (1 mL × 2) with ethyl acetate (EtOAc). All crude extracts were dried in vacuo. Methanolic extracts
were resolubilized at 5X in 1:4 acetonitrile (MeCN):MeOH, and EtOAc extracts were resolubilized at 5X
in 1:4 DMSO:MeCN. All extracts were analyzed on an Agilent 1100 Series HPLC with a linear gradient
of 15-60% aqueous MeCN (0.01% trifluoroacetic acid) at a flow rate of 1.0 mL/min over 20 min on a
reversed-phase C18 column (YMC-ODS-A, 4.6 mm x 150 mm, 5 mm).

14

Comparative fermentations were conducted by collaborators at Pfizer.

156

Confirmation of production of lomaiviticins C, D and E as well as neolymphostin A was performed on a
Waters Acuity UPLC- LCT Premier™ TOF MS with alternating positive-ion and negative-ion full scan
(100-2000 mass units) mode and a linear gradient of 5-95% MeCN in water (0.1% formic acid) at a flow
rate of 0.4 mL/min over 12 minutes on a reversed-phase C18 column (XBridge , 4.6 mm x 150 mm, 5 mm,
3.5 µm).

2.4.6

Annotation of the S. pacifica lom gene clusters and comparative genomic analyses15

The closest homolog of each ORF in both lom gene clusters was identified using pBLASTn searches of the
nonredundant protein database in NCBI. At the time of our annotation there was only one sequenced
genome with a homologous lom gene cluster, and Salinispora tropica CNB-440 hits originate only from
this cluster. Further BLAST searches were performed using the protein databases in both NCBI and IMG
at the DOE Joint Genome Institute.

2.4.7

Annotation of putative dimerizing enzyme Lom19

The amino acid sequences of Lom19, ActVA-orf4 from Streptomyces coelicolor (CAA41640), NmrA
(AAC39442, PDB = 1K6I), and structurally characterized NmrA-like proteins Hscarg (AAG09721, PDB
= 2EXX), QOR2 (AAC77168, PDB = 2ZCU) and TMR (AAW88298, PDB = 2JL1) were aligned using
ClustalOmega (http://www.ebi.ac.uk/Tools/msa/clustalo/). The resulting alignment shows that many of the
amino acids that contact the nicotinamide cofactor are conserved among the NmrA-like proteins. We were
unable to detect any motifs for binding flavin cofactors in Lom19 through searches of the Conserved
Domains Database (NCBI, http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).

15

Detailed bioinformatic analysis of the lom gene cluster was conducted primarily by Emily P. Balskus with
assistance from Abraham J. Waldman and Li Zha.
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2.4.8

Cloning of Lom60, Lom62, and Lom63
Table 2.11 Primers used to clone lom60, lom62, and lom63
Restriction sites underlined.
Primer
Name
Lom60-f

ORF
Amplified
lom60

GAATTACATATGAAGCAGATGACACTGTCG

Lom60N-r

lom60

GAATTACTCGAGTCAGGCGGCCGACAG

Lom62-f

lom62

GAATTACATATGACCTACCAACCGGCC

Lom62C-r

lom62

GAATTACTCGAGACAGTTCGCTGGATGTGTGA

Lom63-f

lom63

GAATTACATATGCGATCCGAGAACGGT

Lom63N-r

lom63

GAATTACTCGAGTCACGACCCGAGATGCTC

Primer Sequence (5’ to 3’)

Lom60, lom62, and lom63 were PCR amplified from Salinispora pacifica DPJ-0019 genomic DNA using
the primers shown in Table 2.11. All PCR reactions contained 25 µL of Q5 High-Fidelity 2X Master Mix
(New England Biolabs), 50 ng of genomic DNA template, and 500 pmoles of each primer in a total volume
of 50 µL. The PCR reactions contained formamide at the following concentrations: 4% v/v for lom60
amplification, 2% v/v for lom62 amplification, and 4% v/v for lom63 amplification. Thermocycling was
carried out in a MyCycler gradient cycler (Bio-Rad) using the following parameters: denaturation for 30
sec at 98 °C, followed by 45 cycles of 15 sec at 98 °C; 30 sec at 71 °C (lom62), 68 °C (lom60), or 69 °C
(lom63); 30 sec (lom62) or 15 sec (lom60 and lom63) at 72 °C; and a final extension time of 2 min at 72
°C.

PCR reactions were analyzed by agarose gel electrophoresis with ethidium bromide staining and purified.
Amplified fragments for lom60 and lom62 were digested with NdeI and XhoI (New England Biolabs) for
2.5 h at 37 °C. Digests contained 1 µL of water, 3 µL of NEB Buffer 4 (10x), 3 µL of BSA (10x), 20 µL of
PCR product, and 1.5 µL each of NdeI (20 U/µL) and XhoI (20 U/µL). These restriction digests were
purified using the enzyme clean up protocol from the Illustra GFX kit. The lom63 gene contained a XhoI
restriction site within its sequence, and it was found that two separate digests were required to obtain the
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correctly digested full-length lom63 gene. Amplified lom63 was first digested with NdeI for 2.5 h at 37 °C.
The digest contained 3.75 µL of water, 4.5 µL of NEB Buffer 4 (10x), 4.5 µL of BSA (10x), 30 µL of PCR
product, and 2.25 µL of NdeI (20 U/µL). The first digest was purified using the Illustra GFX kit. Next, a
partial restriction digest was performed with XhoI for 30 min at 37 °C. The digest contained 7.75 µL of
water, 7.5 µL of NEB Buffer 4 (10x), 7.5 µL of BSA (10x), 50 µL of NdeI-digested lom63 DNA, and 2.25
µL of XhoI (20 U/µL). The second digest was purified using gel electrophoresis and the appropriate gel
band was further purified using the Illustra GFX kit.

The digests were ligated into linearized expression vectors using T4 DNA ligase (New England Biolabs).
Lom60 and lom63 were ligated into the pET-28a vector to encode N-terminal His6-tagged constructs and
lom62 was ligated into the pET-29b vector to encode a C-terminal His6-tagged construct. Ligations were
incubated at room temperature for 2 h and contained 3 µL water, 1 µL of digested vector, 3 µL of digested
insert DNA, 1 µL of T4 ligase buffer (10x), and 2 µL of T4 DNA Ligase (400 U/µL). 5 µL of each ligation
was used to transform 50 µL of chemically competent E. coli TOP10 cells. The identities of the resulting
pET-28a-Lom60, pET-29b-Lom62, and pET-28a-Lom63 constructs were confirmed by sequencing of
purified plasmid DNA. These constructs were transformed into chemically competent BL21(DE3) Tuner
cells (Invitrogen) and stored at –80 ºC as frozen cells stocks in LB/glycerol.

2.4.9

Large scale overexpression of Lom62

A 50 mL starter culture of pET-29b-Lom62 BL21(DE3) Tuner E. coli was inoculated from a frozen cell
stock and grown overnight at 37 ºC in LB medium supplemented with 50 µg/mL kanamycin. The overnight
culture was diluted 1:100 into 2 L of LB medium supplemented with 50 µg/mL kanamycin. The culture
was incubated at 37 ºC with shaking at 175 rpm for 3 h until OD600 = 0.5–0.6 and was then transferred to a
15 ºC incubator without shaking and allowed to cool for 30 min. The culture was induced with 500 µM
IPTG and incubated at 15 °C with shaking at 175 rpm for 16 h.
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Cells from 2 L of culture were split into two 1 L batches and pelleted by centrifugation (6,000 rpm x 10
min). One cell pellet was frozen at –80 °C for storage and the other was used for purification. This cell
pellet was resuspended in 40 mL of lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, pH 8.5).
The cells were lysed by passage through a cell disruptor (Avestin EmulsiFlex-C3) twice at 5,000 – 6,000
psi and the lysate was clarified by centrifugation (13,000 rpm x 30 min). The supernatant was incubated
with 2 mL of Ni-NTA resin and 5 mM imidazole for 2 h at 4 ºC on a nutating mixer. The mixture was
centrifuged (3,000 rpm x 5 min) and the unbound fraction was discarded. The Ni-NTA resin was
resuspended in 2 mL of elution buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 5 mM imidazole,
pH 8.5), loaded onto a glass column, and washed with 10 mL of elution buffer. Protein was eluted from the
column using a stepwise imidazole gradient in elution buffer (25 mM, 50 mM, 75 mM, 100 mM, 125 mM,
150 mM, and 200 mM), collecting 2 mL fractions. SDS–PAGE analysis (4–15% Tris-HCl gel) was used to
determine the presence and purity of protein in each fraction. Fractions containing Lom62 were combined
and dialyzed twice against 2 L of storage buffer (20 mM Tris-HCl, 50 mM NaCl, 2 mM DTT, pH 8.5). The
protein solution was concentrated to 1 mL using a 10,000 Da molecular weight cut-off Spin-X UF
Concentrator (Corning), frozen in liquid N2, and stored at –80 ºC. This procedure afforded a yield of 0.4
mg/L for C-His6-tagged Lom62. The concentration of Lom62 protein stock solution was 11 µM.

2.4.10 Large scale overexpression of Lom60 and Lom63
A 50 mL starter culture of pET-28a-Lom60 or pET-28a-Lom63 BL21(DE3) Tuner E. coli was inoculated
from a frozen cell stock and grown overnight at 37 °C in LB medium supplemented with 50 µg/mL
kanamycin. Overnight cultures were diluted 1:100 into 2 L of LB medium supplemented with 50 µg/mL
kanamycin. The cultures were incubated at 37 °C with shaking at 175 rpm until OD600 = 0.2 – 0.3 and were
then transferred to an incubator at 15 °C with shaking at 175 rpm. At OD600 = 0.5 – 0.6 the cultures were
induced with 500 µM IPTG and incubated overnight for ~ 16 h.

160

Cells from 2 L of culture were pelleted by centrifugation (6,000 rpm x 10 min) and resuspended in 40 mL
of lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, pH 7.5 (Lom60) or pH 7.8 (Lom63)). The
cells were lysed by passage through a cell disruptor (Avestin EmulsiFlex-C3) twice at 5,000 – 6,000 psi
and the lysate was clarified by centrifugation (13,000 rpm x 30 min). The supernatant was incubated with
2 mL of Ni-NTA resin and 5 mM imidazole for 2 h at 4 °C. The mixture was centrifuged (3,000 rpm x 5
min) and the unbound fraction was discarded. The Ni-NTA resin was resuspended in 2 mL of elution buffer
(20 mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 5 mM imidazole, pH 7.5 (Lom60) or pH 7.8 (Lom63)),
loaded onto a glass column, and washed with 10 mL of elution buffer. For Lom60, protein was eluted from
the column using a stepwise imidazole gradient in elution buffer collecting the following volumes: 10 mM
(4 mL), 15 mM (2 mL), 25 mM (2 mL), 50 mM (2 mL), 75 mM (2 mL), 100 mM (2 mL), 125 mM (3 mL),
150 mM (3 mL), and 200 mM (3 mL). For Lom63, protein was eluted from the column using a stepwise
imidazole gradient in elution buffer collecting the following volumes: 25 mM (2 mL), 50 mM (2 mL), 75
mM (2 mL), 100 mM (2 mL), 125 mM (3 mL), 150 mM (3 mL), and 200 mM (3 mL). SDS-PAGE analysis
(4 – 15% Tris-HCl gel) was used to determine the presence and purity of protein in each fraction. Fractions
containing the desired protein were combined and dialyzed twice against 2 L of storage buffer (25 mM
Tris-HCl, 50 mM NaCl, pH 7.5 (Lom60) or pH 7.8 (Lom63)). The protein solutions were concentrated to
1.0 mL (Lom60) and 2.0 mL (Lom63) using a 5,000 Da molecular weight cut-off Spin-X UF Concentrator
(Corning), frozen in liquid N2, and stored at –80 ºC. This procedure afforded a yield of 4.98 mg/L for NHis6-tagged Lom60 and 7.00 mg/L for N-His6-tagged Lom63. Concentrations of protein stock solutions
were: 880 µM for N-His6-tagged Lom60 and 490 µM for N-His6-tagged Lom63.

2.4.11 HPLC and LC-MS analysis of purified Lom60 and Lom63
Purified Lom60 (0.2 µg) and Lom63 (0.3 µg) were analyzed by HPLC and LC-MS as described in the
General Materials and Methods. Protein samples were centrifuged (13,000 rpm x 10 min at 4 °C) before
submission for HPLC or LC-MS analysis. Both Lom60 and Lom63 purified almost entirely in the inactive
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apo-form. Both proteins lacked an N-terminal N-formylmethionine (fMet). Additionally, Lom60 and
Lom63 were partially glucuronidated at the N-terminus as evidenced by the presence of a +178 Da mass.50

2.4.12 BODIPY-CoA fluorescent phosphopantetheinylation assays with Lom60 and Lom63
BODIPY-CoA51 and Sfp52 were prepared using previously reported procedures. Assay mixtures (50 µL)
contained 50 mM Tris-HCl pH 8.5, 10 mM MgCl2, 0.5 mM DTT, 25 µM Lom60 or Lom63, 5 µM Sfp, and
25 µM BODIPY-CoA. Reaction mixtures were incubated in the dark at room temperature for 1 h. Reaction
mixtures were then diluted 1:1 in 2x Laemmli sample buffer (Bio-Rad), heated at 90 °C for 10 min, and
separated by SDS-PAGE (4-15% Tris-HCl gel). The gel was first imaged at λ = 365 nm, then stained with
Coomassie and imaged again.

2.4.13 Preparation of holo- and propionyl-Lom63 standards
Holo-Lom63 and propionyl-Lom63 standards were prepared in separate 43 µL reactions. The reactions
contained 50 mM Tris-HCl pH 8.5, 10 mM MgCl2, 0.5 mM DTT, 1 mM CoA (for holo-Lom63) or 1 mM
propionyl-CoA (for propionyl-Lom63), 100 µM apo-Lom63, and 5 µM Sfp. Reactions were incubated at
room temperature for 1.5 h and then water (7 µL) was added to give a final volume of 50 µL. Reaction
mixtures were quenched with 50 µL of acetonitrile and centrifuged (13,000 rpm x 10 min at 4 °C) before
HPLC and LC-MS analysis was performed as described in the General Materials and Methods. The
propionyl-Lom63 reaction also provided holo-Lom63 as evidenced by analysis of HPLC and LC-MS data;
this is likely due to loading of contaminating CoA by Sfp.

2.4.14 Preparation of holo- and propionyl-Lom60 standards
Holo-Lom60 and propionyl-Lom60 were prepared in separate 43 µL reactions. The reaction mixtures
contained 50 mM Tris-HCl pH 8.5, 10 mM MgCl2, 0.5 mM DTT, 1 mM CoA (for holo-Lom60) or 1 mM
propionyl-CoA (for propionyl-Lom60), 100 µM apo-Lom60, and 5 µM Sfp. The reaction mixtures were
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incubated at 37 °C for 2 h and then 7 µL of water was added to give a final volume of 50 µL. Reaction
mixtures were quenched with 50 µL of acetonitrile and centrifuged (13,000 rpm x 10 min at 4 °C) before
HPLC and LC-MS analysis was performed as described in the General Materials and Methods. The
propionyl-Lom60 reaction also provided holo-Lom60 as evidenced by analysis of HPLC and LC-MS data;
this is likely due to loading of contaminating CoA by Sfp.

2.4.15 HPLC assay for Lom62-catalyzed methylmalonyl-CoA loading and decarboxylation
Phosphopantetheinylation reactions of apo-Lom60 and apo-Lom63 using Sfp and CoA were carried out in
a total volume of 43 µL and contained 50 mM Tris-HCl pH 8.5, 10 mM MgCl2, 0.5 mM DTT, 1 mM CoA,
100 µM apo-ACP, and 5 µM Sfp. For Lom60 the reaction mixture was incubated at 37 °C for 2 h and then
at room temperature for 15 min; for Lom63 the reaction mixture was incubated at room temperature for 1.5
h. Methylmalonyl-CoA or propionyl-CoA (final concentration 500 µM) and Lom62 (final concentration 1
µM) were added separately to each reaction mixture to give a final volume of 50 µL. The reaction mixture
was further incubated at room temperature for 1 h, quenched with 50 µL of acetonitrile, and centrifuged
(13,000 rpm x 10 min at 4 °C) before HPLC and LC-MS analysis was performed as described in the General
Materials and Methods.

2.4.16 HPLC competition assay for evaluating Lom62 substrate specificity
Solutions of holo-Lom60 and holo-Lom63 were prepared as described above, and after the appropriate
incubation period (Lom63, room temperature for 1.5 h; Lom60, 37 °C for 2 h) the reaction mixtures were
combined at room temperature. Methylmalonyl-CoA (final concentration 500 µM) and Lom62 (final
concentration 1 µM) were added separately to the reaction mixture to give a final volume of 100 µL. The
reaction mixture was incubated at room temperature for 1 h, quenched with 100 µL of acetonitrile, and
centrifuged (13,000 rpm x 10 min at 4 °C). The supernatants were analyzed using HPLC and LC-MS
procedures described in the General Materials and Methods.
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2.4.17 Multiple sequence alignment of Lom62, Strop_2227, LnmK
The amino acid sequences of LnmK (AAN85524.1), Lom62 from Salinispora pacifica DPJ-0019, and
Strop_2227 from Salinispora tropica CNB-440 (ABP54678.1) were aligned using ClustalOmega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). The resulting alignment shows that both the essential tyrosine
hypothesized to function in catalysis of acyl transfer and multiple residues that contact substrate are
conserved in all three proteins.

2.4.18 Construction of a Lom62 homology model
A Lom62 structure prediction and homology model was generated with the HHPred interactive server
(http://toolkit.tuebingen.mpg.de/hhpred) using the crystal structure of LnmK as a template (PDB ID =
1R9D). Overlay of the LnmK homology model with the LnmK crystal structure revealed conservation of
active site architecture and the essential tyrosine residue.

2.4.19 Cultivation of Streptomyces cremeus NRRL 3241, isolation of cremeomycin, and
identification of putative degradation product16
Cremeomycin was isolated using a procedure adapted from Bergy and co-workers.9 The entire procedure
was conducted taking extreme care to exclude light by using aluminum foil to cover all working flasks and
working with the lights off. For isolation of cremeomycin, 100 mL of fermentation media9 (20 g/L black
strap molasses, 10 g/L cottonseed flour, 5 g/L calcium carbonate, 5 mL/L lard oil, tap water, pH adjusted
to ~7) was inoculated with S. cremeus from a frozen glycerol stock. The flask was wrapped in tinfoil and
incubated at 25 °C with shaking at 220 rpm for 9 days. The culture was then filtered through 14 g of Celite
to remove cells. The filtered culture was adjusted to pH 3 using 5% sulfuric acid and was washed with
hexanes (2 x 50 mL). The organic phase was discarded and the aqueous layer was extracted with

16

Verification that the Streptomyces cremeus strain that we received from NRRL produces cremeomycin, and
identification of 2,4-HMBA, was conducted by Yakov Pechersky and Gopal Sirasani.
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dichloromethane (2 x 100 mL). The crude organic extract contained a mixture of two compounds that could
be separated by thin-layer chromatography (TLC) (9:1 dichloromethane/methanol, Rf = 0.4 and 0.2). The
dichloromethane extract was concentrated in vacuo and then purified by flash chromatography on buffered
silica gel (buffered silica gel was made by mixing 10.88 g KH2PO4, 0.109 g Na2HPO4, and 150 mL H2O
with 200 g of silica gel, and then heating to 130 °C for two hours). Elution with 99:1
dichloromethane/methanol afforded cremeomycin (5.5 mg, 28.3 µmoles, Rf = 0.4) and 2-hydroxy-4methoxybenzoic acid (2.5 mg, 14.9 µmoles, Rf = 0.2).
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Cremeomycin
CO2H
O
N
OMe

N

TLC: Rf = 0.4 (silica, 9:1 dichloromethane/methanol)
HRMS (ESI): calc’d for C8H7N2O4+ [M+H]+ = 195.0400; found, 195.0396; calc’d for C8H6N2O4Na+
[M+Na]+ = 217.0220; found, 217.0215
1

H NMR (500 MHz, CDCl3) δ: 8.39 (d, J = 8.50 Hz, 1H, aromatic CH), 5.98 (d, J = 8.56 Hz, 1H, aromatic

CH), 4.06 (s, 3H, OCH3)
13

C NMR (125 MHz, CDCl3) δ: 177.45 (C2), 166.07 (COOH), 162.07 (C6), 146.77 (C4), 115.01 (C1),

95.09 (C5), 57.78 (CH3)
1

H and 13C NMR data matched those previously reported.10 No paramagnetic reagent was added; therefore

the diazo carbon was silent in 13C NMR.10
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2-hydroxy-4-methoxybenzoic acid (2,4-HMBA)
CO2H
OH

OMe

TLC: Rf = 0.2 (silica, 9:1 dichloromethane/methanol)
HRMS (ESI): calc’d for C8H7O4- [M-H]- = 167.0350; found, 167.0351
1

H NMR (500 MHz, CDCl3) δ: 10.64 (s, 1H, COOH), 7.81 (d, J = 8.76 Hz, 1H, aromatic CH), 6.50 – 6.46

(m, 2H, aromatic CH), 3.85 (s, 3H, OCH3)
13

C NMR (125 MHz, CDCl3) δ: 173.29 (COOH), 166.79 (C4), 164.76 (C2), 132.44 (C6) 108.32 (C1),

104.39 (C5), 101.00 (C3), 55.82 (CH3)
1

H and 13C NMR data matched those previously reported.53

Further support for this structural assignment was provided in subsequent experiments in which S. cremeus
crude ethyl acetate extracts were analyzed by LC-MS and LC-MS/MS and compared to a commercial
standard of 2-hydroxy-4-methoxybenzoic acid.
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2.4.20 Degradation of cremeomycin into 2-hydroxy-4-methoxybenzoic acid
2-Hydroxy-4-methoxybenzoic acid (2,4,-HMBA) was hypothesized to arise from the degradation of
cremeomycin via the reduction of the diazo group. A 455 µM (final concentration) sample of cremeomycin
isolated from the protocol above was incubated in 1100 µL of sterile fermentation media at 28 °C protected
from light without shaking in a sterilized glass vial. At the indicated time points, 100 uL aliquots were taken
and stored at – 80 °C. Samples were then centrifuged at 16,000 x g for 15 min before the supernatant was
analyzed by HPLC. A Dionex PolarAdvantage column was used with a flow rate of 0.2 mL/min using 0.1%
TFA in water as mobile phase A and 0.1% TFA in acetonitrile as mobile phase B. The following gradient
was applied: 0 – 25 min: 0-100% B, 25 – 28 min: 100% B isocratic, 28 – 29 min: 100-0% B, 29 – 37 min:
0% B isocratic. Absorption was monitored using a diode array detector at 254 nm. Cremeomycin is shown
to degrade to 2,4-HMBA over time in fermentation media protected from light.

2.4.21 Identification of a 3,4-AHBA synthase homolog in S. cremeus NRRL 324117
S. cremeus NRRL 3241 was cultivated in YM media (Yeast-Malt media contained 10 g/L glucose, 5 g/L
peptone, 3 g/L yeast extract, 3 g/L malt extract) at 28 °C with shaking at 275 rpm for 7 days. Genomic
DNA was isolated from the cell pellet using the UltraClean Microbial DNA Isolation Kit (MoBio).
Deviations from the manufacturer’s protocol were as follows: the lysis step involved heating the MicroBead
Tube for 10 minutes at 70 °C followed by vortexing at maximum speed for 10 minutes; 4 µL of RNAase A
(100 mg/ml) was added to the MicroBead tube after heating and vortexing and the tubes were then incubated
at room temperature for 2 minutes; an additional ethanol wash step was performed prior to elution of the
DNA.

17

PCR screening of S. cremeus gDNA for griH homologs was conducted by Yakov Pechersky.
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Degenerate PCR was used to amplify a fragment of potential 3-amino-4-hydroxybenzoic acid (3,4-AHBA)
synthase genes from S. cremeus NRRL 3241 genomic DNA using a previously reported primer pair.48 The
PCR reaction contained 25 µL of 2X Phusion High-Fidelity PCR Master Mix with GC Buffer (New England
Biolabs), 5 µL of genomic DNA template, 1.5 µL DMSO, and 25 pmoles of each primer in a total volume
of 50 µL. Thermocycling was carried out in a MyCycler gradient cycler (Bio-Rad) using the following
parameters: denaturation for 30 sec at 98 °C, followed by 35 cycles of 10 sec at 98 °C, 30 sec at 71 °C, 20
sec at 72 °C, and a final extension time of 10 min at 72 °C. Analysis of the PCR reaction using agarose gel
electrophoresis with ethidium bromide staining revealed a band of the expected size (~ 290 bp). The
reaction was purified using agarose gel electrophoresis and the 290 bp gel fragment was excised and
extracted from the gel (Illustra GFX kit). The resulting PCR fragment was ligated into the pCR-Blunt IITOPO vector using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen) and the ligation reaction was used
to transform E. coli TOP10 cells (Invitrogen) according to the manufacturer’s protocol. 100 µL of the
transformation was plated onto a Luria-Burtani (LB) agar plate containing kanamycin (50 µg/mL) and
incubated at 37 °C overnight. Four colonies were used to individually inoculate 5 mL of overnight cultures
of LB media supplemented with kanamycin (50 µg/mL). Plasmid DNA was isolated from each overnight
culture and the identity of each plasmid insert was confirmed via sequencing. The translated sequence of
the 284 bp insert displayed high similarity to the amino acid sequences of other 3,4-AHBA synthase
homologs (GriH, NspH, PtnB2, and PtmB2; 87.2%, 86.2%, 84.0% and 84% percent identity, respectively)

2.4.22 S. cremeus NRRL 3241 genome sequencing and identification of the putative cremeomycin
biosynthetic gene cluster18
Library construction from genomic DNA, sequencing, and assembly were performed by Cofactor
Genomics (St. Louis, MO). Next-generation sequencing used a combination of Roche 454 long reads and

18

Hitomi Nakamura and Yakov Pechersky grew S. cremeus and isolated gDNA for sequencing. Hitomi Nakamura,
Yakov Pechersky, and Emily P. Balskus developed initial biosynthetic hypothesis, identified putative cre gene cluster,
and annotated cre gene cluster.
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Illumina reads of a short-insert paired-end library and a long-insert mate-pair library. Assembly using
Newbler, SOAPdenovo, and Minimus2 resulted in 7.64 MB of non-redundant sequence distributed over 80
scaffolds (N50: 152767 bp).

The assembled data were converted into a local BLAST database using Geneious. A BLAST search using
the 284 bp 3,4-AHBA synthase homolog fragment identified through degenerate PCR revealed the location
of this sequence on scaffold 28. Open reading frames (ORFs) on scaffold 28 were detected using a
combination of BLASTx searches and FGENESB (Softberry) with Streptomyces coelicolor A3(2) as the
reference organism. Scaffold 28 contained a total of 356 ORFs. The boundaries of the putative
cremeomycin biosynthetic gene cluster were proposed based on gene synteny with several other
Streptomyces strains, particularly Streptomyces davawensis JCM 4913, that are not known to produce
cremeomycin. Specifically, S. davawensis JCM 4913 shared very high levels of synteny with S. cremeus
NRRL 3241 on either side of an 18 kb region surrounding the 3,4-AHBA synthase homolog. S. davawensis
JCM 4913 lacked all genes within this 18 kb region. This region was designated the cre gene cluster and
was deposited into GenBank (accession number = KT381192).

Detailed bioinformatic analysis and prediction of the encoded functions of these genes were performed
using

a

combination

of

homology

searching

using

pBLAST

at

NCBI

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=b
lasthome),

conserved domain prediction using the Conserved Domains Database at NCBI

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and homology detection and structure prediction
using HHPred (http://toolkit.tuebingen.mpg.de/hhpred). Unsequenced regions within the cre gene cluster
resulting from the initial Illumina and Roche 454 sequencing efforts were sequenced by PCR amplification
from genomic DNA, cloning of PCR products, and Sanger sequencing of inserts.
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2.4.23 Cloning of cre gene cluster into pCR-Blunt II-TOPO vector to generate pCre plasmid19
A genomic library of Streptomyces cremeus NRRL 3241 was constructed using the CopyRight v2.0 BAC
Cloning Kit according to the manufacturer’s protocol. Three pairs of primers were used to screen the
genomic library and two BAC clones, 15F11 and 15G3, were found to collectively cover the entire 14 ORF
region (creA – creN) of the putative cre biosynthetic gene cluster. To move the intact cre gene cluster into
a single plasmid, a 13.6 kb BamHI fragment of 15F11 was first cloned into the same site of pCR-Blunt IITOPO to generate pW-51. A 8.0 kb BglII and PstI fragment of 15G3 was then ligated into the same BglII
and PstI sites of pW-51 to generate pW-52 which harbors the entire cre biosynthetic gene cluster (creA –
creN) with no other intact ORFs either upstream or downstream of the 14 ORFs. To allow for chromosomal
integration of the cre gene cluster within S. lividans TK-64, pW-52 was retrofitted with the int-attP cassette.
A 2.6 kb PstI fragment from pIJ8630 was cloned into pW-52 to generate pCre.

2.4.24 Heterologous expression of the cre cluster in Streptomyces lividans TK-64 and comparison to
S. cremeus NRRL 3241
The plasmid pCre was introduced into S. lividans TK-64 via standard protoplast transformation using
kanamycin (200 µg/mL) resistance as a selection marker to obtain the strain S. lividans TK-64::cre. A
typical heterologous expression involved inoculating 50 mL of ISP1 media (containing 200 ug/mL
kanamycin) with fresh spores of S. lividans TK-64::cre from a plate followed by incubating at 28 °C for 34 days with shaking at 220 rpm to obtain a starter culture. This starter culture was then used to inoculate
100 mL of ISP1 media (1:50 dilution) containing 200 ug/mL kanamycin. The culture flasks were wrapped
in tinfoil and allowed to incubate at 28 °C with shaking at 220 rpm for 7 days. For experiments with S.
cremeus a 50 mL starter culture in fermentation media was prepared by inoculating fresh spores from a
plate and allowing them to incubate at 28 °C for 3-4 days with shaking at 220 rpm. This starter culture was

19

Genomic library was created in conjunction with Peng Wang. Construction of pCre was conducted by Peng
Wang.
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then used to inoculate 100 mL of fermentation media (1:50 dilution). The culture flasks were wrapped in
tinfoil and allowed to incubate at 28 °C with shaking at 220 rpm for 7 days. For the comparison of titers of
cremeomycin and degradation product from S. lividans TK-64::cre and S. cremeus NRRL 3241, the strains
were cultured in triplicate.

All subsequent steps were performed with attention to reduce sample exposure to light, with all containers
and glassware covered in tinfoil. After 7 days the cultures were centrifuged (13,000 x g for 30 min) and the
clarified supernatant was transferred to a separatory funnel. The supernatant was adjusted to pH ~2-3 with
5% sulfuric acid and then extracted with 100 mL of EtOAc. The ethyl acetate was concentrated and the
residue was redissolved in a methanol/water mixture (1:9) and lyophilized. The lyophilized residue was
redissolved in 500 µL of methanol and centrifuged (13,000 x g, 15 min), and the supernatant was submitted
for HRMS LC-MS and LC-MS/MS analysis.

Cremeomycin production by S. lividans TK-64::cre was confirmed by comparison to an authentic standard
of cremeomycin isolated from S. cremeus using LC-MS and LC-MS/MS. 2,4-HMBA production by S.
lividans TK-64::cre was confirmed by comparison to an authentic commercial standard of 2,4-HBMA
(Sigma) using LC-MS and LC-MS/MS. Yields from cultures were determined using a standard curve of
cremeomycin and 2,4-HMBA standards.

Comparison of cremeomycin and 2,4-HMBA production by S. cremeus and S. lividans TK-64::cre revealed
reduced titers in the heterologous host. This observation is perhaps consistent with the known difficulties
associated with heterologous production of diazo natural products, and more generally, metabolites
containing an N–N bond.
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3

Chapter 3. Characterization of early steps in cremeomycin biosynthesis and elucidation of
order of events

Parts of this chapter are adapted from a previous publication.1
Parts of this work were conducted by other lab members, and this will be noted in footnotes in the Results
and Discussion section as well as the Materials and Methods section.
3.1

Introduction

In order to facilitate our ultimate goal of deciphering the enzymatic chemistry of diazo group formation,
we first set out to understand cremeomycin biosynthesis more broadly. This chapter describes our
elucidation of the order of biochemical transformations in the pathway that converts the early-stage
biosynthetic intermediate 3,4-AHBA into cremeomycin. Obtaining this knowledge, specifically the
identification of the substrate for the diazotization enzyme(s), allowed us to focus our efforts on
characterizing this diazotization reaction. From 3,4-AHBA, the following transformations must occur to
generate the final natural product cremeomycin: hydroxylation at the C2 position, O-methylation of the C4
hydroxyl group, and diazotization of the C3 amino substituent. The precise order of these biosynthetic
events was unknown at the beginning of this work.

Based on bioinformatic analyses and homology to biochemically and structurally characterized enzymes,
we predicted that two enzymes encoded within the cre gene cluster, the O-methyltransferase CreN and the
flavin-dependent monooxygenase CreL, would catalyze C4 hydroxyl group O–methylation and C2
hydroxylation, respectively. The following two sections (Section 3.1.1 and 3.1.2) give a very brief overview
of the chemistry catalyzed by these extensively-studied enzyme families e.g. the SAM-dependent
methyltransferases and flavin-dependent oxidoreductases. As discussed below, an understanding of the
catalytic capabilities of these two enzyme classes, as well as the reactivity of their proposed substrates,
allowed us to place certain restraints on the order of biochemical transformations.
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3.1.1

Introduction to the chemistry of methyltransferases and the predicted function of CreN

S-adenosylmethionine (SAM) is an essential and versatile cofactor that is involved in both radical mediated
transformations and a variety of SN2-type nucleophilic substitution reactions. SAM can provide
electrophilic sources of methyl, aminopropyl, and 5’-deoxyadenosyl groups (Scheme 3.1).2,3 Of these
reactions, methylation is by far the most common and well-studied. The methylation of various small
molecule and macromolecular substrates controls critical biological processes, including cell signaling,
amino acid metabolism, gene regulation, and natural product biosynthesis. SAM-dependent
methyltransferases are known to methylate a large variety of substrates and can be classified by the identity
of the nucleophilic acceptor atom: oxygen, nitrogen, carbon, sulfur, or halide.4 (Scheme 3.1) Methylation
of oxygen-containing functional groups, particularly phenolic compounds, appears to be the most common
SAM-dependent transformation in bacteria and plants, which encode a particularly large repertoire of SAMdependent O-methyltransferases.4

Scheme 3.1 The use of S-adenosylmethione (SAM) by enzymes
X = C, O, S, N, I, Br, Cl. R1,2,3 = alkyl, aryl
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While SAM-dependent methyltransferases share low levels of amino acid sequence identity, structural
characterization of a wide variety of phylogenetically diverse enzymes demonstrates that they can be
grouped into two classes, Class I and Class III, that each adopt a highly conserved structural fold.4,5 The
majority of methyltransferases adopt a Rossman-like (Class I) fold, and SAM has been shown to bind in a
conserved region of all Class I enzymes with specific contacts made to the carboxypropyl and ribosyl
groups. Despite the low level of sequence identity shared between Class I enzymes, certain conserved
motifs have been identified in these enzymes, including a GxGxG feature in Motif I that is involved in
SAM binding and is present nearly all methyltransferases.4 The conservation of these motifs allows for the
computational identification of SAM-dependent methyltransferases and potentially the identity of the
substrate acceptor atom based on homology to biochemically characterized members.

In order to catalyze methylation of a substrate with the electrophilic methyl group of SAM, it is necessary
for the enzyme to position and activate the nucleophile for subsequent attack and displacement.
Biochemical and structural studies have revealed several mechanisms by which SAM-dependent enzymes
promote this type of transformation. These include: 1) proximity effects, including the extrusion of water
from the active site to ensure the substrate is the only nucleophile, 2) general base catalysis to deprotonate
the substrate thus providing a more reactive nucleophile, and 3) the use of divalent metal cations (usually
Mg2+ and Ca2+) to coordinate the nucleophile, thus lowering its pKa and enhancing its reactivity.4

Bioinformatic analysis of the cre biosynthetic gene cluster revealed CreN as a predicted Class I SAMdependent methyltransferase based on diagnostic sequence motifs including a nearly conserved GxGxG
motif (AGGHG in CreN). In addition, CreN was predicted to be a member of the protein family Pfam00891,
which contains O–methyltransferases. This annotation is consistent with the chemistry required to
synthesize cremeomycin. As CreN is the only predicted methyltransferase encoded by the cre gene cluster,
it is therefore the strongest candidate for catalyzing methylation of the C4 hydroxyl group. Based on our
current understanding of O-methyltransferases, we cannot place any constraints on the timing of the

179

methylation step in cremeomycin biosynthesis. Considering the possible orders of events in this pathway,
there are multiple potential biosynthetic intermediates that could logically be envisioned to undergo
methylation. Therefore, while we can confidently predict that CreN catalyzes O–methylation in
cremeomycin biosynthesis, we cannot predict its substrate. The experimental approach used to identify the
substrate for CreN is discussed below in Section 3.2.4.

3.1.2

Introduction to the chemistry of flavin-dependent enzymes and the predicted function of
CreL

Flavin-dependent enzymes are ubiquitous and use the exceptionally versatile flavin cofactor to engage in a
diverse array of chemistries.6-8 In addition, flavin-based cofactors are used by a variety of enzymes and
proteins in non-catalytic roles such as electron transfer, light sensing, and light generation.7,9 Analysis of
the genomes of various organisms shows that flavin-binding proteins can comprise up to 3.5% of all
predicted proteins, demonstrating the importance of this cofactor.10 The vast majority (greater that 90%) of
reactions catalyzed by flavin-dependent enzymes are redox transformations.10 However, the
characterization of new flavin-dependent enzymes has uncovered a growing list of non-redox reactions,
including many examples involving nucleophilic catalysis.6,7,10-12 Flavin-dependent enzymes can employ
one of two forms of the flavin cofactor, either flavin adenine dinucleotide (FAD) or flavin mononucleotide
(FMN), and are generally very specific for their cognate cofactor (Scheme 3.2). In certain cases, the flavin
cofactor is covalently linked at its 8a-methyl or C6 position to a protein residue e.g. His or Cys within the
active site. Additionally, modified flavin cofactors have been discovered that are used in catalytic reactions,
including UbiD and formate oxidase (FOX), yet they are exceedingly rare among characterized enzymes
and it is unclear how widespread these cofactor modifications are within flavin enzymology.13,14 Genomic
analysis has predicted that FAD-utilizing enzymes comprise approximately 75% of flavin-dependent
enzymes, with the remaining 25% consisting of FMN-utilizing enzymes.

180

H 2N
N

N

N

N

O
OH

O

O

P
O

O

P

O

O

OH

O

HO
O

P

O
OH

HO

OH

HO
HO

isoalloxazine
ring

O

HO

Me

N

Me

N

N

O

Me

N

Me

N

N

NH
O

O
NH

O

FAD

FMN
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Flavin enzymes are most well-known as oxidoreductase enzymes and have diverse and important roles in
many biological processes. In particular, flavoenzymes provide a vast source of oxidative/reductive and
oxygenation chemistry within natural product biosynthesis.6 Flavin-dependent enzymes are perhaps used
so extensively because of the unique properties of the isoalloxazine ring, which allow this cofactor to
employ both one- and two-electron chemistry to access multiple redox states that can oxidize, reduce, and
oxygenate substrates (Scheme 3.5). This redox and oxygenation chemistry is most relevant to the enzymes
characterized in this Dissertation and will be discussed below.
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Scheme 3.3 Kinetically accessible redox states of flavin cofactors
FAD and FMN cofactors can undergo both one and two electron transfers to access the reduced and
semiquinone oxidation states.
In the two-electron manifold, oxidized flavin (FAD/FMN) generally serves as an electron acceptor to
catalyze the oxidation and reduction of a variety of substrates via two electrons (Scheme 3.4). The
mechanism of this oxidation is generally thought to proceed through hydride transfer from the bound
substrate to the N5 atom of the isoalloxazine ring, affording the two-electron oxidized substrate and reduced
flavin (FADH2/FMNH2). However, mechanisms involving transfer of single electrons have also been
proposed.15,16 In order to complete the catalytic cycle, the reduced flavin must be oxidized by two electrons
back to FAD/FMN. When this oxidation is carried out by molecular oxygen, the flavin-dependent enzymes
are termed ‘oxidases’ and produce an equivalent of hydrogen peroxide. When the oxidation is carried out
by a different electron acceptor, often a protein-based oxidant, the flavoenzymes are referred to as
‘dehydrogenases.’ The most common reactions catalyzed by flavin-dependent oxidases and
dehydrogenases include the a,b-desaturation of free acids and thioesters, the oxidation of C–XH bonds
(where X =O, N, and S), the oxidation of thiols to disulfides, and the oxidation of NAD(P)H to NAD(P)+.
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Scheme 3.4 Two-electron manifold allows for oxidation and reduction of a variety of substrates

In the one-electron manifold, the oxidized form of flavin (FAD/FMN) is first reduced by two electrons via
an external reductant to afford the reduced flavin cofactor (FADH2/ FMNH2) (Scheme 3.5). The external
reductant in most cases is the reduced nicotinamide cofactor NAD(P)H, with enzymes generally displaying
a strict preference for either NADH or NADPH. This reduced flavin species can then engage in one electron
chemistry by donating a single electron to molecular oxygen to generate a flavin semiquinone radical
(FADH•/FMNH•) and the superoxide radical. Subsequent radical recombination between these two species
at the C4a carbon of the flavin isoalloxazine ring generates a C4a-(hydro)peroxo flavin species. This
intermediate is the active oxygenating species and can catalyze both nucleophilic and electrophilic
monooxygenation reactions. Whether this oxygenating species acts in a nucleophilic or electrophilic
manner is dictated by the protonation state of the distal oxygen atom of the C4a-(hydro)peroxo flavin, which
is in turn controlled by interactions with amino acid residues in the enzyme active site.
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In nucleophilic oxygenation reactions, electron-poor substrates such as ketones, are attacked at the carbonyl
carbon by the deprotonated, nucleophilic C4a-peroxo flavin to generate a flavin-substrate covalent adduct.
This covalent intermediated is termed the Criegee intermediate based on the similarity of the proposed
enzymatic mechanism to the well-studied Baeyer–Villiger reaction in synthetic chemistry. This Criegee
intermediate then rearranges via migration of one of the carbonyl substituents to the proximal oxygen atom
of the peroxy group with release of the carboxylic acid, thus generating the ester product. Given the
similarity in proposed mechanisms, these flavin-dependent oxygenases have been termed Baeyer–
Villigerases.

Alternatively, electron rich substrates such as alkyl-substituted olefins and phenols attack the protonated,
electrophilic C4a-hydroperoxo species at the distal oxygen atom, forming a C–O bond and breaking the O–
O bond. Both nucleophilic and electrophilic mechanisms generate a C4a-hydroxy species after oxygenation
of their substrate. Elimination of water from this C4a-hydroxy species restores the oxidized flavin cofactor
for subsequent rounds of catalysis. Recently, a flavin-dependent monooxygenase containing a structurally
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novel FAD cofactor has been described in enterocin biosynthesis. This enzyme does not use the classical
C4a-(hydro)peroxo flavin species, but instead uses a flavin N5-oxide generated from the reaction of
covalently bound FADH2 with molecular oxygen to catalyze a dual oxidation involving both oxygenation
and dehydrogenation reactions.17,18

The oxygenating flavin enzymes described above are termed ‘flavin monooxygenases’ as they incorporate
one oxygen atom from molecular oxygen into the substrate, with the other oxygen atom being reduced to
water. This diverse and widespread class of monooxygenases catalyzes an array of chemo-, regio- and
stereoselective monooxygenation reactions. Flavin-dependent monooxygenases can be separated in eight
classes (Class A through H) based on a number of considerations, including sequence and structural
features, the external reductant, cofactor requirement, and the type of reaction catalyzed.19-22

The first major class distinction relates to the source of the electrons required to carry out the oxygenation
reaction. The overall monooxygenation reaction is a net four-electron reduction of molecular oxygen. Class
A through F are termed ‘external’ monooxygenases because an external source of two electrons (usually
NADH or NADPH) is required to reduce FAD/FMN to FADH2/FMNH2 in order to engage molecular
oxygen for the subsequent oxygenation chemistry. In these six classes of monooxygenases, two electrons
from the substrate and two electrons from the external reductant provide the four electrons required to
reduce molecular oxygen in the overall reaction. Class G and H monooxygenases are a rare, yet intriguing
group of enzymes termed ‘internal’ monooxygenases because no external source of electrons is required
for the reaction.12,20,23 Instead, the substrate itself provides the two electrons required to reduce FAD/FMN
to FADH2/FMNH2. The resulting oxidized species is then further oxidized by two electrons in the
oxygenation reaction. Thus, all four electrons required to reduce molecular oxygen are provided by the
substrate.
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Class A through F monooxygenases can be further separated by the requirement for an additional reductase
protein that provides reduced FADH2/FMNH2.19,20 Class A and B monooxygenases do not require this
separate reductase. In these ‘one-component’ systems, a single protein is capable of catalyzing both the
reduction of FAD/FMN to FADH2/FMNH2 by NAD(P)H, as well as the subsequent oxygenation chemistry.
Class C through F monooxygenases require an auxiliary reductase protein that provides the reduced
FADH2/FMNH2. In these ‘two-component’ systems, the reductase partner catalyzes the reduction of
FAD/FMN to FADH2/FMNH2 usually with NAD(P)H. The reduced flavin cofactor is then transferred to
the monooxygenase partner either directly via a protein-protein interaction or through solvent, the latter
being an interesting strategy given the instability of reduced flavin species toward oxygen. The auxiliary
reductase partner can be encoded near the gene encoding the monooxygenase and can be specific for its
cognate partner. However, there are also many cases of promiscuity between the monooxygenase and
reductase partners, including in the caerulomycin biosynthetic pathway.24 Further class distinctions and
categorizations rely on differences in sequence and structural features as well as the type of reaction
catalyzed.

Bioinformatic analysis of the cre gene cluster identified CreL as a predicted Class A monooxygenase.20
These one-component systems generally utilize FAD as the flavin cofactor and NADH or NADPH as the
source of external reducing equivalents. Class A monooxygenases adopt a glutathione reductase (GR-2)
type Rossman fold for binding FAD and NAD(P)H. This class of enzymes is heavily employed in natural
product biosynthesis and the degradation of (poly)aromatics, typically catalyzing the ortho- or parahydroxylation of phenol and aniline compounds. They act via an electrophilic aromatic substitution
mechanism with the electrophilic C4a-hydroperoxo flavin serving as the oxygenation catalyst. Amine and
hydroxyl groups on the aromatic substrate are needed to sufficiently activate the substrate for nucleophilic
attack of the C4a-hydroperoxo species.
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Close homologs of CreL include the predicted flavin-dependent aromatic hydroxylases PtnB3 and PtmB3
from the platencin and platensimycin biosynthetic pathways, respectively (53% amino acid identity)25
Platencin and platensimycin are structurally related natural products containing a terpene-derived aliphatic
cage moiety linked to a substituted aminobenzoyl substituent via a propionamide chain. Interestingly, this
aminobenzoyl group appears to derive from 3,4-AHBA as the platencin and platensimycin biosynthetic
gene clusters encode the GriH and GriI homologs predicted to construct 3,4-AHBA.26 The PtnB3 and
PtmB3 monooxygenases are predicted to regioselectively hydroxylate the C2 position of 3,4-AHBA to
afford 3-amino-2,4-dihydroxybenzoic acid (3,2,4-ADBA) which is then attached to the rest of the molecule
via amide formation with the C3 amino group.25 The annotation of CreL as a Class A monooxygenase and
its similarity to PtnB3/PtmB3 is consistent with a predicted role in aromatic hydroxylation in cremeomycin
biosynthesis. While the high sequence identity to PtnB3/PtmB3 may suggest that CreL catalyzes the same
regioselective hydroxylation of 3,4-AHBA to 3,2,4-ADBA, it is often difficult to conclusively establish the
precise reaction catalyzed by an enzyme based on sequence alone. Therefore, in our subsequent
investigations of CreL we investigated the possibility that CreL might act on a different substrate.
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Figure 3.1. Platencin and platensimycin biosynthesis involve hydroxylation of 3,4-AHBA
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catalyzed by PtnB3 and PtmB3.
Importantly, the well-established reactivity of the extensively-studied Class A monooxygenases provided
some insights into the order of transformations in cremeomycin biosynthesis. This insight facilitated the
subsequent characterization of CreL, as well as the synthesis and feeding of putative biosynthetic
intermediates, because it constrained the number of predicted biosynthetic intermediates that had to be
tested. Class A monooxygenases require that their aromatic substrates have a hydroxyl or amine group
positioned to sufficiently activate the aromatic carbon for nucleophilic attack on the C4a-hydroperoxo
species.20 Hydroxyl and amine groups activate aromatic rings for electrophilic aromatic substitution at the
ortho and para positions, and Class A flavin monooxygenases work in conjunction with this latent reactivity
to catalyze ortho- and para-hydroxylation.

CreL is predicted to catalyze C2 hydroxylation of some biosynthetic intermediates in cremeomycin
biosynthesis. The C2 position is activated for substitution by the ortho C3 amino group, but not the meta
C4 hydroxyl group. Thus, in a hypothetical reaction catalyzed by CreL, the C3 amine is likely to be very
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important, if not essential, for catalysis. Alternatively, the meta C4 hydroxyl group is not likely to be
important for the reaction from a reactivity standpoint, although it may be important for binding to the
enzyme. Therefore, given the importance of the C3 amine, it is likely that diazotization of this amine will
occur after the C2 hydroxylation reaction, as the diazo group would not be able to activate the C2 position
for hydroxylation. Conversely, since the C4 hydroxyl group does not activate the substrate for substitution,
its methylation state is unlikely to affect the oxygenation chemistry directly. Thus, the relative order of the
hydroxylation and methylation steps can’t be determined from this analysis alone. Collectively, this analysis
suggests two likely substrates for CreL monooxygenase, 3,4-AHBA and 3-amino-4-methoxybenzoic acid
(3,4-AMBA) (Figure 3.2).
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Figure 3.2. Predicted substrates for CreL reaction
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3.2
3.2.1

Results and Discussion
In vivo characterization of CreH and CreI in 3,4-AHBA synthesis

While the presence of the GriH and GriI homologs CreH and CreI, respectively, in the cre biosynthetic
gene cluster suggested that this pathway produces 3,4-AHBA, we sought to confirm this proposal
experimentally. Following the precedence set by the Horinouchi group, who originally characterized GriH
and GriH, we overexpressed creH and creI in E. coli and analyzed the culture supernatant for production
of 3,4-AHBA. We cloned the native creHI putative operon from S. cremeus genomic DNA into the
expression plasmid pET-29b, providing a single mRNA under transcriptional control of the T7 promoter.20
After sequence verification, this plasmid was transformed into E. coli(DE3) Tuner cells. As a control, an
empty pET29b vector was transformed into E. coli(DE3) Tuner cells. The strains were cultured in
M9+glucose supplemented media for 20 h at 28 °C. After this time, the cultures were centrifuged, and the
supernatant was analyzed for the presence of 3,4-AHBA by LC-MS.

The E. coli-pET29b-creHI strain produced 3,4-AHBA as analyzed by LC-MS (Figure 3.3). In addition, the
N-acetylated derivative 3-acetamido-4-hydroxybenzoic acid (3,4-NAcHBA) was also detected. 3,4-AHBA
and 3,4-NAcHBA were generated as minor and major products, respectively, and their identities were
confirmed by comparison to authentic standards. Neither molecule was detected in the control E. coli Tuner
strain expressing an empty pET-29b vector. Production of both 3,4-AHBA and the N-acetylated derivative
is consistent with previous characterization of griH and griI.26 The N-acetylated derivative likely arises
from the N-acetylation of 3,4-AHBA with acetyl-CoA by the enzyme arylamine N-acetyltransferase (NAT),
which is known to be present in E. coli.27 Arylamines can be cytotoxic and are often detoxified through
this N-acetylation pathway.28 Overall, these in vivo studies confirm that CreH and CreI are capable of
producing 3,4-AHBA and strongly suggest that 3,4-AHBA is generated in vivo in S. cremeus. Furthermore,

20

Cloning of creHI into pET29b was performed by Yakov Pechersky.
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this result suggests that 3,4-AHBA serves as an early intermediate in cremeomycin biosynthesis in
agreement with our biosynthetic hypothesis.

Figure 3.3. Heterologous expression of creH and creI in E. coli results in production of 3,4-AHBA
and 3,4-NAcHBA
LC-MS analysis and EIC traces for 3,4-AHBA and 3,4-NAcHBA from heterologous expression
experiments.

3.2.2

Feeding studies with [15N]-3,4-AHBA confirms its role as a biosynthetic intermediate

Although we had demonstrated that CreH and CreI are capable of producing 3,4-AHBA in vivo in E. coli,
we wanted to directly show that 3,4-AHBA was an intermediate in cremeomycin biosynthesis. To
accomplish this we employed feeding studies in S. cremeus, a classical investigation technique used in
natural product biosynthesis studies to validate the intermediacy of a proposed biosynthetic intermediate or
building block. In these feeding studies, isotopically labeled putative precursors and biosynthetic
intermediates are administered to cultures of the producing organism, followed by analysis of the final
natural product by NMR, MS, or radioactivity measurements to look for incorporation of the label.

We therefore set out to synthesize an 15N-labeled version of 3,4-AHBA, feed it to cultures of S. cremeus,
and detect incorporation into cremeomycin by LC-MS. We chose to label the nitrogen atom of 3,4-AHBA
for several reasons, including the relative ease of incorporating this label via synthetic chemistry, but also
to confirm that the nitrogen atom of the amino group in 3,4-AHBA is retained in the diazo group of
cremeomycin.

Our synthetic route for accessing [15N]-3,4-AHBA was based on precedence for

electrophilic aromatic nitration of phenolic compounds with 15N-labeled calcium nitrate.29 This route began
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with 4-hydroxybenzoic acid, which was nitrated at the C3 position via a microwave-assisted electrophilic
aromatic substitution reaction using [15N]-Ca(NO3)2 to provide [15N]-4-hydroxy-3-nitrobenzoic acid
(Scheme 3.7). The incorporation of the label was confirmed by LC-MS and NMR. This intermediate was
then reduced via a Pd/C-catalyzed hydrogenation to afford the final product [15N]-3,4-AHBA, which was
confirmed by both LC-MS and NMR.
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Scheme 3.7 Synthetic route to [15N]-3,4-AHBA

With [15N]-3,4-AHBA in hand, we fed this isotopically labeled putative intermediate to S. cremeus
beginning at the point of inoculation (final concentration of 1.6 mM). After 7 days of incubation at 28 °C
with shaking, the culture supernatant were extracted and analyzed by LC-MS for cremeomycin. Analysis
of the isotopic pattern of the cremeomycin sodium adduct revealed 40% incorporation of the

15

N label

(Figure 3.4). This high level of incorporation confirmed that 3,4-AHBA is a true biosynthetic intermediate
in the cremeomycin pathway. These results also demonstrated that diazo formation proceeds via N–N bond
formation in agreement with proposals from other biosynthetic studies of diazo-containing natural
products.30,31
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Figure 3.4. MS spectra of cremeomycin from cultures fed [15N]-3,4-AHBA
A) Schematic of feeding study with S. cremeus wild-type fed 15N-3,4-AHBA. B) Mass spectrum from EIC
of cremeomycin sodium adduct showing both 15N-labeled (218.0190) and unlabeled (217.0220)
cremeomycin. Comparison of relative ion intensities demonstrates a labeling of 40%.

3.2.3

Feeding studies with [15N]-3,2,4-AHMBA confirms its role as a biosynthetic intermediate

As discussed earlier in Section 3.1, conversion of 3,4-AHBA to cremeomycin must involve hydroxylation
at C2, methylation of the C4 hydroxyl group, and diazotization of the C3 amino group. We obtained
information about the potential order of these events from the [15N]-3,4-AHBA feeding experiment. In
addition to cremeomycin, we also detected a 15N-labeled metabolite with a mass matching that of 3-[15N]amino-2-hydroxy-4-methoxybenzoic acid ([15N]-3,2,4-AHMBA). This molecule could arise from 3,4AHBA after C2 hydroxylation and methylation of the C4 hydroxyl group, potentially via the actions of the
monooxygenase CreL and O-methyltransferase CreN, respectively. From this late-stage intermediate,
diazotization of the C3 amine would afford cremeomycin.
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We decided to test whether 3,2,4-AHMBA was a biosynthetic intermediate by synthesizing an 15N-labeled
version and feeding it to S. cremeus cultures. Our synthesis of [15N]-3,2,4-AHMBA was modeled after our
previous synthesis of [15N]-3,4-AHBA and the chemical synthesis of cremeomycin.29,32 The synthesis began
with methyl 2-hydroxy-4-methoxybenzoate and used a microwave-assisted electrophilic nitration reaction
to install the [15N]-nitro group at the C3 position, affording methyl 2-hydroxy-4-methoxy-3-[15N]nitrobenzoate (Scheme 3.8). Subsequent alkaline hydrolysis of the methyl ester and nitro group reduction
by a Pd/C-catalyzed hydrogenation afforded the final product [15N]-3,2,4-AHMBA as confirmed by NMR
and LC-MS analysis. This compound was 99% enriched in 15N.
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Scheme 3.8 Synthetic route to [15N]-3,2,4-AHMBA

We next fed [15N]-3,2,4-AHMBA to S. cremeus beginning at the point of inoculation (final concentration
of 1.3 mM). After 7 days of incubation at 28 °C with shaking, the culture supernatant were extracted and
analyzed by LC-MS for cremeomycin. This analysis revealed an exceptionally high incorporation of 86%
of the

15

N label into cremeomycin (Figure 3.5), providing strong evidence that 3,2,4-AHMBA is a

biosynthetic intermediate. We believe the high degree of cremeomycin labeling may be due in part to nonenzymatic diazotization of [15N]-3,2,4-AHMBA during the acidic extraction (pH 2–3) of cremeomycin
from S. cremeus cultures.33 Nevertheless, this experiment strongly suggested that hydroxylation and Omethylation precede diazotization in cremeomycin biosynthesis and that diazotization occurs as the last
step via a late-stage N–N bond forming reaction with 3,2,4-AHMBA.
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Figure 3.5 MS spectra of cremeomycin from cultures fed [15N]-3,2,4-AHMBA
A) Schematic of feeding study with S. cremeus wild-type fed 15N-3,2,4-AHMBA. B) Mass spectrum from
EIC of cremeomycin sodium adduct showing both 15N-labeled (218.0190) and unlabeled (217.0220)
cremeomycin. Comparison of relative ion intensities demonstrates a labeling of 86%.

3.2.4

In vitro biochemical characterization of the SAM-dependent O-methyltransferase CreN and
flavin-dependent monooxygenase CreL

With 3,4-AHBA and 3,2,4-AHMBA established as intermediates, we wanted to determine the order of the
hydroxylation and O-methylation events that transform 3,4-AHBA to 3,2,4-AHMBA. We investigated
these transformations by characterizing the activities of recombinant CreL and CreN in vitro. Both genes
were cloned21 and expressed in E. coli as C-His6 fusions and purified via immobilized metal ion affinity
chromatography (Figure 3.6). Fractions of purified CreL-C-His6 were yellow in color, which is in agreement

21

Cloning of creL and creN into pET29b was performed by Yakov Pechersky.
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with its predicted function as a flavin-dependent monooxygenase and the tendency of flavoproteins to copurify with bound flavin. To determine whether CreL-C-His6 purified with bound FAD or FMN, a sample
of the protein was heated to release any non-covalently bound flavin cofactor, and the supernatant was
analyzed by LC-MS/MS. This analysis demonstrated that CreL-C-His6 purified with bound FAD (Figure
3.7).

Figure 3.6. SDS-PAGE gel of purified CreL-C-His6 and CreN-C-His6
SDS-PAGE of purified C-His6-tagged CreL (left) and CreN (right). CreL-C-His6 = 43,882.6 Da and CreNC-His6 =40,856.2 Da. 4-15% Tris-HCl gel (BioRad). Ladder = Precision Plus Protein All Blue Molecular
Weight Standards (BioRad).
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Figure 3.7. LC-MS/MS analysis of CreL-C-His6 demonstrates presence of FAD
Fragmentation pattern of daughter ions for FAD standard (top) and experimental CreL-C-His6 sample
(bottom) match. Parent FAD mass shown as blue diamond.

We first tested the in vitro activity and substrate preference of the O-methyltransferase CreN to gain insights
into the order of the O-methylation and hydroxylation reactions. CreN was incubated with its co-substrate
SAM and the two possible substrates 3,4-AHBA or 3-amino-2,4-dihydroxybenzoic acid (3,2,4-ADBA).
Reactions were subsequently analyzed using high performance liquid chromatography (HPLC). We
observed the CreN- and SAM-dependent conversion of both 3,4-AHBA and 3,2,4-ADBA to their respective
C4 O-methylated products (Figure 3.8). The ability of CreN to methylate both 3,4-AHBA and 3,2,4-ADBA
is not unusual for O-methyltransferases involved in natural product biosynthesis.4 Unfortunately, the lack
of a significant difference in the qualitative rates of O-methylation prevented any insight into the order of
the hydroxylation and O-methylation events.
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Figure 3.8. In vitro characterization and HPLC analysis reveals promiscuity of O-methyltransferase
CreN
A) In vitro reaction with 3,4-AHBA (top) and HPLC analysis of reactions (bottom). B) In vitro reaction of
3,2,4-ADBA (top) and HPLC analysis of reactions (bottom). SAH = S-adenosylhomocysteine. PBS =
phosphate buffered saline solution.
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Conversely, in vitro characterization of the flavin-dependent monooxygenase CreL demonstrated substrate
selectively, which provided information regarding the order of hydroxylation and O-methylation events
(Figure 3.9). The monooxygenase CreL was incubated with its cofactor FAD, the external reductant
NADPH, and the two possible intermediates 3,4-AHBA or 3,4-AMBA as determined from our prior
discussion on the reactivity of Class A monooxygenases (Section 3.1.2). Analysis of these reactions by
HPLC revealed the formation of a new peak only in the reaction containing 3,4-AHBA (Figure 3.9A). This
product was confirmed to be 3,2,4-ADBA by comparison to an authentic standard by HPLC. 3,2,4-ADBA
formation was dependent on both CreL and NADPH. No conversion of 3,4-AMBA to 3,2,4-AHMBA was
observed under any conditions tested (Figure 3.9B). The substrate specificity of CreL suggests that in
cremeomycin biosynthesis 3,4-AHBA is first regioselectively hydroxylated by CreL at the C2 position to
afford 3,2,4-ADBA which then undergoes O-methylation at the C4 hydroxyl group by CreN to afford 3,2,4AHMBA (Figure 3.9C).
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Figure 3.9. In vitro characterization of CreL and proposed order of events from 3,4-AHBA to 3,2,4AHMBA
A) Assay design for CreL in vitro reaction with 3,4-AHBA (top) and HPLC analysis of reaction (bottom).
B) Assay design for CreL in vitro reaction with 3,4-AMBA (top) and HPLC analysis of reaction (bottom).
C) Proposed order of hydroxylation and O-methylation reactions that transform 3,4-AHBA to 3,2,4AHMBA based on substrate selectivity of CreL.
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3.3

Conclusions

To elucidate cremeomycin biosynthesis and facilitate our investigation of diazo formation, we set out to
decipher the order of biochemical transformations in this pathway. We began by confirming the predicted
functions of CreH and CreI in 3,4-AHBA synthesis. Using an in vivo heterologous E. coli expression system
we demonstrated that CreH and CreI can synthesize 3,4-AHBA. We next established that the putative
biosynthetic intermediates 3,4-AHBA and 3,2,4-AHMBA are indeed intermediates by synthesizing 15Nlabeled versions of these compounds and feeding them to S. cremeus. The incorporation of the 15N-label of
these two molecules into cremeomycin confirmed their intermediacy in this biosynthetic pathway.
Moreover, these results demonstrated that hydroxylation and O–methylation of 3,4-AHBA precede
diazotization. The diazo-forming reaction therefore occurs as the last step in cremeomycin biosynthesis via
a late-stage N–N bond forming reaction with 3,2,4-AHMBA.

We then determined the order of the hydroxylation and O-methylation events required to convert 3,4AHBA to 3,2,4-AHMBA via in vitro enzyme characterization of CreL and CreN. While the Omethyltransferase CreN showed promiscuous activity, the monooxygenase CreL showed complete
selectivity for 3,4-AHBA over 3,4-AMBA. This substrate preference indicates that hydroxylation precedes
O-methylation in the transformation of 3,4-AHBA to 3,2,4-AHMBA during cremeomycin biosynthesis.

Our characterization of the early steps of cremeomycin biosynthesis set the stage for elucidating the
enzymatic chemistry and biosynthetic logic of diazo installation. Specifically, we identified 3,2,4-AHMBA
as the substrate for the diazotizing enzyme(s) greatly facilitating the characterization of this part of the
biosynthetic pathway. We predict that this reaction will be carried out by one or more of the remaining
enzymes within the biosynthetic gene cluster (CreA, CreB, CreD, CreE, and CreM) (Figure 3.10). In
Chapter 4 and Chapter 5, we describe our successful elucidation of the biosynthetic chemistry and logic
underlying diazo group formation in cremeomycin assembly.
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Figure 3.10. The late stage intermediate 3,2,4-AHMBA is the substrate for the diazotizing enzyme(s)
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3.4
3.4.1

Materials and Methods
General materials and methods

Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, IA). Recombinant
plasmid DNA was purified with a Qiaprep Kit from Qiagen. Gel extraction of DNA fragments and
restriction endonuclease clean up were performed using an Illustra GFX PCR DNA and Gel Band
Purification Kit from GE Healthcare. DNA sequencing was performed by Genewiz (Boston, MA). Nickelnitrilotriacetic acid- agarose (Ni-NTA) resin was purchased from Qiagen and Thermo Scientific. SDSPAGE gels were purchased from BioRad. Protein concentrations were determined by absorption at 280 nm
using ExPASy ProtParam (http://web.expasy.org/protparam/) to calculate the extinction coefficients.
Optical densities of E. coli cultures were determined with a DU 730 Life Sciences UV/Vis
spectrophotometer (Beckman Coulter) by measuring absorbance at 600 nm. Analytical HPLC was
performed on a Dionex Ultimate 3000 instrument (Thermo Scientific). Samples were submitted for LC-MS
analysis to the Small Molecule Mass Spectrometry Facility at the Harvard FAS Division of Science Core
Facility in Northwest Labs.

LC-MS analysis of 3-amino-4-hydroxybenzoic acid (3,4-AHBA) and 3-acetamido-4-hydroxybenzoic acid
(3,4-NAcHBA) was carried out on an Agilent 1290 Infinity UHPLC system (Agilent Technologies, Palo
Alto, CA) coupled to a maXis impact UHR time-of-flight mass spectrometer system (Bruker Daltonics Inc)
equipped with an electrospray ionization (ESI) source. Data were acquired with Bruker Daltonics HyStar
software version 3.2 for UHPLC and Compass OtofControl software version 3.4 for mass spectrometry,
and they were processed with Bruker Compass DataAnalysis software version 4.2.

For the UHPLC analysis of 3,4-NAcHBA, 8 µL samples were injected onto the UHPLC which used a
G4220A binary pump with a built-in vacuum degasser and a thermostatted G4226A high performance
autosampler. An XTerra MS C18 analytical column (2.1x100 mm, 3.5 µm) from Waters Corporation was
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used at the flow rate of 0.3 mL/min using 0.2% acetic acid in water as mobile phase A and 0.2% acetic acid
in acetonitrile as mobile phase B. The column temperature was maintained at room temperature. The
following gradient was applied: 0-3 min: 5% B isocratic, 3-12 min: 5-100% B, 12-14 min: 100% B
isocratic, 14-14.5 min: 100-5%B, 14.5-20.5 min: 5% B isocratic.

For the UHPLC analysis of 3,4-AHBA, 1.5 µL samples were injected. A Cogent Diamond Hydride
analytical HPLC column (2.1x150 mm, 4 µm) from MicroSolv Technology Corporation was used at the
flow rate of 0.4 mL/min using 0.2% acetic acid in water as mobile phase A and 0.2% acetic acid in
acetonitrile as mobile phase B. The column temperature was maintained at room temperature. The
following gradient was applied: 0-5 min: 100-75% B, 5-6 min: 75-60% B, 6-7 min: 60% B isocratic, 7-9
min: 60-50% B, 9-15 min: 50% B isocratic, 15-16 min: 50-100% B, 16-21 min: 100% B isocratic.

For the UHPLC system for FAD and FMN cofactor analysis a 1 µL volume of sample was injected. An
XTerra MS C18 analytical column (2.1x100 mm, 3.5 µm) was used for detection at the flow rate of 0.3
mL/min using 0.2% acetic acid in water as mobile phase A and 0.2% acetic acid in acetonitrile as mobile
phase B. The column temperature was maintained at room temperature. The following gradient was
applied: 0-2 min: 0% B isocratic, 2-5 min: 0-52% B, 5-5.1 min: 52-100% B, 5.1-5.2 min: 100-0%B
isocratic, 5.2-7 min: 0% B isocratic.

For the MS portion of the LC-MS, the ESI mass spectra data were recorded on a negative mode for 3,4NAcHBA and 3,4-AHBA with a mass range of m/z 50 to 1200; calibration mode, HPC; spectra rate, 1.00
Hz; capillary voltage, 3800 V for ESI+ & 3400 V for ESI-; nebulizer pressure, 25.0 psi for 3,4-NAcHBA
and 35.0 psi for 3,4-AHBA; drying gas (N2) flow, 9.3 L/min for 3,4-NAcHBA and 10.7 L/min for 3,4AHBA; temperature, 220 ºC for all. A mass window of ± 0.005 Da was used to extract the ion [M-H]- for
3,4-NAcHBA and 3,4-AHBA. Targets were considered detected when the mass accuracy was less than 5
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ppm and there was a match of isotopic pattern between the observed and the theoretical ones plus a match
of retention time between those in real samples and standards.

Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear magnetic resonance (13C NMR)
spectra were recorded on Varian Inova-500 (500 MHz, 125 MHz) NMR spectrometers. Chemical shifts are
reported in parts per million downfield from tetramethylsilane using the solvent resonance as internal
standard for 1H (DMSO-d6 = 2.50 ppm, CDCl3 = 7.26 ppm) and 13C (DMSO-d6= 39.52 ppm, CDCl3 = 77.25
ppm). Data are reported as follows: chemical shift, integration multiplicity (s = singlet, d = doublet, t =
triplet, m = multiplet, q = quartet, qt = quintet), coupling constant, integration, and assignment. All
chemicals were obtained from Sigma-Aldrich except where noted. All isotopically labeled compounds were
obtained from Cambridge Isotope Laboratories. Solvents were obtained from Sigma-Aldrich except
hexanes (Macron Fine Chemicals), ethyl acetate and isopropanol (VWR), methanol and diethyl ether (EMD
Millipore), and ethanol (KOPTEC). All NMR solvents were purchased from Cambridge Isotope
Laboratories. NMR spectra were processed using iNMR Reader, version 5.3.4.

3.4.2

Cloning of creHI into pET29b22

The genes creH and creI were cloned into pET-29b. The creHI genes were cloned out together from
genomic DNA using the primers shown in Table 3.1. The PCR reaction contained 25 µL of 2X Phusion
High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs), 1 µL genomic DNA as the
template, 25 picomoles of each primer, and 3% DMSO (v/v) in a total volume of 50 µL. Thermocycling
was carried out in a MyCycler gradient cycler (Bio-Rad) using the following parameters: denaturation for
30 s at 98 °C, followed by 35 cycles of denaturation at 98 °C for 10 s, annealing at 71 °C for 30 s, extension
at 72 °C for 80 s, and a final extension time of 10 min at 72 °C. The PCR reaction was analyzed by agarose
gel electrophoresis with ethidium bromide staining. The band was excised and purified using the Illustra

22

Cloning of creHI into pET29b was performed by Yakov Pechersky.
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GFX kit. The purified fragment was digested with NdeI and XhoI (New England Biolabs) for 2.5 h at 37
°C. The digest reaction contained 2 µL MilliQ water, 6 µL NEB Buffer 4 (10X), 6 µL BSA (10X), 3 µL
NdeI (20 U/µL), 3 µL XhoI (20 U/µL), and 40 µL of PCR product. Restriction digests were cleaned using
the Illustra GFX kit. The digestion product was ligated into a linearized pET-29b expression vector (NdeI
and XhoI) using T4 DNA ligase (New England Biolabs). The ligation reaction was incubated at room
temperature for 2 h and contained 4.5 µL of digested insert, 0.5 µL digested vector, 0.7 µL T4 DNA ligase
buffer (10X), 0.3 µL MilliQ water, and 1 µL T4 DNA ligase (400 U/µL). 5 µL of ligation mixture was used
to transform a single tube of E. coli TOP10 cells. The identity of the construct was confirmed by sequencing
of purified plasmid DNA

Table 3.1 Primers used to clone creHI into pET29b
Oligo

Nucleotide sequence

cre-07-for-1

5'-TTATCTCATATGACAGGAACCGCATTACC-3'

cre-06-rev-stop-1

5'-TATACTCGAGCTACTTCTCCAGGCAGAACTC3'
Restriction sites underlined.

3.4.3

Heterologous expression of pET29b-creHI in E. coli

The pET-29b_creHI construct was transformed into E. coli Tuner cells. An overnight starter culture was
made by inoculation of a single colony into LB broth containing 50 µg/mL of kanamycin and incubation at
37 °C on a rotary shaker. This starter culture was used to inoculate (1:100 dilution) 50 mL of M9+glucose
supplemented media (34 g/L Na2HPO4, 15 g/L KH2PO4, 2.5 g/L NaCl, NH4Cl 5 g/L (M9 salts), 2 mM
MgSO4, 100 µM CaCl2, 2.5 µM MnCl2, 1% glycerol (v/v), 1% asparagine (v/v), and 1% glucose (v/v)) with
50 µg/mL of kanamycin. A starter culture of E. coli Tuner cells harboring empty pET-29b vector was used
to inoculate (1:100) 50 mL of M9+glucose supplemented media as well. Cultures were incubated with
shaking at 175 rpm at 28 °C for 4 h after which the cultures were induced with 50 µM IPTG. The cultures
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were allowed to incubate for a further 20 h. After 24 h the cultures were centrifuged (13,000 x g for 15 min)
and the supernatant was passed through a 0.22 µm filter membrane (Corning). A portion of the supernatant
was then analyzed by LC-MS.

3.4.4

Feeding studies with [15N]-3,4-AHBA and [15N]-3,2,4-AHMBA

S. cremeus NRRL 3241 was grown in 100 mL of fermentation media supplemented with 25 mg (1.6 mM)
of [15N]-labeled 3-amino-4-hydroxybenzoic acid ([15N]-3,4-AHBA) or 25 mg (1.3 mM) of 3-amino-2hydroxy-4-methoxybenzoic acid ([15N]-3,2,4-AHMBA). These cultures were inoculated (1:50) from a
starter culture of S. cremeus NRRL 3241 in fermentation media that had been started from a freshly
sporulated plate. The [15N]-labeled compounds were added at the point of inoculation as solutions in 1 mL
of DMSO and filtered through a 0.22 µm filter membrane. Cultures were grown with protection from light
(flasks covered in tinfoil) at 28 °C with shaking at 220 rpm.

All subsequent steps were performed with attention to reduce sample exposure to light. After 7 days the
cultures were centrifuged (13,000 x g, 30 min) and the supernatant was collected. The supernatant was
adjusted to pH ~2-3 with 5% sulfuric acid and extracted with 100 mL of ethyl acetate. The ethyl acetate
was concentrated and the residue was redissolved in a methanol/water mixture (1:9) and lyophilized. The
lyophilized residue was redissolved in 500 µL of methanol and centrifuged (13,000 x g, 15 min), and the
supernatant was submitted for HRMS LC-MS analysis.

Analysis of the extracted ion chromatogram of the cremeomycin sodium adduct and its mass spectrum
allowed for determination of the extent of labeling. Comparison of the peak intensities of the ~217 Da and
~218 Da masses showed a 40% labeling of cremeomycin for the S. cremeus NRRL 3241 culture fed [15N]3,4-AHBA (Figure 3.4) and an 86% labeling of cremeomycin for the S. cremeus NRRL 3241 culture fed
[15N]-3,2,4-AHMBA (Figure 3.5).
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3.4.5

Cloning creL and creN into pET29b23

CreL and creN were PCR amplified from S. cremeus genomic DNA to afford C-His6 constructs using the
primers shown in Table S4. PCR reactions contained 25 µL 2X Phusion High-Fidelity PCR Master Mix
with GC Buffer (New England Biolabs), 1 µL genomic DNA, 25 picomoles of each primer, and 3% DMSO
(v/v) in a total volume of 50 µL. Thermocycling was carried out in a MyCycler gradient cycler (Bio-Rad)
using the following parameters: denaturation for 30 s at 98 °C, followed by 50 cycles of denaturation at 98
°C for 10 sec, annealing at 72 °C for 30 s, extension at 72 °C for 40 s, and a final extension time of 10 min
at 72 °C.

The PCR reactions were analyzed by agarose gel electrophoresis with ethidium bromide staining. Bands
were excised and purified using Illustra GFX kit. The purified fragments were digested with NdeI and XhoI
(New England Biolabs) for 2.5 h at 37 °C. Digests contained 2 µL of MilliQ water, 6 µL NEB Buffer 4
(10X), 6 µL BSA (10X), 3 µL NdeI (20 U/µL), 3 µL XhoI (20 U/µL), and 40 µL of PCR product. Restriction
digests were cleaned using the Illustra GFX kit. Digests were ligated into linearized pET-29b expression
vector (NdeI and XhoI) using T4 DNA ligase (New England Biolabs). Ligations were incubated at room
temperature for 2 h and contained 4.5 µL digested insert, 0.5 µL digested vector, 0.7 µL T4 DNA ligase
buffer (10X), 0.3 µL MilliQ water, and 1 µL T4 DNA ligase (400 U/µL). 5 µL of the ligation mixtures was
used to transform a single tube of chemically competent E. coli TOP10 cells. The identities of the constructs
were confirmed by sequencing of purified plasmid DNA.

23

Cloning of creL and creN into pET29b was performed by Yakov Pechersky
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Table 3.2 Primers used to clone creL and creN into pET29b
Oligo

Nucleotide sequence

cre-12-for-3

5’-CCCGACCATATGGTTGACCGAGACATCC-3’

ORF amplified

creL (C-His6)

cre-12-rev5’-TATATATACTCGAGGGGCCGGGGGGCGAG-3’
nostop-3
cre-14-for-3

5’-CTCAACATATGACCGTGCCGGAAAACG-3’
creN (C-His6)

cre-14-rev5’-TATATACTCGAGCCGGCGCAGGGTGGC-3’
nostop-3
Restriction sites underlined.

3.4.6

Overexpression and purification of CreL and CreN

The pET-29b-creL-C-His6 construct was transformed into E. coli Rosetta cells (Novagen) and the pET29b-creN-C-His6 construct was transformed into E. coli Tuner cells. A 50 mL starter culture of each strain
was inoculated from a frozen cell stock and grown overnight at 37 °C in LB medium containing 50 µg/mL
of kanamycin and 34 µg/mL of chloramphenicol (chloramphenicol for pET-29b-creL only) with shaking at
175 rpm. The overnight cultures were used to inoculate 2 L of LB media (1:100 dilution) containing 50
µg/mL of kanamycin and 34 µg/mL of chloramphenicol (chloramphenicol for pET-29b-creL only). The
cultures were incubated at 37 °C with shaking at 175 rpm for ~2.5 h and then transferred to an incubator at
15 °C with shaking at 175 rpm. At an OD600 = 0.5 – 0.6 the cultures were induced with 50 µM IPTG and
allowed to continue incubating at 15 °C with shaking at 175 rpm overnight.

Cells from the 2 L culture were harvested by centrifugation (6,000 rpm x 15 min) and resuspended in 40
mL of lysis buffer (20 mM Tris-HCl pH = 8.5, 500 mM NaCl, 10 mM MgCl2). The cells were lysed by
passage through a cell disruptor (Avestin EmulsiFlex-C3) twice at 5,000 – 6,000 psi, and the lysate was
clarified by centrifugation (15,000 rpm x 30 min). The supernatant was incubated with 2 mL of Ni-NTA
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resin and 5 mM imidazole for 2 h at 4 °C on a nutating mixer. The mixture was centrifuged (4,000 rpm x 6
min), and the unbound supernatant fraction was discarded. The Ni-NTA resin was transferred to a glass
column. Protein was eluted from the column using a stepwise imidazole gradient in elution buffer (20 mM
Tris-HCl pH = 8.5, 500 mM NaCl, 10 mM MgCl2, and 5, 25, 50, 75, 100, 125, 150, 200 mM imidazole)
while collecting 2 mL fractions. Later fractions were yellow in color. SDS-PAGE (4-15% Tris-HCl gel)
was used to ascertain the presence and purity of protein in each fraction. Fractions containing the desired
protein were combined and dialyzed against 2 L of storage buffer: for CreL, 25 mM Tris-SO4 pH 8.5, 10%
glycerol; and for CreN, 25 mM Tris-HCl pH 8.5, 50 mM NaCl, 10% glycerol. Solutions containing protein
were frozen in liquid nitrogen and stored at – 80 °C. This procedure afforded a yield of 0.77 mg/L of culture
for C-His6 tagged CreL and final stock concentration of 36 µM. For C-His6 tagged CreN the yield was 10.3
mg/L of culture and a final stock concentration of 520 µM.

3.4.7

Cofactor Analysis of CreL

CreL-C-His6 samples were yellow and purified with bound FAD. For cofactor determination, a sample of
CreL-C-His6 was heated at 95 °C for 5 min to release the cofactor. The sample was centrifuged at 16,000 x
g for 15 min to remove precipitated protein and the supernatant was analyzed by LC-MS/MS on an Agilent
QQQ and compared to commercial standards of FAD and FMN.

3.4.8

Biochemical characterization of CreL

For a typical assay, a 300 µL solution containing 75 mM Tris-SO4 pH 8.0, 2 mM substrate (3-amino-4hydroxybenzoic acid or 3-amino-4-methoxybenzoic acid), 4 mM NADPH, 5 µM FAD and 2.5 µM CreLC-His6 was prepared, mixed, and incubated at room temperature. An aqueous solution containing Tris-SO4
buffer, substrate, NADPH and FAD was prepared first and vortexed. The enzyme was then added and the
solution was gently mixed and incubated at room temperature. Periodically, 50 µL aliquots were removed
from the reaction, added to 100 µL of ice-cold methanol, vortexed, and stored at – 20 °C before analysis.
The aliquots were then centrifuged (16,000 x g for 15 min) before a portion of the supernatant was analyzed
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by HPLC. Synthetic and commercial standards were used for verifying the identities of peaks in the traces.
A Hypercarb column was used with a flow rate of 0.2 mL/min using 0.1% TFA in water as mobile phase
A and 0.1% TFA in acetonitrile as mobile phase B. The following gradient was applied: 0 – 20 min: 0100% B, 20 – 23 min: 100% B isocratic, 23 – 24 min: 0-100% B, 24 – 30 min: 0% B isocratic. Absorption
was monitored using a diode array detector at 254 nm.

3.4.9

Biochemical characterization of CreN

For a typical assay, a 450 µL solution containing 75 mM sodium phosphate pH 8.0, 25 mM NaCl, 2 mM
substrate (3-amino-2,4-dihydroxybenzoic acid or 3-amino-2-hydroxy-4-methoxybenzoic acid), 4 mM Sadenosylmethionine (SAM), and 10 µM CreN-C-His6 was prepared, mixed, and incubated at room
temperature. An aqueous solution containing sodium phosphate buffer, substrate, and SAM (freshly
prepared) was prepared first and vortexed. The enzyme was then added and the solution was gently mixed
and incubated at room temperature. Periodically, 50 µL aliquots were removed from the reaction, added to
100 µL of ice-cold methanol, vortexed, and stored at – 20 °C before analysis. The aliquots were centrifuged
(16,000 x g for 15 min) before a portion of the supernatant was analyzed by HPLC. Synthetic and
commercial standards were used for verifying the identities of peaks in the traces. A Hypercarb column
was used with a flow rate of 0.2 mL/min using 0.1% TFA in water as mobile phase A and 0.1% TFA in
acetonitrile as mobile phase B. The following gradient was applied: 0 – 10 min: 0-40% B, 10 – 25 min: 4060% B, 25 – 26 min: 60-100% B, 26 – 30 min: 100% B isocratic, 30 – 31 min: 100-0% B, 31 – 38 min: 0%
B isocratic. Absorption was monitored using a diode array detector at 254 nm.
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3.4.10 Chemical synthesis procedure and characterization data for 3,2,4-ADBA
CO2H
OH
NH2
OH

The synthesis of 3-amino-2,4-dihydroxybenzoic acid was accomplished through adaptation of the
previously reported procedure by Hayashida et al.7 1H and

13

C NMR data matched those previously

reported.
HRMS (ESI): calc’d for C7H8NO4, [M+H]+, 170.0448; found, 170.0463
1

H NMR (500 MHz, d6-DMSO) δ: 7.04 (d, J = 8.50 Hz, 1H, aromatic C6-H), 6.32 (d, J = 8.65 Hz, 1H,

aromatic C5-H)
13

C NMR (125 MHz, d6-DMSO) δ: 172.70 (COOH), 151.04 (C4), 149.75 (C2), 121.71 (C6), 119.52 (C3),

106.37 (C5), 105.57 (C1)
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Figure 3.11. 1H-NMR spectrum of 3,2,4-ADBA in d6-DMSO (500 MHz)

Figure 3.12. 13C-NMR spectrum of 3,2,4-ADBA in d6-DMSO (125 MHz)
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3.4.11 Chemical synthesis procedure and characterization data for 3,2,4-AHMBA

CO2H
OH
NH2
OMe

The synthesis of 3-amino-2-hydroxy-4-methoxybenzoic acid was accomplished by following the
previously reported procedure by Varley et al.8 1H and 13C NMR data matched those previously reported.
HRMS (ESI): calc’d for C8H10NO4+ [M+H]+, 184.0604; found, 184.0609
1

H NMR (500 MHz, d6-DMSO) δ: 7.18 (d, J = 8.80 Hz, 1H, aromatic C6-H), 6.53 (d, J = 8.86 Hz, 1H,

aromatic C5-H), 3.82 (s, 3H, OCH3)
13

C NMR (125 MHz, d6-DMSO) δ: 172.55 (COOH), 150.90 (C4), 149.46 (C2), 123.63 (C6), 118.76 (C2),

106.45 (C1), 102.50 (C5), 55.73 (CH3)
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Figure 3.13. 1H-NMR spectrum of 3,2,4-AHMBA in d6-DMSO (500 MHz)

Figure 3.14. 13C-NMR spectrum of 3,2,4-AHMBA in d6-DMSO (125 MHz)
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3.4.12 Chemical synthesis procedure and characterization data for 3-Acetamido-4-hydroxybenzoic
acid
CO2H
O

OH

N
H

The synthesis of 3-acetamido-4-hydroxybenzoic acid was accomplished by following the previously
reported procedure by the Mao et al.9 1H and 13C NMR data matched those previously reported.10
HRMS (ESI): calc’d for C9H8NO4- [M-H]-, 194.0448; found, 194.0456
1

H NMR (500 MHz, d6-DMSO) δ: 12.43 (s, 1H, COOH), 10.66 (s, 1H, OH), 9.29 (s, 1H, NH), 8.42 (d, J

= 2.07 Hz, 1H, aromatic C2-H), 7.55 (dd, J = 8.40, 2.13 Hz, 1H, aromatic C6-H). 6.91 (d, J = 8.41 Hz, 1H,
aromatic C5-H), 2.10 (s, 3H, COCH3)
13

C NMR (125 MHz, d6-DMSO) δ: 168.99 (CONH), 167.18 (COOH), 151.91 (C4), 126.38 (C3), 126.19

(C6), 123.68 (C2), 121.31 (C1), 115.03 (C5), 23.74 (CH3)
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Figure 3.15. 1H-NMR spectrum of 3,4-NAcHBA in d6-DMSO (500 MHz)

Figure 3.16. 13C-NMR spectrum of 3,4-NAcHBA in d6-DMSO (125 MHz)
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3.4.13 Chemical synthesis procedure and characterization data for [15N]-3,4-AHBA

COOH

MWI, 400 W
Ca(15NO

COOH

3)2

AcOH
OH

COOH
Pd/C, H2

64 %

O

15N

MeOH

84%

O

OH

15NH

2

OH

Figure 3.17. General scheme for synthesis of [15N]-3-amino-4-hydroxybenzoic acid

[15N]-4-hydroxy-3-nitrobenzoic acid
COOH

15N

OH

O

O

The synthesis of [15N]-4-hydroxy-3-nitrobenzoic acid was accomplished by following the procedure
previously reported by Bose et al except for the use of [15N]-Ca(NO3)2.11
A mixture of 4-hydroxybenzoic acid (600 mg, 4.35 mmol) and [15N]-Ca(NO3)2 (1445 mg, 8.700 mmol) in
3 mL of glacial acetic acid was heated at 400 MW power in a domestic microwave for 1 min in a round
bottom flask. Three mL of ice-cold water were then added, and the reaction mixture was incubated in an
ice-water bath for 30 min. The solid precipitate was then filtered, washed with 15 mL of ice-cold water,
and dried in vacuo to afford [15N]-4-hydroxy-3-nitrobenzoic acid (508.9 mg, 2.760 mmol, 64%) as a paleyellow solid.
HRMS (ESI): calc’d for C7H415NO5- [M-H]-, 183.0065; found 183.0063
1

H NMR (500 MHz, d6-DMSO) δ: 8.36 (t, J = 2.30 Hz, 1H, aromatic C2-H), 8.04 (dd, J = 8.72, 2.17 Hz,

1H, aromatic C6-H), 7.20 (dd, J = 8.71, 0.99 Hz, 1 H, aromatic C5-H)
13

C NMR (125 MHz, d6-DMSO) δ: 166.04 (COOH), 155.98 (C4), 137.11 (J = 16.25 Hz, C3), 135.89 (C6),

127.24 (C2), 122.11 (C1), 119.66 (C5)
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Figure 3.18. 1H-NMR spectrum of [15N]-4-hydroxy-3-nitrobenzoic acid in d6-DMSO (500 MHz)

Figure 3.19. 13C-NMR spectrum of [15N]-4-hydroxy-3-nitrobenzoic acid in d6-DMSO (125 MHz)
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[15N]-3-amino-4-hydroxybenzoic acid
COOH

15NH

2

OH

The synthesis of [15N]-3-amino-4-hydroxybenzoic acid was accomplished by following the procedure
previously reported by Xiao.12
A mixture of [15N]-4-hydroxy-3-nitrobenzoic acid (100 mg, 0.543 mmol) and Pd/C (10 mg, 10 weight %)
was stirred in 1 mL methanol at room temperature under an atmosphere of H2 using a balloon overnight.
The reaction mixture was filtered through Celite and the filtrate was concentrated in vacuo to afford [15N]3-amino-4-hydroxybenzoic acid (70 mg, 0.454 mmol, 84%) as a dark brown-black solid.
HRMS (ESI): calc’d for C7H615NO3- [M-H]-, 153.0324; found, 153.0324
1

H NMR (500 MHz, d6-DMSO) δ: 7.21 (t, J = 2.05 Hz, 1H, aromatic 2-H), 7.06 (dd, J = 8.2, 2.1 Hz, 1H,

aromatic 6-H), 6.67 (d, J = 8.15 Hz, 1H, aromatic 5-H)
13

C NMR (125 MHz, d6-DMSO) δ: 168.01 (COOH), 148.19 (C4), 136.29 (d, J = 12 Hz, C3), 122.32 (C6),

118.95 (C1), 115.16 (C5), 113.49 (C2)

Figure 3.20. MS spectra of sample shows 99% enrichment in 15N as analyzed by HRMS.
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Figure 3.21. 1H-NMR spectrum of [15N]-3,4-AHBA in d6-DMSO (500 MHz)

Figure 3.22. 13C-NMR spectrum of [15N]-3,4-AHBA in d6-DMSO (125 MHz)
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3.4.14 Chemical synthesis procedure and characterization data for [15N]-3,2,4-AHMBA
CO2Me
OH

MWI, 400 W
Ca(15NO3)2
AcOH

OMe

11.8 %

CO2Me

15N

O

CO2H

CO2H

OH

LiOH

OH

THF/H2O

15N

OMe O

O

OMe O

OH

Pd(C), H2

15NH

MeOH

2

OMe

100% yield over
two steps

Figure 3.23. General scheme for synthesis of [15N]-3-amino-2-hydroxy-4-methoxybenzoic acid
Methyl 2-hydroxy-4-methoxy-3-[15N]nitrobenzoate
CO2Me
OH
15N

O

OMe O

A mixture of methyl 2-hydroxy-4-methoxybenzoate (1.00 g, 5.49 mmol) and [15N]-Ca(NO3)2 (1.80 g, 11.0
mmol) in 5 mL of glacial acetic acid was heated at 400 MW power in a domestic microwave for 30 s. Five
mL of ice-cold water was then added, and the reaction mixture was incubated in an ice-water bath for 30
min. The solid was then filtered, washed with 20 mL of ice-cold water, and dried in vacuo to afford methyl
2-hydroxy-4-methoxy-3-[15N]nitrobenzoate (147.7 mg, 0.6500 mmol, 11.8%) as a pale yellow solid.
HRMS (ESI): calc’d for C9H1015NO6+ [M+H]+, 229.0473; found, 229.0469
1

H NMR (500 MHz, d6-DMSO) δ: 11.09 (s, 1H, -OH), 7.96 (d, J = 9.09 Hz, 1H, aromatic C6-H), 6.92 (d,

J = 9.14 Hz, 1H, aromatic C5-H), 3.96 (s, 3H), 3.91 (s, 3H)
13

C NMR (125 MHz, d6-DMSO) δ: 167.78 (COOCH3), 155.37 (C4), 152.25 (C2), 133.07 (C6), 130.6 (d, J

= 17.5 Hz, C3) 107.51 (C1), 104.30 (C5), 57.23 (OCH3), 52.75 (COOCH3)
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Figure 3.24. 1H-NMR spectrum of methyl 2-hydroxy-4-methoxy-3-[15N]nitrobenzoate in d6-DMSO
(500 MHz)

Figure 3.25. 13C-NMR spectrum of methyl 2-hydroxy-4-methoxy-3-[15N]nitrobenzoate in d6-DMSO
(125 MHz)
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2-Hydroxy-4-methoxy-3-[15N]nitrobenzoic acid
CO2H
OH
15N

O

OMe O

The synthesis of 2-hydroxy-4-methoxy-3-[15N]nitrobenzoic acid was accomplished by following the
procedure previously reported by Varley et al except for the use of 15N-labeled substrate.8
To a solution of methyl 2-hydroxy-4-methoxy-3-[15N]nitrobenzoate (140 mg, 0.613 mmol) in THF (28 mL)
and water (7 mL) was added solid LiOH (805 mg, 33.7 mmol). The resulting reaction mixture was heated
under reflux with stirring overnight. After cooling to room temperature, the mixture was acidified to pH 2
with concentrated HCl and then extracted with dichloromethane (3 x 25 mL). The organic extracts were
combined, dried over Na2SO4, and concentrated to yield 2-hydroxy-4-methoxy-3-[15N]nitrobenzoic acid as
a pale yellow solid which was used without further purification.
HRMS (ESI): calc’d for C8H615NO6– [M-H]–, 213.0171; found, 213.0175
1

H NMR (500 MHz, d6-DMSO) δ: 7.95 (d, J = 9.04 Hz, 1H, aromatic C6-H), 6.87 (d, J = 9.08 Hz, 1H,

aromatic C5-H), 3.94 (s, 3H, CH3)
13

C NMR (125 MHz, d6-DMSO) δ: 171.25 (COOH), 155.77 (C4), 154.19 (C2), 133.68 (d, J = 5 Hz, C6),

130.61 (d, J = 17.5 Hz, C3), 108.07 (C1), 104.03 (C5), 57.59 (d, J = 10.0 Hz, CH3)
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Figure 3.26. 1H-NMR spectrum of 2-Hydroxy-4-methoxy-3-[15N]nitrobenzoic acid in d6-DMSO (500
MHz)

Figure 3.27. 13C-NMR spectrum of 2-Hydroxy-4-methoxy-3-[15N]nitrobenzoic acid in d6-DMSO (125
MHz)
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[15N]-3-Amino-2-hydroxy-4-methoxybenzoic acid
CO2H
OH
15NH

2

OMe

The synthesis of [15N]-3-amino-2-hydroxy-4-methoxybenzoic acid was accomplished by following the
procedure previously reported by Varley et al except for the use of 15N-labeled substrate.8
To a crude solution of 2-hydroxy-4-methoxy-3-[15N]nitrobenzoic acid in EtOH (15 mL) was added Pd/C
(70 mg, 10 weight %). The reaction mixture was vigorously stirred under an atmosphere of H2 overnight.
The mixture was then filtered through Celite, and the Celite was rinsed with EtOH (100 mL) to elute the
desired compound. The filtrate was concentrated in vacuo to yield [15N]-3-amino-2-hydroxy-4methoxybenzoic acid (113.8 mg, quantitative yield over two steps) as a dark brown solid.
HRMS (ESI): calc’d for C8H1015NO4+ [M+H]+, 185.0575; found, 185.0575
1

H NMR (500 MHz, d6-DMSO) δ: 7.14 (d, J = 8.90 Hz, 1H, aromatic C6-H), 6.51 (d, J = 8.85 Hz, 1H,

aromatic C5-H), 3.82 (s, 3H, CH3)
13

C NMR (125 MHz, d6-DMSO) δ: 172.94 (COOH), 152.03 (C4), 149.91 (C2), 124.12 (J = 11.3 Hz, C3),

118.94 (C6), 107.21 (C1), 102.7 (C5), 56.10 (CH3)

Figure 3.28. MS spectra of sample shows 99% enrichment in 15N as analyzed by HRMS
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Figure 3.29. 1H-NMR spectrum of [15N]-3,2,4-AHMBA in d6-DMSO (500 MHz)

Figure 3.30. 13C-NMR spectrum of [15N]-3,2,4-AHMBA in d6-DMSO (125 MHz)
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4
4.1

Chapter 4. Discovery and characterization of CreD and CreE as a nitrite-generating system
Introduction

This introduction section was adapted in part from previously published work.1

Having elucidated the order of events in cremeomycin biosynthesis and determined that 3,2,4-AHMBA
was the substrate for the key diazotization reaction, we next focused on discovering and characterizing the
enzyme(s) involved in catalyzing this transformation. Our investigations were informed by both an
understanding of synthetic methods for diazo group construction in organic synthesis, as well as previous
investigations of azamerone biosynthesis performed by the Moore group (Scheme 4.2 and Section
1.2.4.2).2,3

Synthetic chemists have developed numerous methods for diazo group installation, including approaches
involving C–N and N–N disconnection strategies.2,4,5 These methods include Regitz diazo transfer to
activated methylenes, base-promoted elimination of sulfonylhydrazones, dehydrogenation of hydrazones,
diazotization of α-acceptor substituted amines, base-catalyzed rearrangement of N-alkyl-N-nitroso
compounds, and most recently, the fragmentation of triazenes which can now be accessed by the treatment
of azides with phosphinoesters. We considered each of these synthetic methods and how the reactivity,
biological availability of required functional groups, and reaction conditions may relate to diazotization in
a biological setting by enzymatic catalysis.

Of the many synthetic methods employed to install diazo groups into small molecules, nitrite-based
diazotization of anilines appeared particularly relevant to cremeomycin biosynthesis given the biological
availability of nitrite (vide infra) and our discovery of the aniline 3,2,4-AHMBA as the substrate for
diazotization.6-9 Synthetic methods for nitrite-based diazotization of anilines involve acidic conditions (pH
~1) in order to activate nitrite and promote subsequent dehydration reactions. Importantly, we envisioned
that this type of chemistry could be achievable in a biological setting using acid-base catalysis carried out
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by an enzyme. Notably, the total synthesis of cremeomycin involved late-stage diazotization of 3,2,4AHMBA with nitrite, lending support to this mode of reactivity.10 Several other transformations involving
azides or triazene fragmentation seemed less likely given the rarity of these functional groups in biological
small molecules.

Scheme 4.1 Synthetic methods for synthesis of the diazo functional group
(i) Regitz diazo transfer to activated methylenes, (ii) base-promoted elimination of sulfonylhydrazones,
(iii) dehydrogenation of hydrazones, (iv) diazotization of α-acceptor substituted amines, (v) basecatalyzed rearrangement of N-alkyl-N-nitroso compounds (vi) fragmentation of triazenes accessed by
the treatment of azides with phosphinoesters.
Additionally, previous feedings studies with the azamerone producer Streptomyces sp. CNQ-766
demonstrated selective and high-level incorporation (>75%) of a single [15N]-label from both [15N]-nitrate
or [15N]-nitrite into the distal nitrogen atom of the diazo group of the diazo-containing biosynthetic
precursor A80915D (Section 1.2.4.2)3. Feeding of [15N]-ammonium and [15N2]-hydrazine resulted in 7%
and 0% incorporation, respectively, of the [15N]-label into A80915D. Collectively, these considerations and
experimental results led us to propose that nitrite was involved in the diazotization of 3,2,4-AHMBA to
afford cremeomycin.
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While nitrite is an essential intermediate in the biological nitrogen cycle (vide infra) and is involved in
critical cell signaling and redox-sensing pathways mediated by protein S-nitrosylation, it has been proposed
exceedingly rarely as an intermediate in natural product biosynthetic pathways.11,12 However, recent focus
and investigation on various N–N bond-containing natural products has resulted in multiple proposals for
nitrite as a biosynthetic intermediate (Scheme 4.2). Prior to this work, nitrite had been proposed as a
biosynthetic intermediate in several types of pathways although experimental evidence is lacking.13 Natural
products containing various N–N bonds including N-nitroso (streptozotocin, alanosine), N-nitro (Nnitroglycine), and hydrazide derivatives (agaritine, agaritinal), have been suggested to arise through the
generation of the electrophilic nitrosonium ion (NO+) from nitrite which is then attacked by an amine
nucleophile to forge the N–N bond and provide an N-nitroso compound.13-16 This N-nitroso compound can
be subsequently oxidized to the N-nitro or reduced to the hydrazine followed by further modifications to
afford various N–N bond-containing natural products (Scheme 4.2). It has been proposed that nitrate
reductases that are common in Streptomyces may provide the source of nitrite for these N–N bond forming
transformations.13 As described above, experimental evidence from feeding studies support the involvement
of nitrite in azamerone biosynthesis. More recently, investigations of the fosfazinomycin biosynthetic
pathway have also suggested that nitrite is involved in hydrazide formation with the identification nitriteproducing enzymes from the fzm gene cluster (Section 1.2.2.1 and Section 4.2.10).17 Finally, very recently,
the discovery and initial characterization of the fragin and valdiazen biosynthetic pathways have led to the
proposal that nitrite derived from p-nitrobenzoic acid may be involved in construction of the N-hydroxy-Nnitroso moieties present in these two natural products.18
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Chapter 4 describes our discovery and characterization of a novel nitrite-generating pathway involving two
cremeomycin biosynthetic enzymes CreD and CreE. These enzymes catalyze the formation of nitrite from
L-aspartate (Scheme 5.2). The nitrite produced by CreD and CreE is proposed to be the source of the distal
nitrogen atom of the diazo group in cremeomycin. The Ohnishi group simultaneously and independently
discovered and characterized the cremeomycin biosynthetic pathway, including an investigation of the
nitrite-generating enzymes CreD and CreE, as well as structural characterization of CreD.19 Efforts of the
Ohnishi group will be discussed at the end of the Results and Discussion section (Section 4.2.10).
Additionally, the van der Donk group characterized the CreD and CreE homologs FzmL and FzmM,
respectively, from the fosfazinomycin biosynthetic pathway and demonstrated they also produce nitrite
from L-aspartate. The work from the van der Donk will be similarly discussed at the end of the Results and
Discussion section (Section 4.2.10).
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CreD
O
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CO2H

+
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Scheme 4.3 CreD and CreE catalyze the formation for nitrite from L-asparate

The following three sections of this introduction provide a review of 1) known major sources of nitrite in
biological systems, 2) degradation of nitroaromatic compounds to release nitrite, and 3) biosynthesis of
nitro groups in natural products. Our understanding of known nitrite-producing pathways in bacteria
provided initial hypotheses for how the cremeomycin pathway may generate the nitrite proposed to be
involved in diazotization. An inability to detect these activities within the cre biosynthetic gene cluster
and/or the S. cremeus genome led us to propose a novel pathway for nitrite generation involving the
generation and cleavage of a nitro group from amino acid precursor.
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4.1.1

Biological systems for nitrite production in living systems

Known pathways for nitrite generation in bacteria primarily involve major pathways of the nitrogen cycle
including pathways for 1) assimilation of nitrogen through nitrate reduction to ammonium (‘assimilatory’
pathway), 2) reduction of nitrate to nitrite and further reduction without assimilation of nitrogen
(‘dissimilatory’ pathway), 3) respiration using nitrate as the terminal electron acceptor, and 4) oxidation of
ammonia to nitrite in the nitrification process (Figure 5.1).6-9 While nitrification is performed by specialized
‘nitrifying’ bacteria20 and archaea21 (ammonia oxidizing bacteria = Nitrosomonas, Nitrosococcus,
Nitrosospira; ammonia oxidizing archaea = Nitrosopumilus, Nitrososphaera) that represent a narrow
phylogenetic group of environmental organisms, the processes of nitrate respiration and reduction of nitrate
to ammonium for assimilation are fairly widespread in bacteria, including Streptomyces.22-24 It is possible
that one of these known systems may be able to generate nitrite in S. cremeus. However, given that nitrite
generated in these pathways is generally consumed by further downstream processes of the global nitrogen
cycle, we hypothesized that these systems would not be the direct source of nitrite in cremeomycin
biosynthesis. Nevertheless, we searched both the cre gene cluster and the S. cremeus genome for these
pathways to determine if they could be candidates for generating the nitrite hypothesized to be required for
diazo group formation. Below we provide a brief description of these bacterial nitrite-generating pathways
and our analysis of their presence in the S. cremeus genome.
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Figure 4.1. Major pathways of the nitrogen cycle that involve nitrite
AMO = ammonia monooxygenase, HAO = hydroxylamine oxidoreductase, NOR/NXR = nitrite
oxidoreductase.
The two electron reduction of nitrate to nitrite is performed by three major classes of bacterial nitrate
reductases that all contain a bispterin molybdenum cofactor (Figure 1.6A). These classes of nitrate
reductases have been assigned based on their physiological function, location within the cell, and nature of
the metallocofactor environment (Figure 1.6B).8,9,24,25 The nitrogen assimilatory pathway (Nas), which
catalyzes the full eight electron reduction of nitrate to ammonium for incorporation into amino acids, uses
nitrate reductases of the ‘Nas’ family for the conversion of nitrate to nitrite. These reductases are
cytoplasmic, two enzyme systems that involve electron transfer from NAD(P)H to a flavin-containing
protein (e.g. NasC). The NasC protein then transfers electrons to the partner reductase protein (e.g. NasA),
which contains iron sulfur clusters (both 2Fe-2S and 4Fe-4S), and ultimately the bispterin molybdenum
cofactor that catalyzes the two electron reduction of nitrate to nitrite. The ‘Nap’ family of nitrate reductases
are involved in nitrogen dissimilation. In this pathway, nitrate is reduced to nitrite, which is then excreted
or reduced further, but importantly, is not incorporated into biomass. The nitrite may be reduced to either
dinitrogen (denitrification pathway) or reduced further to ammonium which is then excreted. The Nap
nitrate reductases are also two-component systems, but both components are located in the periplasm and
are not membrane anchored. A heme-containing electron transfer protein (e.g. NapB) of this system is
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believed to obtain electrons from membrane-anchored, heme-containing proteins and subsequently transfer
them to the iron-sulfur cluster and molybdenum-containing nitrate reductase (e.g. NapA) for subsequent
nitrate reduction. Finally, the ‘Nar’ family of nitrate reductases are involved in nitrate respiration, whereby
nitrate is used as a terminal electron acceptor for energy conservation. The electron transport chain that
delivers electrons to nitrate is used to establish an electrochemical potential across the membrane that drives
ATP synthesis. The nitrite generated in this process has a similar fate to the nitrite generated from the Nap
nitrate reductases discussed above, it can be excreted or further reduced to dinitrogen or ammonium, but is
not incorporated into biomass. The Nar family of nitrate reductases are three-component systems involving
two electron transfer proteins and one nitrate reductase. A membrane-embedded heme-containing quinol
dehydrogenase (e.g NarI) oxidizes membrane bound quinols and delivers these electrons to an iron-sulfur
cluster containing partner protein (e.g. NarH) which subsequently transfers the electrons to the
molybdenum-containing nitrate reductase (NarG). Both the iron-sulfur cluster containing transfer protein
and the molybdenum-containing nitrate reductase are located within the cytoplasm.

Structural and biochemical studies have resulted in mechanistic proposals for nitrate reduction that differ
among characterized members including the oxidation state of the molybdopterin cofactor at various points,
the timing of electron and proton transfer steps, and the mechanism of electron transfer to the molybdopterin
cofactor.8,26,27 A proposed mechanism of E. coli NapA is shown in (Figure 1.6A).8 The NapA molybdopterin
cofactor is initially in the +5 state which binds nitrate. Transfer of a single electron generates a nitrate bond
+4 state. This intermediate collapses with N–O bond cleavage to afford nitrite and the oxidized +6 state of
the molybdopterin cofactor which is subsequently protonated and reduced by a single electron to restore
the resting state of the enzyme.
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Figure 4.2. Proposed mechanism and classification of nitrate reductases
A) Proposed mechanism of nitrate reduction by E. coli NapA. B) Three classes of bacterial nitrate
reductases and the fate of nitrite in each pathway.
Streptomyces species are known to encode both the assimilatory nitrate reductases (Nas) and the respiratory
nitrate reductases (Nar), however, the periplasmic Nap nitrate reductases are so far restricted to Gramnegative bacteria as Gram-positive bacteria lack a periplasm.22,23,28,29 We performed local BLAST searches
for homologs of the Nas, Nap, and Nar systems in the S. cremeus genome to determine whether this
organism possessed these nitrite-generating pathways. A summary of our analysis, including percent amino
acid identity and query coverage, is presented in Table 2.3. This search demonstrated that S. cremeus may
encode a functional assimilatory nitrate system (Nas), although the hits for NasA and NasC had relatively
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low sequence identity (~35%) and query coverage (~80%). While we could not initially rule out that this
Nas system provides the nitrite putatively involved in our biosynthetic hypothesis, experiments described
below (Section 4.2.1) suggest either that these hits do not represent true NasA and NasC homologs, or that
this system is non-functional under laboratory conditions. The S. cremeus genome does not appear to
encode either a nitrate dissimilatory system (Nap) or a nitrate respiratory system (Nar). Hits were obtained
for the respiratory nitrate reductase system (NarGHI), however sequence identity and query coverage were
extraordinarily low (sequence identity = 20 – 50%; query coverage = < 20%), suggesting these hits are not
true, functional homologs. Similarly, a hit was obtained for NapA of the nitrate dissimilatory pathway,
however the sequence identity and query coverage were low (sequence identity = 25.3%, query coverage =
63.3%). No hit was obtained for the NapB protein.

Table 4.1 BLAST searches of S. cremeus genome for Nas, Nap and Nar systems
Uniprot accession numbers provided for protein homolog queries.
Protein
homolog
Assimilatory
(Nas)
Dissimilatory
(Nap)

Respiratory
(Nar)

NasA
(Q06457)
NasC
(Q48467)
NapA
(P33937)
NapB
(P0ABL3)
NarG
(P09152)
NarH
(P11349)
NarI
(P11350)

Hit in S. cremeus genome

% identity (amino acid
level), % query coverage

SCREM_02836

34.4, 78.2

SCREM_02834

36.2, 82.6

SCREM_03051

25.3, 63.3

-

-

-

-

-

-

-

-
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In addition to the reductive branches of the nitrogen cycle, the oxidative nitrification pathway, which
catalyzes the eight electron oxidation of ammonium to nitrate, could potentially provide nitrite.7,30 The first
step of this pathway is catalyzed by specialized ‘ammonia-oxidizing bacteria’ (AOB) of the Nitrosomonas,
Nitrosococcus, and Nitrosospira genera, as well as ‘ammonia-oxidizing archaea’ (AOA) including
Nitrosopumilus and Nitrososphaera. These organisms catalyze the six-electron oxidation of ammonium to
nitrite. Subsequently, different bacteria known as ‘nitrite-oxidizing bacteria’ (NOB) of the Nitrobactera,
Nitrospina, Nitrococcus, and Nitrospira genera catalyze the two-electron oxidation of nitrite to nitrate.
Historically, the study of nitrification had shown that the nitrification pathway always occurred through the
collective action of both AOB/AOA and NOB. However, a single Nitrospira bacteria capable of catalyzing
the entire eight electron oxidation of ammonium to nitrate was recently discovered.31,32

In the ammonia oxidation step, the copper- and oxygen-dependent heterotrimeric enzyme ammonia
monooxygenase oxidizes ammonia by two electrons to give hydroxylamine.33 Hydroxylamine subsequently
undergoes a three electron oxidation to nitric oxide catalyzed by the homotrimeric multiheme protein
hydroxylamine oxidoreductase.34 An unidentified enzyme is then believed to catalyze the oxidation of nitric
oxide to nitrite. Given the extremely narrow phylogenetic distribution of AOB, it appeared highly unlikely
that the distantly related S. cremeus would be capable of ammonia oxidation via this nitrification pathway.
Nevertheless, we searched the genome of S. cremeus for ammonia monooxygenase- and hydroxylamine
oxidoreductase-encoding genes. No homologs of the three components of the ammonia monooxygenase
complex nor the hydroxylamine oxidoreductase were identified, suggesting that S. cremeus is not capable
of catalyzing ammonia oxidation via the nitrification pathway. Overall, this analysis suggests that one
known major pathway for nitrite production in biological systems may be operative in S. cremeus, the
nitrate assimilatory pathway that involves the Nas nitrate reductase homologs NasA and NasC.
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4.1.2

Degradation of nitroaromatic compounds

In addition to the pathways involved in the global nitrogen cycle, there are additional, lesser-known routes
for nitrite production in biological systems. These pathways involve the degradation of nitroaromatic
compounds to release nitrite and desnitro aromatic compounds that bacteria can further metabolize for use
as nitrogen, carbon and energy sources.35,36 The electron withdrawing nature of the nitro group makes
nitroaromatic compounds recalcitrant to oxidative metabolism, therefore bacteria have evolved enzymes to
remove the nitro group, thus providing suitable substrates for downstream oxidative chemistry. This
evolution has allowed bacteria to grow on nitroaromatic compounds as their sole nitrogen, carbon and
energy source.37 Bacteria accomplish nitro group removal using a variety of different enzymes including
metallocofactor-dependent monooxygenases and dioxygenases, flavin-dependent oxidoreductases, and
flavin-dependent nitroreductases.35,36,38,39 These enzymes can either oxidatively or reductively remove the
nitro group through C–N bond cleavage, providing nitrite and aromatic by-products that have been
oxygenated or reduced by a hydride equivalent, respectively (Scheme 4.4A and B). There is an additional
enzyme family capable of nitroaromatic compound degradation that does not release nitrite. These flavindependent nitroreductases catalyze the six electron reduction of nitro groups into amino groups and can be
classified based on their mechanism, involving either two- or one-electron chemistry, and their sensitivity
to oxygen.40
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Scheme 4.4 Pathways for nitroaromatic compound degradation
A) Oxidative nitrite removal catalyzed by metallocofactor-dependent monooxygenases and
dioxygenases. B) Reductive nitrite removal catalyzed by flavin-dependent oxidoreductases. C) Flavindependent nitroreductases catalyze the reduction of the nitro group to the amine and do not release nitrite.
We envisioned the possibility that the cre gene cluster might encode an enzyme capable of catalyzing the
removal of a nitro group from a nitroaromatic compound to provide nitrite. Our bioinformatic analysis of
the cre gene cluster did reveal one enzyme predicted to be involved in nitroaromatic compound degradation.
However, CreA is homologous to FMN-dependent nitroreductase enzymes, and thus is predicted to degrade
its putative nitro-containing substrate through nitro group reduction and not nitrite elimination. Thus, we
proposed that unknown, novel enzyme(s) within the cre gene cluster were capable of generating nitrite,
potentially through the production of a nitro group-containing biosynthetic intermediate.

4.1.3

Nitro group formation in natural product biosynthesis

Natural products containing a nitro group comprise a family of greater than 200 members and exhibit a
wide range of structural diversity.41 These compounds display varied bioactivities including antibacterial,
antifungal, and antiproliferative effects. Synthetic methods for installing nitro groups include the sixelectron oxidation of amines and the direct nitration of aromatic compounds via electrophilic aromatic
substitution, among other recently developed methods (Figure 4.3).42 Electrophilic aromatic nitration is by
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far the most common method, especially on industrial scale, as the generation of oxidized by-products is
less problematic compared with the oxidation of amines. Controlling the regioselective oxidation at
nitrogen can be challenging, especially on aromatic scaffolds. Furthermore, the generation of reactive
nitrogen intermediates e.g. nitroso functional groups during N-oxygenation can lead to non-productive
chemistry such as dimerization and azoxy formation. While direct nitration avoids many of these problems,
it a hazardous and environmentally-unfriendly reaction as it uses large excesses of nitric and sulfuric acids
which pose significant safety risks.42,43

O
N
O

N–O bond
disconnection

NH 2

6e - N-oxidation
Commonly used in biosynthesis
O
N

O

C–N bond
disconnection
+ [NO 2+]

Electrophilic
aromatic nitration
Commonly used in organic synthesis

Figure 4.3. Logic of nitro group installation in organic synthesis versus biosynthesis

Due to their relevance to human health and the environment, the biosynthesis, degradation, and
bioactivation of nitro compounds has been extensively studied.37-40,44 An understanding of the biosynthetic
pathways that install nitro groups in natural products could provide enzymatic routes to this functional
group that may be attractive alternatives to current synthetic methods. The biosynthesis of nitro-containing
natural products has been the subject of several excellent reviews.41,45,46 Over the last decade, researchers
have obtained deeper mechanistic insights into known nitro group forming-enzymes and uncovered
additional pathways for constructing this functional group.
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Below we provide an update of our current understanding of nitro group biosynthesis. Current experimental
evidence reveals two main strategies for nitro group construction that parallel methods used in synthetic
chemistry: oxidation of amines and direct nitration of aromatic scaffolds. The following section is divided
by the type of biosynthetic logic used in nitro group formation (N-oxygenation vs. electrophilic nitration)
and further subdivided according to enzyme class.

4.1.3.1

N-oxygenation

Our current understanding of nitro group biosynthesis points toward the six-electron N-oxidation of amines
as the most common strategy used for the construction of this functional group. Before nitro group-forming
enzymes were discovered, the isolation of amine congeners alongside nitro group-containing products
provided a strong clue that N-oxidation was involved. At present, non-heme di-iron oxygenases, Rieske
non-heme mononuclear iron oxygenases, flavin-dependent monooxygenases, and cytochrome P450s are all
known to oxidize amines to nitro groups. Additionally, an unknown N-oxygenase enzyme is believed to
participate in 3-nitropropanoic acid biosynthesis. Access to multiple different enzyme classes capable of
nitro group formation should prove useful in biocatalysis and synthetic biology applications.

4.1.3.2

Non-heme di-iron enzymes

Oxidoreductases containing a non-heme di-iron metallocofactor catalyze a diverse range of challenging
oxidative reactions, including hydroxylation of unactivated carbon centers, desaturation of alkanes, Noxygenation, and epoxidation of alkenes (Scheme 4.5).47,48 These enzymes utilize an oxygen-bridged diiron cofactor, with each iron subsite ligated by histidine and acidic residues (aspartate and glutamate), to
activate molecular oxygen and affect subsequent oxidation reactions. Oxygen activation occurs upon
oxidative addition of O2 to the Fe2II/II center, with the di-iron center delivering two electrons to O2 to generate
a bridging, µ-(hydro)peroxo-Fe2III/III species. Interestingly, spectroscopic characterization of this
intermediate in several systems has revealed structural differences that may be important for catalyzing
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these diverse oxidative transformations.48 In some cases, this µ-(hydro)peroxo-Fe2III/III species has been
shown to be a competent oxidation catalyst, however, in other systems this intermediate is further
transformed to high-valent iron-oxo species, including the Fe2IV/IV complex of soluble methane
monooxygnease. Both types of intermediates subsequently catalyze oxidation of the substrate, completing
a net four-electron reduction of O2 in which two electrons came from the substrate and two from the initial
Fe2II/II center.

O
FeIV

FeIV

C–H hydroxylation,
desaturation

O

O2
FeII

FeII

ligands = histidine
aspartate, glutamate

O
FeIII

O
FeIII

µ-(hydro)peroxo-Fe2III/III

N-oxygenation,
epoxidation

Scheme 4.5 Proposed peroxo-Fe2III/III and bis-µ-oxo Fe2IV/IV species involved in diverse reactions
catalyzed by non-heme di-iron enzymes

The reaction with substrate typically generates a stable Fe2III/III species. Thus, to complete the catalytic cycle
and regenerate the oxygen-reactive Fe2II/II species, two external electrons must be provided. The electron
delivery system varies between enzymes, but generally uses reduced nicotinamide cofactors as the external
electron source. Recently, characterization of the non-heme di-iron nitro-forming N-oxygenases AurF and
CmlI has suggested two novel mechanisms that differ from typical di-iron oxidoreductases in terms of their
reaction stoichiometry and requirement for external electrons. In depth biochemical, spectroscopic, and
structural investigations of these enzymes have provided the most detailed insights of nitro group
biosynthesis obtained to date.

The nitro-forming enzyme AurF, which participates in aureothin (1) biosynthesis, was the first non-heme
di-iron N-oxygenase to be discovered.49,50 Aureothin is a polyketide natural product isolated in 1953 from
Streptomyces thioluteus that exhibits antitumor, antifungal and insecticidal properties.51-53 Feeding studies
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confirmed its polyketide origin and suggested that the nitro group likely derived from the oxidation of paminobenzoic acid (PABA, 2) to p-nitrobenzoic acid (PNBA, 3) (Scheme 4.6).54-58 Subsequent discovery
of the aur gene cluster revealed the presence of PABA synthase genes, but no candidate N-oxygenase was
identified.59 Expression of the aureothin (aur) gene cluster in S. lividans ZX1 and systematic gene deletion
experiments demonstrated that AurF was responsible for generating PNBA.50 Conversion of 2 to 3 could
also be reconstituted in vivo in S. lividans ZX1 and E. coli when AurF was overexpressed, further supporting
its role as the nitro-forming enzyme.50,60 This enzyme represented a novel type of nitro-forming Noxygenase and was only the second enzyme after PrnD (vide infra) identified to catalyze nitro formation
via amine oxidation.
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Scheme 4.6 Oxidation of PABA to PNBA by AurF in the biosynthesis of aureothin

After this initial discovery, many subsequent studies aimed at characterizing the mechanism and structure
of AurF appeared, with contributions from the Hertweck, Schulz, Zhao, Krebs, and Bollinger groups.49,60-
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In particular, the nature of the binuclear metallocofactor and the mechanism of oxidation were debated.

An initial analysis of the AurF sequence revealed two copies of an EX28-37DEXXH motif that is conserved
among several non-heme di-iron oxygenases.60 The first experimental evidence for a di-iron active site
came from inductively coupled plasma mass spectrometry (ICP-MS) atomic emission spectrometric
analysis of inactive AurF purified from E. coli.60 This analysis showed an average iron-to-enzyme ratio of
2.18, which is in close agreement with the expected value for a di-iron enzyme. Subsequently, additional
proposals were put forth claiming AurF contained a di-manganese or an iron-manganese cofactor.61-63,67
More recently, several avenues of investigation conclusively demonstrated that AurF is a di-iron containing
enzyme.64-66 When E. coli was supplemented with various ratios of iron and manganese, the relative in vitro
activity of purified AurF decreased as the manganese content of its cofactor increased.64 Only 5.8% relative
activity was seen with AurF preparations containing a 0.1:1.9 Fe:Mn ratio per AurF monomer compared
with 100% relative activity for preparations containing a 2.2:0.0 Fe:Mn ratio per AurF monomer. Nitroforming activity with di-iron AurF could be reconstituted in vitro using both a chemical reductant system
consisting of ascorbate and phenazine methosulfate, as well as an enzyme-based system involving NADPH
and a Fd/Fr reductase system from Anabaena sp. PCC 7119. The specific activity seen in vitro with di-iron
AurF is 40-50x higher than that reported for di-manganese AurF.61,63,64

Crystal structures of AurF reconstituted both with a di-manganese and di-iron metallocofactor exhibit
significant differences in the active site architectures that are consistent with the highly attenuated activity
of Mn-reconstituted AurF.62,64 The active site of di-iron AurF is located within the core of a four helix
bundle and is bound by four glutamate and three histidine residues (Figure 4.4). While global structure
features are conserved between the two structures, di-manganese AurF contains a smaller, more collapsed
active site that may prevent binding of 2, leading to the difference in observed activity.64
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Several possible mechanisms have been put forth for the AurF-catalyzed six-electron oxidation of 2 to 3
(Scheme 4.7). Formation of the two-electron oxidized product p-hydroxyaminobenzoic acid (4) has been
detected in vitro and in vivo. While the four-electron oxidized product p-nitrosobenzoic acid (5) has been
detected in vitro, the assertion that its formation is enzyme-catalyzed has been challenged.49,64,65 These
compounds are potential intermediates in several of the proposed mechanisms. The first two possibilities
described both invoke three sequential two-electron oxidations, but the transformations involved differ
(Scheme 4.7A). The first proposed mechanism (Path A) employs three sequential monooxygenation
reactions that each oxidize the substrate by two electrons and require an equivalent of molecular oxygen.49
PABA is first oxidized to 4 and then hydroxylated again to afford the N,N-dihydroxylated intermediate 6,
which undergoes dehydration to generate 5. This nitroso-containing intermediate 5 is subsequently
hydroxylated to give PNBA. A second mechanism (Path B) was later proposed based upon studies of an
unrelated nitro-forming enzyme, the Rieske non-heme mononuclear iron oxygenase PrnD.60 Path B differs
from Path A in that it involves two monooxygenation reactions and one dehydrogenation. An initial
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monooxygenation would still convert PABA to 4, but dehydrogenation would provide 5 directly. A final
hydroxylation step would then afford PNBA.
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Scheme 4.7 Initial proposed mechanisms for N-oxygenase AurF
A) Proposed mechanisms and B) reaction stoichiometries of the AurF-catalyzed oxidation of PABA (2)
to PNBA (3).
The results of 18O2 labeling experiments argued against Path A as the route for nitro group formation.60
When unlabeled 4 was added to AurF-expressing cells grown under an atmosphere of 18O2 the resulting
PNBA showed incorporation of only one heavy atom of oxygen. These results suggested that only one
monooxygenation reaction had occurred and supported a route involving a dehydrogenation step. If AurF
oxidized 4 via Path A, the resulting PNBA would be expected to be a mixture containing one and two
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incorporations of

18

O, unless AurF dehydrates dihydroxy intermediate 6 selectively to provide a single

isotopologue of PNBA.

More recently, evidence from in vitro enzyme assays and spectroscopic studies has supported a different
mechanism (Path C) involving a distinct stoichiometry (Scheme 4.7).65 The spectroscopic analyses also
revealed an unusual peroxo di-iron species involved in N-oxygenation.65,66 Analysis of a mixture containing
reduced Fe2II/II AurF and O2 by UV/Vis and Mössbauer spectroscopy revealed an exceptionally long-lived
intermediate (t1/2 ~ 7 min at 20 °C) proposed to be a peroxo-Fe2III/III species.66 Based on spectral comparisons
the geometry of this peroxo-Fe2III/III species (7) likely differs from the more canonical cis-µ-1,2(µ-h1:h1)peroxo arrangement proposed in several related enzymes, including ribonucleotide reductase subunit R2
and stearoyl acyl carrier protein D9 desaturase (Figure 4.4). It has been proposed that 7 adopts a µ-1,1hydroperoxo arrangement, which may activate the distal oxygen atom for attack by PABA.66 Addition of
PABA or PHABA to assay mixtures containing 7 and excess oxygen resulted in rapid decay to a proposed
µ-oxo-Fe2III/III species (8) suggesting that peroxo-Fe2III/III AurF is involved in oxidizing these substrates.65,66
Interestingly, when ~ 0.3 equivalents of PABA was added relative to peroxo-Fe2III/III AurF in this
experiment, greater than 80% conversion to PNBA was achieved, suggesting that the peroxo-Fe2III/III is
competent for the full oxidation of PABA to PNBA.66

Further insights into the reaction stoichiometry and mechanism were gained from in vitro experiments in
which the relative amounts of substrate, O2, and AurF were precisely controlled.65 When assay mixtures
contained the intermediate 4, O2 and Fe2II/II AurF at a ratio of 1:2:0.03, respectively, greater than 95%
conversion to PNBA was observed. This unexpected result demonstrated that AurF could catalyze the fourelectron oxidation of 4 to PNBA without the input of any exogenous reducing equivalents, suggesting that
4 provides all four of the electrons required to reduce O2. Further evidence for this reaction stoichiometry
was obtained when 4, O2 and Fe2II/II AurF were mixed in a ratio of 1:1:1 and analyzed by UV/Vis absorption
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over time. Initial formation of the oxidizing peroxo-Fe2III/III species (formed from Fe2II/II reaction with O2)
was followed by rapid decay to regenerate the fully reduced Fe2II/II species, which is needed to initiate
another catalytic cycle. This experiment suggests that only one molecule of O2 is required to oxidize 4 to
PNBA.

Taken together these results support a mechanism for AurF that is very different than those proposed
previously (Scheme 4.7).49,60,65 Oxidation of PABA to PNBA begins with the two-electron oxidation of
PABA to 4, consistent with earlier proposals. This monooxygenation reaction is proposed to be catalyzed
by the µ-1,1-peroxo-Fe2III/III species via nucleophilic attack of the aniline nitrogen of PABA onto the distal
oxygen atom which generates the stable µ-oxo-Fe2III/III intermediate (Scheme 4.8A). Reduction of the µoxo-Fe2III/III species by two external electrons regenerates reduced Fe2II/II AurF. This reduced intermediate
is proposed to react with a second equivalent of O2 to again afford the µ-1,1-peroxo-Fe2III/III species, which
subsequently catalyzes the full four-electron oxidation of 4 to PNBA without requirement for any
exogenous reducing equivalents (Scheme 4.8B). The conversion of 4 to PNBA is proposed to occur via
initial nucleophilic attack of 4 onto the µ-1,1-peroxo-Fe2III/III species to afford 6, followed by a formal
dehydrogenation to give PNBA and reduced Fe2II/II AurF. 65 Thus, this proposed mechanism requires only
two molecules of O2 and two external electrons to oxidize PABA to PNBA (Scheme 4.7).49,60 Moreover,
this proposed catalytic cycle sets AurF apart from other non-heme di-iron oxidases due to the ability of the
substrate to provide all four electrons to reduce one of the equivalents of O2, thus regenerating reduced
Fe2II/II rather than an oxidized Fe2III/III species (Scheme 4.10A).48 This potential mechanism is consistent
with earlier

18

O2 labeling studies in which only one

18

PNBA.60
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Since the initial characterization of AurF, a related non-heme di-iron N-oxygenase has been discovered to
generate a nitro group via oxidation of an amine in chloramphenicol biosynthesis. Chloramphenicol (9) is
a nonribosomal peptide antibiotic isolated from Streptomyces venezuelae ISP5230 that targets both Grampositive and Gram-negative bacteria by inhibiting protein synthesis.70-74 Chloramphenicol biosynthesis has
been extensively studied due to its important biological activity and unusual structural features.75-80 As with
aureothin, feeding studies provided initial evidence that the nitro group was installed via N-oxidation, as 4amino-L-phenylalanine (10) was shown to be an intermediate.76,77 Identification of the chloramphenicol
(cml) gene cluster enabled the biochemical characterization of several biosynthetic enzymes and a proposed
order of events (Scheme 4.9).81-86 This gene cluster encodes a homolog of AurF, CmlI (34% amino acid
identity). Subsequent characterization in vitro and in vivo in a heterologous expression system demonstrated
that CmlI could convert the amino precursor, NH2-Cam (11), to chloramphenicol, confirming its role as a
nitro-forming N-oxygenase and suggesting that nitro group installation occurs as the last step in the
biosynthetic pathway following product release from the NRPS assembly line.87 Notably, this proposed
timing of nitro group formation differs substantially from that observed in aureothin biosynthesis, which
uses a nitro group-containing building block to initiate a PKS assembly line.
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Very recently, biochemical, spectroscopic, and structural investigations of CmlI have provided insights into
the mechanism of N-oxygenation and revealed the involvement of a peroxo-Fe2III/III intermediate in
catalysis.88-90 Optical, EPR, Mössbauer, and structural studies have demonstrated conclusively that CmlI,
like AurF, contains a di-iron metallocofactor. Also similar to AurF, a combination of UV/Vis, Mössbauer,
and resonance Raman spectroscopies have showed that the reaction of reduced Fe2II/II ClmI with O2
generates a peroxo-Fe2III/III species (12) that has spectral properties distinct from those previously
characterized in other non-heme di-iron enzymes.89 Based on these unique spectral features it has been
proposed that the peroxo-Fe2III/III intermediate of CmlI does not exhibit the canonical cis-µ-1,2(µ-h1:h1)peroxo geometry usually found in this enzyme family nor the µ-1,1-peroxo arrangement recently proposed
for AurF. Instead, it has been suggested that the intermediate adopts a novel µ-h1:h2-peroxo (12)
arrangement (Figure 4.5A).65,66
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Similar to the AurF peroxo-Fe2III/III intermediate, the CmlI peroxo-Fe2III/III is very long-lived (t1/2 = 3 h at 4
°C), and rapidly decays upon addition of substrate 11, demonstrating its competence as an N-oxygenating
species. A series of detailed 18O2 in vitro labeling and spectroscopic experiments with CmlI have provided
insights into the mechanism and reaction stoichiometry of the six-electron oxidation of 11 to
chloramphenicol.90 Interestingly, while the overall reaction stoichiometry is the same as that of AurF, the
proposed mechanisms are different. When 11 is incubated with CmlI peroxo-Fe2III/III chloramphenicol is
produced. Incubation of 11 (0.3 or 1.0 equivalents) with 18O2-peroxo-Fe2III/III under an atmosphere of 16O2
resulted in production of 50% doubly-labeled and ~40% singly-labeled chloramphenicol. This result has
important implications for both the reaction mechanism and stoichiometry. Doubly-labeled
chloramphenicol results from successive oxygenations of 11 by 18O2-peroxo-Fe2III/III. The presence of singly
labeled chloramphenicol suggests that during the course of nitro formation, a
intermediate is formed from a reduced Fe2II/II CmlI species and atmospheric

16

16

O2-peroxo-Fe2III/III

O2 which subsequently

oxygenates a pathway intermediate. Importantly, because no external electron source was provided in the
in vitro reaction the oxygen-reactive, reduced Fe2II/II species is presumably generated via reduction of the
oxidized µ-oxo-Fe2III/III intermediate with electrons from a substrate-derived intermediate. Other
explanations for 16O incorporation, including label exchange of 18O2-peroxo-Fe2III/III with H216O or 16O2 were
ruled out experimentally. Thus, this 18O2 labeling experiment suggests two important features of the CmlIcatalyzed reaction: (1) the peroxo-Fe2III/III intermediate is involved in two separate oxygenation reactions,
and (2) substrate-derived electrons reduce an oxidized di-iron intermediate to provide reduced Fe2II/II for
subsequent oxygenation reactions.

Details of these two aspects of CmlI catalysis were revealed upon incubation of various substrates with
oxidized di-iron intermediates and analysis of reaction products. The oxidation of 11 to chloramphenicol is
proposed to begin with an initial monooxygenation of 11 to the N-hydroxy intermediate, NH(OH)-Cam
(13), although its short lifetime in the catalytic cycle has prevented its detection.89,90 Incubation of a 10-fold
excess of the presumed intermediate 13 with µ-oxo-Fe2III/III CmlI under aerobic conditions resulted in the
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formation of primarily chloramphenicol (5.7 equivalents), in addition to the nitroso product, NO-Cam (14).
Thus, the µ-oxo-Fe2III/III species is capable of catalytic oxidation of 13 to chloramphenicol without the
requirement for an external source of electrons. This result can be explained if the oxidation of 13 to 14
provides the two electrons required to convert µ-oxo-Fe2III/III to the reduced Fe2II/II species. The reduced
Fe2II/II CmlI coud then react with molecular oxygen to produce the peroxo-Fe2III/III intermediate which
oxygenates 14 to chloramphenicol and regenerates the µ-oxo-Fe2III/III species. This proposal was supported
by reaction monitoring via UV-Vis spectroscopy, which identified the various oxidized and reduced di-iron
intermediates, and the ability of peroxo-Fe2III/III to oxidize 14 to chloramphenicol in vitro.

Taken together these experiments support the proposed catalytic cycle for CmlI N-oxygenation shown in
Scheme 4.10B. The resting, oxidized µ-oxo-Fe2III/III species is reduced by two externally-supplied electrons
to provide the oxygen-reactive Fe2II/II species. This reduced intermediate reacts with O2 to provide the noncanonical µ-h1:h2-peroxo-Fe2III/III intermediate which catalyzes oxygenation of 11 to the N-hydroxy
intermediate 13 and generates the µ-oxo-Fe2III/III intermediate. From here, CmlI mediates the catalytic fourelectron oxidation of 13 to chloramphenicol without the input of external electrons as discussed above, thus
returning it to its resting µ-oxo-Fe2III/III state. An important feature of this four-electron oxidation is the
reduction of the intermediate µ-oxo-Fe2III/III by the 13 to provide reduced Fe2II/II CmlI. Based on the unusual
µ-h1:h2-peroxo-Fe2III/III intermediate, a radical-based mechanism for the initial two-electron oxidation of 11
to 13 has been put forth (Scheme 4.11).89 Notably, this proposal is different than the nucleophilic
mechanism proposed to convert PABA to PHABA by AurF.66
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Two crystal structures of CmlI have been obtained, one in the reduced Fe2II/II state and one in the oxidized
peroxo-Fe2III/III state.88 Like AurF, the di-iron active site is located at the core of a four-helix bundle and is
ligated by three histidine and four glutamate residues (Figure 4.5B). Surprisingly, the crystal structure of
peroxo-Fe2III/III CmlI appeared to show the canonical cis-µ-1,2(µ-h1:h1)-peroxo ligand geometry for the diiron cofactor. This is in contrast to the µ-h1:h2-peroxo geometry suggested by spectroscopic studies.
Furthermore, the crystal structure of peroxo-Fe2III/III CmlI revealed an active site that resembles dimanganase reconstituted AurF in terms of its size and accessibility.62,88 It has been proposed that the smaller,
closed active site of di-manganese reconstituted AurF cannot accommodate substrate, leading to a reduction
in activity.64 Alternatively, it has been proposed that CmlI activity may be regulated at the structural level
by this “closed” state. Unknown events may trigger structural changes that open the active site of peroxoFe2III/III CmlI, allowing for substrate binding and simultaneously drive conversion of the putatively inactive
cis-µ-1,2(µ-h1:h1)-peroxo form to the active oxidizing µ-h1:h2-peroxo state.88

Despite the similarities in the sequences of CmlI and AurF, characterization of these enzymes has revealed
striking differences not only with other non-heme di-iron oxidoreductases, but also between these two nitroforming enzymes. The overall stoichiometry proposed for ClmI and AurF is identical, with both enzymes
requiring the input of only two external electrons and two equivalents of molecular oxygen to catalyze a
net six-electron oxidation. This stoichiometry results from the remarkable ability of AurF and CmlI to
catalyze the reduction of one molecule of O2 using four electrons derived from a pathway intermediate.
This unusual feature has not been seen in other non-heme di-iron enzymes, which require external electrons
to mediate two-electron oxidations of their substrates.48 This unusual feature may have evolved to prevent
the release of reactive N-hydroxyl and nitroso intermediates that could damage the cell.90

Despite many similarities, the mechanisms proposed for AurF and CmlI differ in their proposed substratebased intermediates, the pathway intermediate that reduces the µ-oxo-Fe2III/III species, and the oxidation
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state of the di-iron center after a single turnover. Currently, the reason for these discrepancies remains
obscure, although it may have to do with the ability of N-hydroxy intermediates 4 and 13 to react with both
peroxo-Fe2III/III (AurF) and µ-oxo-Fe2III/III (CmlI) species which has led both of these reactions to be
considered on-pathway.90 Assessing the contributions of these two reactions to overall product formation
will be needed to establish a consensus mechanism for this class of N-oxygenases.

The unusual µ-h1:h2-peroxo or µ-1,1-hydroperoxo geometries proposed for CmlI and AurF, respectively,
set these enzymes apart from other non-heme di-iron enzymes. These peroxo-Fe2III/III species may be
uniquely suited to catalyzing the six-electron oxidation of an amine to a nitro group, a transformation
involving several distinct intermediates.65,66,89,90 The non-canonical peroxo-Fe2III/III of CmlI has been
proposed to be amphiphilic, acting as a more electrophilic species in oxygenation of 11 and a more
nucleophilic species when oxidizing 14.90 Additionally, it has been suggested that the active site of CmlI
may prevent protonation of oxidized di-iron intermediates, a step required to generate the high-valent oxo
and bis-µ-oxo species involved in hydrocarbon oxidation.90 This may provide a strategy to prevent
unwanted side-reactivity. The inability of CmlI to oxidize hydrocarbons is consistent with this proposal.89
Further characterization of these two enzymes, as well as additional non-heme di-iron N-oxygenases from
this family, should provide additional insight into mechanism of this reaction and the utilization of the
unusual peroxo-Fe2III/III.

4.1.3.3

Rieske non-heme mononuclear iron enzymes

Rieske non-heme mononuclear iron oxygenases perform challenging oxidative reactions in the context of
xenobiotic degradation and natural product biosynthesis.91 They are members of the larger non-heme
mononuclear iron enzyme family which catalyze a diverse array of oxidative reactions.92 Members of this
large family use a single iron atom bound by the canonical 2-His-1-carboxylate facial triad to activate
molecular oxygen and affect oxygenation.93 The Rieske-containing subfamily contain two metal centers: a
Rieske [2Fe-2S] cluster, which is bound by the conserved sequence motif CXH17CX2H, and a mononuclear
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iron site anchored by the 2-His-1-carboxylate facial triad (Figure 4.6). The Rieske [2Fe-2S] center serves
to transfer electrons, typically from NADH via ferredoxin partners, to the mononuclear iron site where
oxygen activation and catalysis occur. The mechanism of oxygen activation occurs via binding of O2 to the
FeII site followed by a one-electron transfer from the Rieske site to the mononuclear iron site, and
subsequent two-electron reduction of O2 to afford a side-on (hydro)peroxo-FeIII intermediate. This
intermediate has been proposed to act directly as the oxidizing agent, or alternatively, undergo O–O bond
cleavage to generate the high-valent HO–FeV=O species which affects oxygenation.
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Figure 4.6. Depiction of a typical Rieske non-heme mononuclear iron site with the putative active
oxygenating peroxo-FeIII species

Pyrrolnitrin (15) is an antifungal secondary metabolite produced by many Pseudomonads.94-99 Its nitro
group was shown to be essential for activity, as the amino congener is completely inactive.100 Feeding
studies and isolation of putative intermediates firmly established L-tryptophan as a biosynthetic precursor
and supported a biosynthetic hypothesis involving the N-oxygenation of aminopyrrolnitrin (16) to
pyrrolnitrin as the final step (Scheme 4.12).100-106 Identification of the pyrrolnitrin (prn) biosynthetic gene
cluster, gene deletion experiments, and analysis of accumulated intermediates in blocked mutants allowed
for assignment of each of the gene products to a specific step in the previously proposed pyrrolnitrin
biosynthetic hypothesis.107,108 These experiments revealed PrnD as the enzyme responsible for generating
the nitro group in pyrrolnitrin biosynthesis. PrnD is a member of the Rieske non-heme mononuclear iron
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oxygenase family and was the first enzyme discovered to catalyze nitro group formation via N-oxidation of
an amine.
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Scheme 4.12 Proposed pathway for pyrrolnitrin biosynthesis involving nitro formation as the final
step

PrnD-mediated N-oxygenation of 16 to pyrrolnitrin was demonstrated in vitro using SsuE, FMN, and
NADPH as an electron transfer system, representing the first successful in vitro reconstitution of enzymatic
nitro group-formation.109 NADPH, FMN, and SsuE transfer electrons one at a time to the catalytic nonheme mononuclear iron site of PrnD via the Rieske cluster to facilitate oxygen activation.
Aminopyrrolnitrin oxidation is proposed to occur via a mechanism analogous to Path B described above
for AurF (Scheme 4.7B).109,110 First, 16 undergoes N-hydroxylation to afford the corresponding
hydroxylamine intermediate, which is then dehydrogenated to give the nitroso intermediate. Subsequent Nhydroxylation of this nitroso intermediate would furnish the nitro group of pyrrolnitrin. Overall, this six-
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electron oxidation of 16 requires three equivalents of O2 and six exogenous electrons. Labeling studies with
the substrate mimic 4-N-hydroxybenzylamine (17) and 18O2 support this proposed mechanism.109,110 When
17 was incubated with PrnD under an 18O2 atmosphere the resulting 4-nitrosobenzylamine product had no
18

O atoms, while the 4-nitrobenzylamine product showed incorporation of one 18O atom. These results argue

against a dihdyroxylated intermediate and instead provide evidence for a mechanism involving
dehydrogenation. Alternatively, these results could be consistent with a dihydroxylated intermediate (18)
if PrnD was capable of selective dehydration of 18 to afford the nitroso compound.

In order to further study the mechanism of PrnD and the amino acids required for catalysis, saturated
alanine/valine-scanning mutagenesis of putative substrate binding residues in PrnD, guided by homolog
modeling, was undertaken.111 As expected, mutation of many of these residues resulted in substantial loss
of activity toward 16 and 17. Interestingly, several mutations resulted in improved the catalytic efficiency
of PrnD toward the natural substrate 16 and lowered catalytic efficiency toward 17. These results suggest
that engineering of the active site of PrnD could be a viable strategy for producing useful biocatalysts.

While PrnD activity could be reconstituted in vitro with the E. coli flavin reductase SsuE, the flavin
reductase providing reduced flavin in vivo in Pseudomonads was not known. The enzyme PrnF has been
identified and characterized in vitro and is hypothesized to provide reduced flavin to PrnD in vivo.112 This
system was studied further in order to understand the electron flow between the Rieske center and the nonheme mononuclear iron active site where oxidation occurs.113 Site-directed mutagenesis studies support two
pathways for electron transfer involving either residue Asp183 or Asn180.113
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4.1.3.4

Cytochrome P450 enzymes

Cytochrome P450 enzymes employ a heme iron-based cofactor to catalyze a wide range of challenging
oxidative chemistry in both primary and secondary metabolism. These enzymes have been demonstrated to
catalyze the hydroxylation of both aromatic and unactivated carbon centers, epoxidation, N-hydroxylation,
nitric oxide formation, and oxidative crosslinking between aromatic scaffolds. While P450s are studied
extensively in relation to xenobiotic metabolism and nitric oxide formation, they are relatively understudied
in their role in N-oxygenation in natural product biosynthetic pathways.

The pyschrophilins are nonribosomal peptides that have been isolated from various psychrotolerant
Penicillum species.114-117 An unusual and defining feature of these natural products is their mode of
macrocyclization, which occurs through the indole nitrogen of a tryptophan side chain. The biosynthetic
gene cluster that produces pyschrophilins B (19) and C (20) was identified through genome mining of
Penicillum rivulum IBT 24420 (Scheme 4.13).118 In addition to the two NRPS enzymes predicted to
incorporate anthranilate, L-valine, and L-tryptophan, the gene cluster encodes a P450 enzyme (PsyC) that
was hypothesized to oxidize the a-amine group to the nitro group. Genetic experiments, isolation of
intermediates, and feeding studies with blocked mutants support a biosynthetic sequence with the a-aminocontaining psychrophilin I (21) as the immediate precursor to 19 (Scheme 4.13).
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Scheme 4.13 Selected psychrophilins and their proposed biosynthetic pathway involved PsyCcatalyzed nitro group installation
In this proposal the tripeptide scaffold is fully assembled by the NRPS assembly line and is then released
through macrocylization to afford 21. PsyC then catalyzes the six-electron oxidation of the amino group to
the nitro group to afford 19. Psychrophilin C is biosynthesized via an analgous route, but where L-valine
is substituted with L-alanine in the tripeptide. This order of events imposes certain challenges on the
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cyclization domain of NRPS PsyB. Namely, it must promote the attack of the less nucleophilic indole
nitrogen atom onto the nascent assembly line-tethered product over the a-amino group of L-tryptophan. No
mechanism for the nitro-forming, six-electron oxidation of 21 to 19 has been proposed, although
cytochrome P450s are known to catalyze two- and four-electron oxidations of amines to hydroxylamine
and oxime products, respectively.119,120 The PsyC-catalyzed reaction may utilize similar chemistry and ironoxo intermediates in the oxidation of 21.

4.1.3.5

Flavin-dependent enzymes

Flavin-dependent enzymes are involved in the production of N-oxidized sugars, including nitro sugars.
Nitro sugar biosynthesis has been studied mainly in the context of kijanimicin (22), rubradirin (23), and
everninomicin (24), which contain the nitro sugars D-kijanose, D-rubranitrose, and L-evernitrose,
respectively (Figure 4.7).121-132 As the pathways and enzymes involved in accessing these N-oxidized sugars
have been reviewed previously they will not be discussed in great detail here.46 Since these reviews,
structural studies of two flavin-dependent N-oxygenases have provided new insights into the phylogeny of
these enzymes.133-135

Sequencing and annotation of the kijanimicin, rubradirin, and everninomicin biosynthetic gene clusters
allowed a comparative genomic analysis that revealed the likely N-oxygenases involved in nitro group
synthesis. 136-139 ORF36 from everninomicin, RubN8 from rubradirin, and KijD3 from kijanimicin encode
homologs of flavin-dependent oxidoreductases and share very high (>60%) amino acid sequence identity
to each other.140 ORF36 and RubN8 were capable of oxidizing the amino sugar substrate analogue L-TDPepi-vancosamine (25) to the corresponding nitroso derivate 26 in vitro when supplied with NADPH, FAD,
and a flavin reductase from Vibrio fisheri (Scheme 4.14A).140 This four-electron oxidation proceeds through
a hydroxylamine intermediate (27), but mechanistic details regarding the conversion of 27 to 26 are lacking.
Lastly, a related nitrososynthase, DnmZ (59% amino acid identity to ORF36), has been demonstrated in
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vitro to also catalyze the four electron oxidation of 25 to 26 in the biosynthesis of the baumycin family of
anthracycline natural products.141
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Figure 4.7. Structures of selected nitro sugar-containing natural products

Subsequently, the predicted N-oxygenase from the kijanimicin pathway, KijD3, was structurally and
biochemically characterized.133,135 The crystal structure showed an overall architecture that is exceptionally
similar to flavin-dependent fatty acyl-CoA dehydrogenases. This close structural resemblance suggests a
shared evolutionary history, which is interesting given the disparate reactions catalyzed by these enzymes.
Given the prevalence of fatty acyl-CoA dehydrogenases, the evolution of flavin-dependent N-oxygenases
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may be a relatively recent addition to this enzyme family. Interestingly, KijD3 has only been shown to
catalyze a single two-electron oxidation of its predicted dTDP-sugar substrate (28) to the corresponding Nhydroxylamine (29) in vitro (Scheme 4.14B).135 The structure of ORF36 was also determined, revealing
KijD3 as its closest structural homolog.134 The biggest differences in both sequence and three-dimensional
structure map to the active sites of these two enzymes.
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Scheme 4.14 The reactions catalyzed in vitro by putative nitro-forming flavin monooxygenases
Reactions catalyzed by A) RubN8, ORF36, and DnmZ and B) KijD3
It is currently unclear whether these three putative nitro sugar-forming N-oxygenases can catalyze the full
six-electron oxidation of amines to nitro groups. The inability to fully reconstitute nitro sugar production
in vitro with these enzymes raises several interesting questions about their role in these biosynthetic
pathways. It is possible that the sugar substrates used in these assays are not the physiological substrates
for ORF36, RubN8, or KijD3. The precise order of events in the biosynthesis of these nitro sugars is not
known, and it is conceivable that these N-oxygenases only fully oxidize their physiological substrates.
Indeed, when ORF36 was assayed with additional sugar substrates the extent of amine oxidation varied,
suggesting that structural differences in the substrate influence the N-oxidation process.134 One particular
structural difference has been attributed to the methylation state of the 4-hydroxyl group in 25. In the
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biosynthesis of baumycin, 26 undergoes a retro oxime-aldol reaction that results in C–C bond cleavage to
generate an aldehyde–oxime intermediate instead of further oxidation to the nitrosugar.141 This unstable
intermediate has been characterized extensively by MS/MS. Methylation of 25 at the 4-hydroxyl group to
form TDP-L-evernosamine by RubN7 has been shown to prevent this oxidative cleavage, allowing further
N-oxidation of the nitroso group by ORF36. Alternatively, the N-hydroxyl or nitroso sugars could be the
true products of these N-oxygenases and the nitro group could arise via non-enzymatic oxidation either in
vivo or during isolation and purification. It is therefore unclear whether other bioactive N-oxidized
congener(s) may be produced by these pathways.

4.1.3.6

Direct nitration

In addition to the oxidation of amines, nature appears to install nitro groups via direct nitration of aromatic
scaffolds. This C–N bond forming strategy is analogous to traditional electrophilic aromatic substitution
reactions used heavily in organic synthesis, especially on the industrial scale. Although this strategy for
nitro group installation is not as well understood as nitro group formation via the oxidation of amines, the
enzymes and logic underlying this process have been characterized in the biosynthesis of thaxtomin.

4.1.3.7

ThaxtominA

Thaxtomin A (30) is a phytotoxin produced by several species of Streptomyces that causes common scab
disease, a globally- and economically-important root and tuber crop disease.142 This natural product directly
causes this disease through inhibiting cellulose biosynthesis.143-146 Interestingly, the nitro group of
thaxtomin A was shown to be essential for bioactivity.143,144 The diketopiperazine core of 30 results from
the condensation and N-methylation of L-phenylalanine and 4-nitro-L-tryptophan (31) by the NRPSs TxtA
and TxtB (Scheme 4.15).147,148 A cytochrome P450, TxtC, has been proposed to catalyze at least one, and
potentially both of the two hydroxylations to afford thaxtomin A. Shortly after the identification of the
thaxtomin (txt) biosynthetic gene cluster, an encoded nitric oxide synthase (NOS) homolog (TxtD) was
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found to play an essential role in nitro group formation.149 Genetic disruption of txtD abolished the
production of 30, and purified TxtD obtained through heterologous expression was capable of producing
nitric oxide in vitro, suggesting that its activity could be involved in the nitration reaction required for
thaxtomin A biosynthesis. Adding NOS inhibitors to cultures of S. turbidiscabies suppressed the synthesis
of 30, further supporting the participation of nitric oxide in the nitration reaction.
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Scheme 4.15 Proposed biosynthetic pathway for thaxtomin A

The precise role of nitric oxide in this transformation remained unclear for nearly a decade. A secondary,
“non-housekeeping” tryptophan synthetase (TrpRS II) from Deinocococcus radiodurans was shown to
catalyze regioselective nitration at the 4-position of L-tryptophan in combination with TxtD in vitro with
low efficiencies.150 However, the mechanistic details of this reaction were not elucidated and this result was
later ascribed to adventitious, non-enzymatic reactivity.150,151 Eventually, the true nitrating enzyme,
cytochrome P450 TxtE, was discovered based on its co-localization and co-transcription with the nitric
oxide-producing TxtD, and subsequently characterized.151 TxtE was shown to be essential for thaxtomin
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biosynthesis in vivo and catalyzed efficient and regioselective nitration of L-tryptophan to 31 in vitro when
supplied with molecular oxygen, NADPH, the spinach Fd/Fr reductase system, and the small molecule NO
donor 1,1-diethyl-2-hydroxy-2-nitroso-hydrazine (DEANO).

The two proposed mechanisms for generation of the active nitrating species and subsequent nitration by
TxtE are shown in Scheme 4.16.151 In the radical mechanism (Scheme 4.16A, B), NO reacts with a ferric
superoxide via radical recombination to give a ferric peroxynitrite species which undergoes homolytic
cleavage to generate the oxo-FeIV intermediate commonly referred to as “compound II” and nitrogen
dioxide. NO2 addition at the 4-position of L-tryptophan followed by hydrogen atom abstraction by
“compound II” affords 31. In the electrophilic aromatic substitution mechanism (Scheme 4.16A, C),
protonation of ferric peroxynitrite species and heterolytic cleavage gives an electrophilic nitronium ion.
The nitronium ion is then attacked by L-tryptophan at the 4-position, which would yield 31 upon
deprotonation and rearomization. In vitro assays with 18O2 resulted in incorporation of one 18O atom into
31, which is consistent with either proposed mechanism. Although neither mechanism can be ruled out
based on current experimental evidence, these potential mechanisms both employ N–O bond formation
between molecular oxygen and nitric oxide to generate a reactive nitrating species.
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Scheme 4.16 Proposed mechanisms for L-tryptophan nitration by cytochrome P450 TxtE
A) Generation of potential reactive intermediates from nitric oxide. B) Radical-based mechanism C)
Electrophilic aromatic substitution mechanism
Due to its interesting chemistry and potential for biocatalysis applications, TxtE has been the focus of
structural and computational investigations that have sought to understand and manipulate its
regioselectivity and substrate scope.152-154 A crystal structure of TxtE bound with L-tryptophan revealed
several key interactions between TxtE and the amino, carboxylate, and indole groups of L-tryptophan, many
of which had been confirmed to be essential for catalysis by earlier mutagenesis studies based on molecular
docking.153,154 Screening of a library of substrate analogs in which the amino, carboxylate, and indole
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moieties were all modified revealed molecular determinants for substrate binding and catalysis.153 The TxtE
substrate must possess an indole ring and accepts only slight modifications to this substructure.
Furthermore, the amino and carboxylate groups are essential, acting as a hydrogen bond donor and acceptor,
respectively, to properly position the indole moiety in the active site. Additional insights into TxtE catalysis
and engineering have been provided by examining the highly dynamic, substrate-gating F/G loop common
to P450s.152 Identification of a potential substrate-binding residue (His176) within the F/G loop, and
subsequent saturated mutagenesis, led to the identification of three mutants (His176Phe/Try/Trp) which all
afforded a complete switch in regioselectivity to the 5-nitro-L-tryptophan isomer. Molecular dynamic
simulations and X-ray crystallography revealed that in these mutants the closed-open equilibrium of the
F/G loop had shifted in favor of the catalytically-competent closed state. Moreover, the residue at position
176 interacted directly with L-tryptophan providing a rationale for the switch in regioselectivity.

Currently, thaxtomin A biosynthesis represents the only pathway in which nitro group installation proceeds
via a direct nitration strategy. It is currently unclear how widespread this biosynthetic logic is in natural
product assembly, although several TxtE homologs have been identified in nucleotide sequence
databases.152 Interestingly, a subset of these naturally contain the His176Trp polymorphism which may
suggest they are involved in the production of 5-nitro-L-tryptophan-containing natural products. Given the
ability of multiple metallo- and organic cofactors to activate molecular oxygen, it is conceivable that
additional enzyme families may be capable of catalyzing similar nitration reactions.

4.1.3.8

3-nitropropanoic acid

3-nitropropanoic acid (32) is a highly toxic metabolite that acts as a suicide inhibitor of succinate
dehydrogenase, adversely affecting both the tricarboxylic acid cycle and the electron transport chain.155-157
The biosynthesis of this molecule occurs in both plants and fungi and appears to proceed via different
pathways. Limited investigations into the plant-based pathways suggest malonic acid as a precursor.158
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Alternatively, investigations into fungal 3-nitropropanoic acid biosynthesis have convincingly
demonstrated that this metabolite is derived from L-aspartic acid.159-165 A series of detailed feeding studies
with labeled precursors have mapped every carbon, oxygen, and nitrogen atom of 3-nitropropanoic acid to
L-aspartic acid and molecular oxygen and strongly suggest that nitrosuccinate (33) is a late-stage
biosynthetic intermediate (Scheme 4.17). The fungal enzyme(s) responsible for oxidizing L-aspartic acid
to 33 have not yet been identified.
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Scheme 4.17 Proposed biosynthetic pathway of 3-nitropropanoic acid in fungi
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4.2
4.2.1

Results and Discussion
Feeding studies with [15N]-labeled nitrogen salts

To evaluate our proposal for a nitrite-based diazotization reaction, we began with feeding studies in S.
cremeus. Previous work with the azamerone producer S. sp. CNQ-766 had shown selective, high-level
incorporation (>75%) of the 15N-label from [15N]-nitrate and [15N]-nitrite into the distal nitrogen atom of
the diazo group of A80915D.3 However, only relatively low-level incorporation (7%) was seen when S. sp.
CNQ-766 was fed [15N]-ammonium. We aimed to conduct similar experiments in S. cremeus to determine
if the labeling patterns of

15

N incorporation suggested an analogous pathway for diazotization in

cremeomycin biosynthesis.

Cultures of S. cremeus were supplemented with [15N]-ammonium chloride, [15N]-sodium nitrite, and [15N]calcium nitrate (13.0 mM each) beginning at inoculation and were grown for 7 days. After this period,
cremeomycin was extracted from spent culture supernatant and analyzed by LC-MS. The LC-MS data was
analyzed for the detection of cremeomycin at normal isotopic abundance, as well as [15N]-singly and [15N]doubly labeled cremeomycin (Table 4.2). These results show that certain [15N]-nitrogen salts singularly
labeled cremeomycin with high degrees of efficiency. No [15N]-doubly labeled cremeomycin was detected
in any of the samples. The approximately 25% labeling seen by [15N]-ammonium is believed to result from
the assimilation of ammonium, which is a well-studied pathway in Streptomyces and often connected to
secondary metabolite production.166,167 As with the feeding studies in S. sp. CNQ-766, we see exceptionally
high levels of single [15N]-labeling with [15N]-nitrite (92.4%). This could suggest that nitrite is a
biosynthetic intermediate in cremeomycin biosynthesis and that this pathway is analogous to azamerone
biosynthesis. Interestingly, unlike the work conducted in S. sp. CNQ-766, our feeding studies with [15N]nitrate show no detectable labeling of cremeomycin, whereas the diazo-containing intermediate A80915D
was labeled at 79%.
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Table 4.2 Percent of 15N labeling of cremeomycin when S. cremeus was supplemented with [15N]NH4+, [15N]-NO2–, and [15N]-NO3–

15

NH4Cl

no label
(%)

singly
labeled
(%)

doubly
labeled
(%)

73.9

26.1

0

15

7.6

92.4

0

15

100

0

0

Na NO2
Ca( NO3)2

The discrepancy in the results of [15N]-nitrate labeling in cremeomycin and A80915D biosynthesis could
be explained by understanding nature of the diazotization reaction as well as the nitrate reduction pathways
discussed in Section 4.1.1. Nitrate is an oxidation level too high (+5), compared to nitrite (+3), to engage
in the chemistry required to diazotize an aniline. Therefore, for nitrate to diazotize 3,2,4-AHMBA it must
first be reduced by two electrons to nitrite. We propose that in the S. sp. CNQ-766 feeding studies, the
[15N]-nitrate is first reduced to [15N]-nitrite before it can be used in the diazotization reaction. The genome
of S. sp. CNQ-766 may encode a functional Nas nitrate assimilatory system with both NasA (34% identity,
78% coverage) and NasC (36% identity, 83% coverage) homologs for the reduction of nitrate to nitrite.
These two homologs in S. sp. CNQ-766 are similar to the enzymes encoded in the S. cremeus genome, yet
[15N]-nitrate did not appear to be reduced in S. cremeus. This could suggest that the homologs in S. cremeus
are not true nitrate reductase homologs or that they are non-functional. However, an alternative hypothesis
is that these enzymes are not expressed during cremeomycin production. Nitrate reduction and subsequent
nitrogen assimilation is a tightly regulated pathway activated under nitrogen-limitation.22,23,166 During
growth in the amino acid-rich media used to culture S. cremeus, the nitrate reductase pathway may not be
expressed, while it may be active in S. sp. CNQ-766 under the conditions tested.

The exceptionally high levels of [15N]-nitrite incorporation seen in our S. cremeus feeding studies may
suggest that nitrite is a biosynthetic intermediate. However, they may also be explained as an artifact of our
extraction procedure. Our early procedures to isolate cremeomycin from fermentation media, such as the
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one used here, involved an ethyl acetate extraction from acidified (pH 2-3) culture supernatant as described
in the initial patent describing the cremeomycin discovery.168 Thus, non-enzymatic diazotization between
3,2,4-AHMBA and nitrite to produce cremeomycin may occur in the culture supernatant when it is acidified
to pH 2-3, a pH at which diazotization of anilines with nitrite can occur in synthetic procedures. Indeed, in
the investigation of cremeomycin by the Ohnishi group a significant drop in cremeomycin yield was
observed then the isolation procedure lacked an acidification step of the supernatant.19 However, the
isolation procedure of A80915D did not involve an acidic work-up, yet exceptionally high levels of [15N]labeling with [15N]-nitrite were seen suggesting that indeed [15N]-nitrite may be a biosynthetic intermediate
in this pathway, and potentially in cremeomycin biosynthesis.

4.2.2

Bioinformatic and phylogenetic analysis of CreD and CreE

With evidence for our nitrite-based proposal for diazotization obtained from

15

N feeding studies, we

searched the cre biosynthetic gene cluster and S. cremeus genome for known biological pathways for nitrite
production. As discussed in the introduction to this chapter, the S. cremeus genome contained only one
known pathway that could potentially generate nitrite, the assimilatory nitrate reductase pathway (Nas),
however were are uncertain about its expression and/or function under the laboratory conditions used for
cremeomycin production. In addition, the cre gene cluster did not contain any known pathways for the
degradation of nitro-containing compounds that could release nitrite.

Thus, we proposed that the cre biosynthetic gene cluster may encode a novel pathway for nitrite production.
We searched the gene cluster for genes encoding enzymes with general biochemical functions that would
be consistent with the production of nitrite from an organic molecule. Hypothesizing that such a pathway
could parallel known strategies for nitro group biosynthesis, we focused on enzymes capable of Noxygenation chemistry and C–N bond cleavage chemistry. This analysis led to the identification of a
putative operon within the cre gene cluster that encoding the enzymes CreD and CreE.
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CreD resembles members of the fumarase superfamily of enzymes, which includes aspartase,
adenylosuccinate

lyase,

argininosuccinate

lyase,

crystallin,

and

3-carboxy-cis,cis-muconate

cycloisomerase.169,170 This family of enzymes can share as little as 15% pairwise sequence identity, however
they have a conserved tertiary and quaternary fold as well as a similar active site architecture. While
crystallin is believed to serve solely as a structural protein, the remaining protein superfamily members all
catalyze the cleavage/formation of C–X bonds (X = N or O) (Scheme 4.18A and B). Mostly notable with
respect to our nitrite-based biosynthetic hypothesis is the enzyme aspartase. Aspartase catalyzes C–N bond
cleavage of L-aspartate to liberate ammonia and fumarate. Aspartase plays an important role in nitrogen
and amino acid metabolism given the generation of ammonia, as well as the tricarboxylic acid cycle given
that it produces fumarate. The ability of aspartase to release an inorganic nitrogen species from an organic
compound is consistent with the reactivity required to generate nitrite from an organic precursor molecule.

Members of the fumarase superfamily are believed to catalyze C–X cleavage via a shared E1cB-like
mechanism (Scheme 4.18C).169,170 Deprotonation at C3 of the succinate backbone by an active site serine
affords a resonance-stabilized enediolate carbanion termed the ‘aci-carboxylate’ intermediate that is further
stabilized by interactions with the protein. This stabilized aci-carboxylate intermediate then collapses
resulting in C–X bond cleavage, thus removing the appendant X group and generating of fumarate. For
most members it is believed that the leaving X group is protonated in order to facility C–X bond
cleavage.169,170
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Scheme 4.18 Reactions catalyzed by the fumarase superfamily of enzymes
A) Reactions catalyzed by aspartase, fumarase, argininosuccinate lyase, and adenylosuccinate lyase. B)
Reaction catalyzed by the related family member cis,cis-muconate lactonizing enzyme (CMLE). C)
Proposed general E1cB mechanism for fumarase family.

To confirm the assignment of CreD as a member of this superfamily, we performed a multiple sequence
alignment with biochemically characterized superfamily members, as well as additional putative CreD
homologs from producers of diazo-containing metabolites (e.g. Streptomyces fragilis, Streptomyces
ambofaciens, Streptomyces sp. CNQ-525, and S. sp. CNQ-766), and searched for conserved sequence
motifs and active site residues (Figure 4.9).169 In biochemically and structurally characterized members of
this superfamily, there are three well-conserved regions (regions 1 – 3) that are shared among members.169171

Superfamily members adopt a homotetrameric state and the active sites (four total per homotetramer)

are formed using one of these three regions from each of three separate monomers (Figure 4.8). The S.
cremeus CreD and its CreD homologs all contain well-conserved regions 1 – 3, including the universally
conserved active site serine base in Region 3 and a universally conserved lysine in Region 3. The serine
active site base is predicted to deprotonate at C3 of the succinate backbone to form the aci-carboxylate
intermediate as discussed previously. The lysine has been shown to be involved in binding the acarboxylate group.
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Figure 4.8. Crystal structure of aspartase with active site shown and proposed mechanism
A) Crystal structure of AspB showing homotetrameric organization and formation of active site (black box)
from three adjacent monomers (here red, green and blue). B) Schematic representation of active site show
active site base (Ser318), interactions with a-carboxylate (Thr187, Lys 324), and the Glu331-His188 dyad
that is proposed to protonate the leaving ammonia group to promote C–N bond cleavage. C) Proposed
aspartase mechanism.
Interestingly, CreD and its closely related homologs lack a nearly universally conserved histidine in Region
2 and glutamate in Region 3 (Figure 4.9, Figure 4.8). In the active site, these residues are predicted to form
a His-Glu proton relay pair that delivers a proton to the leaving group of the C–X bond (X = O, N) that is
being cleaved. This proton delivery facilitates C–X bond cleavage as the pKa of the X leaving group is too
high to be eliminated without protonation. In aspartase, the amine group of aspartate is likely protonated
(NH3+ , pKa = 9.8) and cleavage of the C–N bond would release ammonia, which could be protonated to
give ammonium (pKa of ammonium = 9.24) by the His-Glu proton relay pair to facilitate cleavage. While
the protonation state of the leaving ammonia/ammonium group isn’t fully known, it has been proposed that
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residues other than His could be involved in protonation. However, the high conservation of this proton
relay pair suggests it is important for catalysis.169-172 The absence of this proton relay pair in CreD and its
closely-related homologs could suggest these enzymes promote elimination of a different type of leaving
group. Implications of the lack of this proton relay pair are discussed in more detail in Section 4.2.5, which
discusses a proposed mechanism for CreD and CreE.

Figure 4.9. Multiple sequence alignment with CreD
Red asterisk = conserved His-Glu proton relay dyad in most fumarase superfamily members. Blue asterisk
= predicted active site serine base. Green asterisk = highly conserved lysine involved in substrate binding
via a-carboxylate. Black box outline indicates CreD and closely related homologs. Fum = fumarase, Asp
= aspartase, ADL = adenylosuccinate lyase, ARL = argininosuccinate lyase, CMLE = carboxy-cis,cismuconate cycloisomerase.

CreE is a predicted flavin-dependent monooxygenase with homology to the Class B subclass of flavindependent monooxygenases, which includes N-hydroxylating monooxygenases (NMOs), also called Nhydroxylases.173,174 Biochemically characterized N-hydroxylases share a range of sequence identities
(15%–50%) and adopt a similar overall structural fold compared with other Class B members.175-177 While
CreE shares a relatively low level of sequence identity to biochemically characterized N-hydroxylases
(15%–19%), more sensitive homology detection using Hidden Markov Models (HMM) and comparison to
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the Protein Data Bank (PDB) using the online server HHPred returned top hits (5 of top 5) as structurally
characterized Class B flavin-dependent N-hydroxylases e.g. PvdA and KtzI.

Flavin-dependent N-hydroxylases catalyze the hydroxylation of amine groups on substrates including
ornithine (N5 amine), lysine (N6 amine), and putrescine (Scheme 4.19).175,178,179 These N-hydroxylated
compounds are then incorporated into iron-chelating siderophores, with the N-hydroxyl groups serving
directly as the iron-chelating groups. Flavin-dependent N-hydroxylases operate via an electrophilic
monooxygenation mechanism in which the C4a-hydroperoxo intermediate is attacked by the N5 or N6
amine nucleophile of ornithine or lysine, respectively, or the amine of cadaverine, to form the N–O bond
and install the hydroxyl group.180

Scheme 4.19 Reaction catalyzed by flavin-dependent N-hydroxylases
N-hydroxylases of the Class B subclass of flavin-dependent monooxygenases tend to use FAD and NADPH
as their cofactor and cosubstrate, respectively. Ornithine as substrate is shown here.
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Interestingly, CreE also shares a low level of sequence similarity (15% –18%) to the group of Class D, two
component, flavin-dependent monooxygenases that participate in nitro sugar biosynthesis. This subgroup
of flavin monooxygenases have been characterized solely in the context nitro sugar biosynthesis.46 These
nitro sugar forming enzymes are believed to catalyze the N-oxygenation of amino groups in precursor
sugars resulting in N-hydroxyl, nitroso, and potentially nitro functional groups. However, the ability of any
of these enzymes to catalyze the full six electron oxidation of an amino group to a nitro group has not be
demonstrated in vitro, only N-hydroxyl and nitroso formation have been observed.133-135,140

To better understand the relationship of CreE to these N-hydroxylases, we performed a multiple sequence
alignment of CreE and closely-related putative CreE homologs from diazo-producing organisms with
biochemically and structurally characterized Class B and Class D enzymes. This analysis demonstrated that
CreE contained the conserved motifs predicted to be involved in binding both FAD and NAD(P)H (Figure
4.10), supporting its role as a flavin-dependent monooxygenase.26,180-182 Class B flavin-dependent
monooxygenases contain two Rossman fold-type dinucleotide binding domains for binding FAD and
NAD(P)H.174 Collectively, the N-oxygenation and C–N bond cleavage chemistry predicted to be performed
CreE and CreD, respectively, appeared particularly well-suited for the generation of nitrite.
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Figure 4.10. Multiple sequence alignment with CreE
CreE and closely-related homologs (black box) appear to contain the two Rossman fold-type dinucleotide
binding domains necessary for binding FAD and NAD(P)H in Class B flavin-dependent N-hydroxylases.
Underline represents the conserved glycine-rich motif.

4.2.3

Purification and co-purification of CreD and CreE

In order to determining the functions of CreD and CreE, we set out to purify these enzymes and reconstitute
their activities in vitro. Heterologous expression of both N-terminally and C-terminally His6-tagged (from
pET28a and pET29b, respectively) CreD and CreE in E. coli BL21 produced soluble protein that could be
purified in yields of ~5 mg per L of E. coli culture (Figure 4.11). Upon concentrating CreE solutions for
storage, the protein solution appeared bright yellow indicating the presence of a flavin cofactor. Members
of this subfamily of Class B monooxygenases are known to bind FAD and utilize NADPH as the
cosubstrate.
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Figure 4.11. SDS-PAGE gels of CreD-N-His6 and CreE-N-His6
A) SDS-PAGE of CreD (MW = ~49.3 kDa. B) SDS-PAGE of CreE (MW = ~65.3 kDa). Ladder = Precision
Plus Protein All Blue Molecular Weight Standards (BioRad).
However, during the dialysis step of protein purification for both CreD and CreE, significant amounts of
protein precipitated from solution. In the purification of CreD, protein additionally precipitated shortly after
elution from the Ni-NTA affinity column. These initial purifications were conducted using Tris-HCl buffer
at pH 8.5. Screening of additional lysis buffers and pH, including Tris (pH 8.0), sodium phosphate (pH 8.0)
and HEPES (ph 8.0), demonstrated qualitatively less precipitation in sodium phosphate buffer, whereas
HEPES buffer resulted in similar levels to when Tris was used. Hypothesizing that CreD and CreE may
form a complex in solution, we moved to a system in which CreD and CreE were overexpressed and purified
from the same strain of E. coli. Heterologous expression of CreD from pCOLA and CreE from pETDUET
vectors afforded N-terminally His6-tagged proteins that could be co-purified from E. coli BL21 (Figure
4.12). Purification of these enzymes in NaPhos buffer resulted in qualitatively less precipitation than
observed when the proteins were expressed separately.
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Figure 4.12. SDS-PAGE gels of co-expression of CreD-N-His6 and CreE-N-His6
Molecular weight of CreD = ~49.3 kDa. Molecular weight of CreE = ~65.3 kDa. Ladder = Precision Plus
Protein All Blue Molecular Weight Standards (BioRad).

We attempted to gain further insight into the potential source of the instability of CreD and CreE in solution
by analyzing the protein samples with analytical size exclusion chromatography (SEC). Analysis of the
individual CreD and CreE protein samples by SEC and calculation of molecular weights based on known
protein standards indicated that a major fraction of both proteins were present as large aggregates, as well
as a mixture of lower molecular weight oligomeric states (Figure 4.13). CreD appeared to be particularly
aggregated with a single dominate species at a calculated molecular weight of approximately 1000 kDa.
The propensity for CreD and CreE to precipitate during purification when expressed individually is likely
explained by their aggregated state. An analysis and discussion of the results of analytical SEC
chromatography on co-purified CreD and CreE will be presented in Section 4.2.6.

Despite the fact that CreD and CreE appear to express and purify mainly as soluble aggregates, it is possible
that active forms still exist in solution and we attempted to use these preparations in in vitro assays to test
for activity (vide infra).
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Figure 4.13. Analytical size exclusion chromatography of CreD-N-His6 and CreE-N-His6
A) SEC of CreD sample. Major peak corresponds to ~ 1000 kDa molecular weight. B) SEC of CreE sample.
Multiple major peaks with large range in calculated molecule weights. Standards traces not shown to scale.
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4.2.4

Characterization of CreD and CreE as a nitrite-generating system

With individually expressed and purified CreD and CreE in hand, we next attempted to biochemically
reconstitute nitrite production in vitro. Given the predicted functions of CreE as an N-hydroxylase (with
homologs that act on L-ornithine and L-lysine) and CreD as an aspartase homolog, we hypothesized the
substrate of the reaction may be an amino acid. Thus, CreD and CreE were incubated in aqueous Tris buffer
with the potential CreE cofactors FAD and FMN, potential CreE cosubstrates NADPH and NADH and
pools of the 20 proteinogenic amino acids plus L-ornithine (4 – 5 amino acids in each pool). While CreE
homologs have been shown to use FAD and NADPH, in this initial screen we included the additional
potential cofactor FMN and cosubstrate NADH in the event that CreE differs in its cofactor and cosubstrate
requirement compared to previously characterized Class B members. Assay mixtures were incubated
overnight and subsequently analyzed for nitrite production by the Griess test. This test detects nitrite
through the reaction of sulfanilic acid and N-(1-naphthyl)ethylenediamine with nitrite to produce a colored
azo dye (Figure 4.14). Under the acidic conditions used in the Griess test, nitrite will diazotize sulfanilic
acid to its corresponding diazonium salt. This diazonium salt is then attacked at the distal nitrogen atom of
the diazonium group by N-(1-naphthyl)ethylenediamine, forming a C–N bond between the two
components. The resulting azo dye can be measured colorimetrically by absorption at 548 nm with a
detection limit of approximately 1 µM.
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Figure 4.14. Griess test detects nitrite through production of a colored azo dye

Excitingly, analysis of the in vitro assays after overnight incubation at room temperature revealed one well
of pooled amino acids that gave a positive Griess test for nitrite (Figure 4.15). This activity was dependent
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on both of the enzymes CreD and CreE, amino acids, and the Griess reagent. The well providing the Griess
positive hit contained L-alanine, L-arginine, L-asparagine and L-aspartate. These amino acids were then
examined individually using the CreDE nitrite-production assay to determine which amino acid(s) were
responsible for nitrite production. Reconstitution with L-aspartate gave a robust Griess-positive signal,
while L-asparagine gave a signal barely detectable above background absorbance. The results of these
experiments demonstrate that CreD and CreE are capable of forming nitrite from L-aspartate, consistent
with our previous hypothesis that CreD and CreE may generate nitrite from an organic molecule.

Figure 4.15. Screen of amino acids for nitrite production in biochemical reconstitution assay with
purified CreD and CreE
A) Assay design for detecting nitrite generation from amino acid substrates using the Griess test. B) Screen
of pooled 20 proteinogenic amino acids plus L-ornithine for nitrite production. One letter amino acid
abbreviations used. C) Analysis of single amino acids (L-Asp, L-Asn, L-Arg, L-Ala) from pooled set that
gave Griess-positive hit in (B). Relative absorbance at 548 nm measured in BioTek microplate reader.
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We next sought to further characterize the CreDE nitrite-generating system by defining the necessary
components of the reaction. We repeated the in vitro assay, removing various substrates and cofactors, and
analyzing for nitrite production using the Griess assay (Figure 4.16). Both CreD and CreE were required
for maximal nitrite production, demonstrating that neither enzyme alone catalyzes the full reaction to
produce nitrite. Small amounts of nitrite (<5% of maximal production) were detected when CreD was
incubated alone, which may result from non-enzymatic oxidation of L-aspartate or ammonium via reaction
with non-enzymatically generated oxygenated flavin species. As expected, the production of nitrite required
L-aspartate. The reaction also required the addition of exogenous FAD for maximal activity, as a large
reduction in conversion was observed when it was excluded from the assay. This suggests that purified
CreE is not well-reconstituted with FAD. This poor binding of FAD is consistent with several other flavindependent N-hydroxylases and is a notable exception among flavin monooxygenases of the Class B family,
which otherwise bind flavin tightly.174 When the nicotinamide cofactors NADH and NADPH were
removed, only trace production of nitrite was observed, demonstrating that one or both of these cosubstrates
are the reducing equivalents used for the reduction of FAD needed to generate the oxygenating cofactor.
Interestingly, when NADH was removed, leaving only NADPH in the assay, the Griess signal
approximately doubled in intensity. Alternatively, when NADPH was removed, leaving NADH in the
assay, only a background level of signal was detected. Collectively, these results demonstrate that CreE has
a strong preference for NADPH over NADH under these conditions. The doubling of signal intensity when
NADH was removed might suggest that NADH can act as a competitive inhibitor of NADPH but is not
suitable for robust catalytic turnover. Additionally, we saw that NAD(P)H cofactors are capable of reducing
the azo dye formed in the Griess test, suggesting that unreacted NADH could be reducing any observed
signal. In summary, these results demonstrate that both CreD and CreE are necessary and sufficient for
generating nitrite from L-aspartate using the cofactor FAD and cosubstrate NADPH.
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Figure 4.16. Characterization of necessary components in the CreDE nitrite-generating system
A) Assay design for detecting nitrite generation from L-aspartate using the Griess test. B) Analysis of
various controls by Griess test and quantification of nitrite concentration.

We also wanted to better understand the rate and turnover of this reaction. Using co-purified CreD and
CreE, we performed a time course experiment and quantified nitrite production (Figure 4.17). Nitrite
production peaked after three hours with a conversion of approximately 75% of starting material to product
,with 1 mM of L-aspartate converted to approximately 750 µM of nitrite. After 18 hours of incubation, the
conversion remained at approximately 75%. The reason why the assay did not reach full conversion of 1
mM L-aspartate to 1 mM nitrite is currently unclear. However, it may be due to the uncoupling of NADPH
oxidation to oxygenation chemistry, instability of CreD and/or CreE, or the lack of a protein partner required
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for maximal activity. It is also possible that in our assay design setup the slight excess of NADPH (0.5 mM
additional NADPH compared to the 3.0 mM NADPH that would be theoretically required for full
conversion of L-aspartate to nitrite) may reduce the azo dye generated by the Griess test and give a
diminished signal. The slight excess of NADPH was used to balance efforts between getting full conversion
of L-aspartate to nitrite and avoiding the reduction of the azo dye by unconsumed NADPH. Future efforts
in characterizing the CreD and CreE nitrite-generating system will focus on establishing the kinetics of
CreE oxidation and nitrite-generation. Additionally, we would like to develop a step in our assay that
oxidizes any unconsumed NADPH to prevent its interference with the detection of nitrite by the Griess test.

Figure 4.17. Time course and quantification of nitrite production
A) Assay design for detecting nitrite from L-aspartate in time course of CreDE reaction. B) Analysis

of reaction at indicated time points by Griess test and quantification of nitrite concentration.
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4.2.5

Proposed mechanism for nitrite production

With the ability of CreD and CreE to generate nitrite from L-aspartate confirmed, we became interested in
understanding this transformation in more detail. CreD and CreE are predicted to catalyze C–N bond
cleavage and N-oxygenation chemistry, respectively, and the initial biochemical characterization described
above supports these roles. Based the annotations of these enzymes, we propose two general mechanisms
for the stepwise conversion of L-aspartate to fumarate and nitrite as catalyzed by CreD and CreE (Scheme
4.20). In one proposal (Path A), L-aspartate is cleaved by CreD to generate ammonium and fumarate, thus
acting as a canonical aspartase homolog. CreE can subsequently oxidize ammonium by six electrons via
CreE to generate nitrite. Alternatively, in Path B CreE first oxidizes the amino group of L-aspartate by six
electrons to give nitrosuccinate. The C–N bond of this intermediate is then cleaved by CreD to afford nitrite
and fumarate. Notably, both scenarios require the flavin-dependent monooxygenase CreE to act on a
substrate that has not been demonstrated in the literature to be a substrate of related N-hydroxylases. In
contrast, the aspartase homolog AspB from Bacillus sp. YM55-1 has been shown to catalyze the C–N bond
forming/cleaving reaction between fumarate and a variety of nitrogen-based nucleophiles including
hydroxylamine and hydrazine, demonstrating that this enzyme family is capable of accepting non-native
substrates.183 This, along with the wide range of reactions catalyzed by the broader enzyme superfamily?,
may suggest that aspartase homologs such as CreD are capable of evolving to catalyze reactions with Laspartate analogues.
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Scheme 4.20 Proposed pathways for generation of nitrite from L-aspartate

An arrowing pushing mechanism for the CreE-catalyzed, six electron oxidation of ammonium and Laspartate to nitrite and nitrosuccinate, respectively, is provided (Scheme 4.21, Scheme 4.22). This
mechanism is based on the well-established studies of Class A and Class B flavin-dependent
monooxygenases as discussed in Section 3.1.2. CreE is predicted to operate via an electrophilic oxygenation
mechanism using the hydroperoxy-flavin species as has been described for related flavin-dependent Nhydroxylases.175,184 In one proposed mechanism, CreE catalyzes three successive two electron oxidations
to convert L-aspartate first to N-hydroxyaspartate then to nitrosoaspartate and finally nitrosuccinate
(nitroaspartate). In the second putative mechanism, CreE catalyzes three successive two electron oxidations
to convert ammonium first to hydroxylamine followed by nitroxyl and finally nitrite. In each scheme the
overall six electron oxidation is predicted to consumer three equivalents of NADPH.
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Scheme 4.21 Proposed mechanisms for CreE catalyzed N-oxygenation of L-aspartate
Proposed mechanisms for generation of A) N-hydroxyasparate, B) nitrosoaspartate and C) nitrosuccinate.
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Scheme 4.22 Proposed mechanisms for CreE catalyzed N-oxygenation of ammonium
Proposed mechanisms for generation of A) hydroxylamine, B) nitroxyl and C) nitrite.

295

Arrowing pushing mechanisms for the two potential reactions catalyzed by CreD highlight an interesting
observation from our bioinformatic analysis of CreD, specifically the chemistry involved in cleavage of the
C–N bond (Scheme 4.23). These mechanisms are based on biochemical and structural studies conducted
on aspartase homologs.169-171 In the proposed aspartase mechanism, a serine in the active site is deprotonated
by an unknown active site base. As described earlier, this serine alkoxide deprotonates the C3 of L-aspartate
with the resulting carbanion termed an ‘aci-carboxylate’ stabilized by resonance through the adjacent side
chain carboxylate group. The aci-carboxylate intermediate is further stabilized through extensive
interactions with the protein. The aci-carboxylate then collapses, cleaving the C–N bond to expel
ammonia/ammonium and fumarate. A highly conserved His-Glu dyad is believed to protonate the leaving
ammonia group to facilitate C–N bond cleavage.

In our multiple sequence alignment of CreD and closely related homologs, we noticed the lack of a highly
conversed His-Glu pair that is present in other members of this superfamily and is predicted to be involved
in catalysis. Specifically, this conserved dyad is thought to be involved in the protonation of the leaving
ammonia/ammonium group of L-aspartate during C–N bond cleavage. In CreD there is a His to Leu and a
Glu to Thr mutation, which would not be predicted to allow for proton relay due to the relative lack of
acidic protons. A structural homology model was made of CreD and demonstrated that the Leu and Thr
residues of CreD likely occupy similar locations to the His and Glu, respectively, of aspartase homologs
further suggesting that the His-Glu proton relay pair is disrupted in CreD.
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Scheme 4.23 Proposed arrow pushing mechanisms for the two putative C–N bond cleaving reactions
catalyzed by CreD
A) Proposed mechanism for CreD acting as an aspartase. B) Proposed mechanism for novel CreD reaction
with nitrosuccinate substrate.
This lack of the conserved His-Glu proton relay pair, and replacement with residues not expected to be
capable of catalyzing acid-base chemistry, has implications for the mechanism of the reaction and informs
which pathway may be operative for nitrite generation (Scheme 4.20, Figure 4.18). The mutation of the
His-Glu pair suggests that L-aspartate may not be the substrate for CreD, as these residues are expected to
be required to protonate the leaving ammonia group. Contrastingly, the alternative potential substrate for
CreD, nitrosuccinate, does not contain a nitrogenous leaving group that would likely need to be protonated
upon C–N bond cleavage. The pKa of nitrous acid (pKa = 3.4) is 6 orders of magnitude lower than the pKa
of ammonium (pKa = 9.2) making the nitro group a far better leaving group than ammonia in the C–N
cleavage reaction. Thus, C–N bond cleavage of nitrosuccinate would not be expected to require a proton
relay pair for protonation of the nitrite that is formed. In fact, unless the environment of the active site was
significantly altered to modulate the dielectric constant it would be thermodynamically unfavorable to
protonate nitrite to form nitrous acid. Therefore, these considerations support Path B in Scheme 4.20
involving nitrosuccinate as a substrate for CreD in the generation of nitrite. Thus, our bioinformatic analysis
of CreD supports the proposal that L-aspartate is first oxidized by CreE to nitrosuccinate followed by C–N
bond cleavage by CreD to afford nitrite.
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Figure 4.18. Homology model of active site demonstrating that CreD likely does not contain a
charge relay pair
A) Active site from crystal structure (left) of aspartase homolog AspB (3R6V) with L-aspartate (dark grey)
showing the active site base Ser318 and the postulated role of the His188-Glu331 dyad in protonating the
ammonia leaving group of L-aspartate (right). B) Active site from a homology model of CreD (left) showing
mutation of His-Glu dyad to Leu-Thr suggesting substrate is not L-aspartate. The predicted substrate
nitrosuccinate is shown (right) which would not be expected to require a general acid to promote C–N bond
cleavage and release of nitrite.
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4.2.6

Stepwise incubation of CreD and CreE to determine order of transformations

While our bioinformatic analysis of CreD provided some clues as to the order of events in the
transformation of L-aspartate to nitrite and fumarate, we wanted to experimentally determine which
pathway was operative. We first set out to answer this question by attempting to separate the two steps of
nitrite generation (N-oxygenation and C–N bond cleavage). In this experiment, L-aspartate was first
incubated with either CreD or CreE alone. We then employed two methods to remove this initial enzyme
before subsequently incubating with the second enzyme. Enzyme removal was accomplished either through
heat denaturation or the use of a low-molecular weight cutoff filter (3000 Da). This latter strategy was
envisioned to avoid the degradation of potentially unstable small molecule intermediates caused by the heat
denaturation step. Surprisingly, while the positive control containing both CreD and CreE from the
beginning of the reaction generated nitrite, neither order of sequential enzyme addition resulted in any
nitrite production (Figure 4.19). This unexpected result suggested that potentially a very unstable
intermediate is generated and degraded between incubations of the two proteins, or that formation of a
CreD-CreE complex is required for activity.
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Figure 4.19. Stepwise incubation of CreD and CreE with L-aspartate does not afford nitrite
A) Assay design for detecting nitrite with two orders of enzyme incubation of CreD and CreE. B) Analysis
of enzyme reactions by Griess test and quantification of nitrite concentration.
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4.2.7

Incubation of CreE with potential substrates ammonium and L-aspartate

We also tried to deduce the order of enzymatic transformations by supplying CreE with different potential
substrates for oxidation and examining the reaction for expected products. To investigate whether CreE
oxidizes ammonium generated by CreD cleavage of L-aspartate, we incubated CreE with ammonium and
used the Griess test to assay for nitrite production. No nitrite was detected in this assay, and the addition of
CreD, which could potentially be required for CreE activity, did not stimulate the production of nitrite.
These results argue against a pathway in which the order of events is C–N bond cleavage followed by Noxygenation to afford nitrite. Alternatively, CreE may require the intermediate ammonium to be delivered
directly by CreD or CreE activity may be regulated by conformational changes that occur during CreD
catalysis. These possibilities may ensure that CreD and CreE activities are tightly coupled to ensure efficient
conversion L-aspartate to nitrite.
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Figure 4.20. CreE N-oxygenation assay with ammonium for nitrite production
A) Assay design for CreE-catalyzed oxidation of ammonium to nitrite. B) Analysis of assay by Griess and
quantification of nitrite concentration.
We next investigated an additional possibility for nitrite production in which L-aspartate is first oxidized
by CreE to nitrosuccinate followed by C–N bond cleavage by CreD to give nitrite. We assayed the ability
of CreE to oxidize L-aspartate and analyzed the reaction by direct injection, nominal mass LC-MS for the
production of predicted reaction products and degradation products. CreE was incubated with L-aspartate,
FAD, and NADPH and the reaction was analyzed at 5 min and 12 hours. Analysis of the reaction at 5
minutes did not show qualitative consumption of starting material relative to the ‘no enzyme’ negative
control nor did it show detection of any of the expected N-oxygenated reaction products including N-
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hydroxyaspartate, nitrosoaspartate, or nitrosuccinate. Furthermore, the potential degradation product
nitropropanoic acid was not detected. Nitropropanoic acid could result from the decarboxylation of
nitrosuccinate, as nitrosuccinate is expected to be unstable toward decarboxylation under these
conditions.158,185 Contrastingly, analysis of the 12 hour time point showed near complete consumption of
the starting material L-aspartate compared to the ‘no enzyme’ control. Interestingly, low level detection of
the six electron N-oxidized putative decomposition product nitropropanoic acid was observed. The
detection of this mass was dependent on CreE and when [15N,13C]-L-aspartate was used as the substrate,
the corresponding [15N,13C] isotopically-labeled nitropropanoic acid was detected in a CreE dependent
manner. It is currently unclear what additional reaction products are generated as a result of the near
complete consumption of L-aspartate. These results suggest that CreE is capable of oxidizing L-aspartate
to nitrosuccinate and favor a pathway in which CreE first acts to oxidize L-aspartate to nitrosuccinate which
is then cleaved by CreD to afford nitrite.
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Figure 4.21. CreE N-oxygenation assay with L-aspartate
A) Assay design for testing CreE catalyzed N-oxygenation of L-aspartate. B) Analysis of reaction by direct
inject, nominal mass LC-MS after 5 min. C) Analysis of reaction by direct inject, nominal mass LC-MS
after 12 h. TIC = total ion chromatograph. EIC = extract ion chromatograph. Names and structures
corresponding to EIC mass shown to right.
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4.2.8

Evidence that CreD and CreE form a complex in solution

With the order of events tentatively established for nitrite generation, we sought to further understand the
intriguing observation that CreD and CreE only produce nitrite when incubated together with L-aspartate.
We propose that CreD and CreE form a tightly regulated complex in solution that is required for nitrite
production. Since CreE was capable of oxidizing L-aspartate in vitro, it suggests that the C–N bond cleavage
reaction catalyzed by CreD may be the step that is tightly controlled, although more thorough kinetic
analysis of each step is required to fully understand this nitrite generation system and the order of events.

We assessed the ability of CreD and CreE to form a complex by analyzing different preparations of purified
proteins by analytical size exclusion chromatography (SEC). Analysis of CreD and CreE preparations
purified separately demonstrated that both proteins were large, soluble aggregates (Figure 4.13) of
undefined stoichiometry. Interestingly, when the purified CreD and CreE preparation from a co-expression
experiment was analyzed we observed a major peak with a calculated mass (~160 kDa) that could
correspond to a potential heterotrimeric complex, although the precise composition this potential complex
is unknown (Figure 4.22). This heterotrimeric complex could be composed of either a CreD2-CreE or CreDCreE2 stoichiometry, with calculated molecular weights of

approximately 165 kDa and 180 kDa,

respectively. In addition, this preparation contains soluble aggregate (~ 430 kDa) as well as a monomer of
either CreD or CreE which could not be determined based on the resolution capability of our SEC column
(molecular weights of CreD and CreE are approximately 50 kDa and 65 kDa, respectively). Collection of
the aggregate, complex and monomer peaks and analysis by SDS-PAGE revealed the identity of their
constituent members (Figure 4.22). The aggregate peak contained only CreE with no detectable signs of
CreD. The complex peak contained both CreD and CreE, suggesting that the complex is formed from both
CreD and CreE monomers, although we cannot rule out the possibility of two co-existing, co-eluting
complexes that each contain only CreD or CreE monomers. Finally, the monomer peak contained both
CreD and CreE. Overall, these findings suggest that CreD and CreE may form a complex in solution,
providing potential; biophysical evidence for our model that CreD and CreE form a complex that is required
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for nitrite production and involves tightly couple activities of both enzymes. These results are consistent
with experimental findings that CreD and CreE must both be present together to generate nitrite.

Figure 4.22. Analytical SEC traces of co-expressed CreD and CreE and SDS-PAGE analysis
A) Analytical SEC of co-expressed CreD and CreE sample shows peaks with calculated molecular weights
that correspond to an aggregate, potential trimer complex, and monomer. B) SDS-PAGE analysis of collected
samples from each peak. Ladder = Precision Plus Protein All Blue Molecular Weight Standards (BioRad).

4.2.9

Investigation of in vitro diazotization activity of CreD and CreE

While CreD and CreE have been demonstrated to catalyze nitrite production, we wanted to investigate the
possibility that they also catalyze diazotization of 3,2,4-AHMBA with the nitrite that has been generated.
Thus, we incubated individually expressed and purified CreD and CreE with L-aspartate, FAD, NADPH
and 3,2,4-AHMBA in pH 7.0 aqueous Tris buffer and analyzed the reaction by HPLC for both cremeomycin
and the degradation product 2,4-HMBA (Figure 4.23). Under these assay conditions no cremeomycin or
2,4-HMBA were detected. These results suggest that CreD and CreE do not catalyze the diazotization of
3,2,4-AHMBA.19
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Figure 4.23. CreD and CreE do not catalyze diazotization of 3,2,4-AHMBA in vitro
A) Assay design for cremeomycin formation catalyzed by CreD and CreE with substrates L-aspartate and
3,2,4-AHMBA. B) Analysis of in vitro reaction by HPLC.
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4.2.10 Presence and distribution of the creDE gene cassette in nucleotide sequence databases
Having characterized CreD and CreE as a nitrite-generating system, we next wanted to understand the
prevalence and distribution of CreD and CreE homologs in sequenced microbial genomes. We expected
that the presence of these enzymes in a genome would indicate the capability to produce nitrite and could
hint at the production of diazo- and additional N–N bond-containing secondary metabolites. If true, this
could be an exciting strategy to uncover novel diazo and N–N bond-containing natural products within
sequenced microbial genomes.

In order to identify putative diazo-forming creDE gene cassettes within nucleotide sequence databases we
used MultiGeneBlast.186 MultiGeneBlast allows users to search locally-downloaded sequence databases for
putative gene cassettes using each gene of the cassette as the input. A BLAST search is performed on each
query gene and the BLAST results from each query are then cross-referenced with each other based on
user-defined criteria (e.g. % amino acid identity, distance (nt) between genes, and synteny conservation) to
identify putative gene cassettes. Unfortunately, because MultiGeneBlast requires a locally-downloaded
database to search, it is not currently feasible to conduct an extensive search of publically-available
nucleotide sequences since the GenBank database of the National Center for Biotechnology Information
(NCBI) is prohibitively large for local downloading. However, we were able to use MultiGeneBlast to
search the entire nucleotide database of GenBank from December 2015 which involved a manageable size
for local downloading (approximately 65 GB).

Using MultiGeneBlast, we identified 126 putative creDE gene cassettes within the Genbank database from
December 2015 (Table 4.6, Section 4.4.22). Interestingly, these creDE gene cassettes were found to be
entirely restricted (125 out of 126 hits, 1 hit not taxonomically classified) to the Order Actinomycetales
within the Gram-positive Actinobacteria Phylum. The Actinomycetales Order is known as a prolific
producer of natural products.187-189 The vast majority of putative creDE gene cassettes were encoded within
Streptomyces and Mycobacterium with 42 and 69 genomes, respectively. In addition, the creDE gene
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cassette was encoded within Kutzneria (2), Nocardia (2), Salinispora (1), Kitasatospora (2),
Micromonospora (1), Microbispora (1), Segniliparus (1), Kibdelosporangium (1), Amycolatopsis (1), and
Actinosynnema (1). Additionally, a creDE cassette was located within the genome of an organism belong
to the Streptomycetaceae Family (1). The putative creDE gene cassettes were located within genomic
regions that appear to encode for secondary metabolite biosynthesis. This suggests that these hits are located
within biosynthetic gene clusters that encode the biosynthesis of natural products potentially using nitrite
as a biosynthetic intermediate. Based on this analysis, the mining of creDE gene cassettes represents a
promising strategy for the identification natural products.

Further analysis of this data led to several interesting observations. Two Nocardia strains appear to encode
a single bifunctional CreDE protein, further supporting the hypothesis that the reactions of CreD and CreE
are tightly coupled. We found creDE gene cassettes within the genome of the kinamycin producer S.
ambofaciens ATCC 23877 and the fosfazinomycin producer Streptomyces sp. WM6372. A highly
conserved gene cluster encoding the creDE gene cassette in Mycobacterium was identified and will be
discussed later in Section 5.2.10 as it appears to encode a full diazo-forming gene cassette. Finally, we
searched the genomes of organisms known to produce diazo and N–N bond-containing molecules who’s
genomes were not deposited in the GenBank database. We found a creDE gene cassette within the
azamerone producers S. sp. CNQ-766 and CNQ-525 as well as the lomaiviticin producers S. pacifica DPJ0016 and S. pacifica DPJ-0019.

The creDE gene cassettes from the azamerone (S. sp. CNQ-766 and CNQ-525), kinamycin (S. ambofaciens
ATCC 23877) and lomaiviticin (S. pacifica DPJ-0016 and S. pacifica DPJ-0019) producers were not located
within the biosynthetic gene clusters that produce these molecules. This could indicate that the CreD and
CreE homologs are not required for these biosynthetic pathways, however, it is known that in some cases
critical biosynthetic enzymes can be located outside biosynthetic gene clusters. The putative creDE gene
cassette found within the fosfazinomycin producer S. sp. WM6372 is located within the biosynthetic gene
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cluster that produces fosfazinomycin (fzm). The characterization of the CreD and CreE homologs from the
fzm pathway will be discussed below in Section 4.2.11.190,191

The discovery of the creDE gene cassettes within biosynthetic gene clusters of several Actinomycetales
genuses now provides the opportunity to investigate these gene clusters and the natural products they
encode. These investigations will demonstrate whether the presence of a creDE gene cassette is indicative
of the presence of a diazo or N–N bond containing natural product.

4.2.11 Investigations of CreD and CreE and homologs by Ohnishi and van der Donk groups
During our investigations of diazo formation in cremeomycin biosynthesis two groups independently
reported on the characterization of CreD and CreE and their homologs. The Ohnishi group reported on the
discovery and characterization of the cremeomycin pathway including CreD and CreE, although they did
not identify an enzyme catalyzing the diazotization step.19 Very recently, the Ohnishi group also structurally
characterized CreD through X-ray crystallography.192 The van der Donk group characterized the CreD and
CreE homologs, FzmL and FzmM respectively, in the fosfazinomycin pathway.17

The investigations by the Ohnishi group corroborated many of the findings we observed in our
characterization of the CreDE nitrite-generating system. Similarly, they propose a biosynthetic model
involving the oxidation of L-aspartate to nitrosuccinate by CreE followed by cleavage by CreD to afford
fumarate and ammonium. Importantly, when L-aspartate was incubated with CreE they were able to detect
the putative nitrosuccinate intermediate by LC-MS and demonstrates its labeling when [15N]-L-aspartate
was used as substrate, thus providing strong support for this order of events. This is in agreement with our
CreE in vitro assay showing the consumption of L-aspartate and detection of nitropropanoic acid.
Furthermore, 15N-NMR and 1H-NMR of the enzyme reaction mixture revealed diagnostic peaks of a nitro
group (15N-NMR) and proton peaks that were consistent with nitrosuccinate. 1H-NMR was also used to
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calculate that 3 equivalents of NADPH were consumed per 1 equivalent of nitrosuccinate generated,
supporting the earlier proposal that CreE catalyzes three successive two electron oxidations to transform Laspartate to nitrosuccinate. Kinetic analysis of the CreE reaction revealed a kcat of 1.14 ± 0.09 s-1 and Km of
124.8 ± 5.0 µM for L-aspartate.

Analysis of the CreDE coupled nitrite-generating reaction demonstrated that approximately 1 equivalent of
nitrite was generated per 3.5 equivalents of NADPH consumed, indicating that the majority (nearly 90%)
of nitrosuccinate produced by CreE was converted to nitrite by CreD. The measured Vmax of nitrite
generation was 257.1 ± 9.6 nM/s with 0.2 µM each of CreE and CreD. This is close to the Vmax of the CreE
oxygenation reaction 227.0 ± 16.6 nM/s with 0.2 µM of CreE, indicating that CreE is the rate limiting step
in the coupled reaction that generates nitrite. Importantly, in agreement with our results, the activities of
CreD and CreE could not be separated as no nitrite was produced when CreE was incubated with L-aspartate
first followed by incubation with CreD.

Finally, the Ohnishi group recently characterized the structure of CreD by X-ray crystallography.192 Overall
CreD adopts a tertiary and quaternary fold that is highly similar to other structural characterized members
of the fumarase superfamily. In agreement with our multiple sequence alignment and structural homology
modeling, the CreD structure lacks the Glu-His dyad that is conserved in related aspartases. This Glu-His
dyad in aspartases is proposed to protonate the ammonia leaving group to facilitate the C–N bond cleavage
of L-aspartate. We reasoned that due to the significantly lower pKa of nitrous acid compared to ammonium
this dyad would not be required to protonate the leaving nitrite during C–N bond cleavage of nitrosuccinate
by CreD, which rationalizes the Glu-His to Thr-Leu mutation seen in CreD. Interestingly, the Ohnishi group
suggests that an arginine residue in the active site of CreD (Arg325) could serve as a catalytic acid to
protonate the leaving nitrite during C–N bond cleavage to form nitrous acid. The corresponding arginine in
CMLE has been proposed to stabilize the aci-carboxylate intermediate and not to facilitate protonation
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during C–O bond cleavage. However, the Ohnishi group argues that this Arg325 is not positioned
appropriately to stabilize the aci-carboxylate intermediate. They argue it is better positioned to act as a
catalytic acid in protonating the leaving nitrite group. We do not favor this hypothesis from a chemical
standpoint, given that the pKa of nitrous acid is 3.4 compared to the pKa of arginine at 12.5. Thus, the
mechanism proposed by Ohnishi would involve a highly unfavorable protonation step that does not seem
necessary given the relatively low pKa of nitrous acid. However, we cannot rule out the possibility that
within the active site the pKa values are perturbed to favor this protonation.

The van der Donk group also carried out in vitro characterization of FzmM and FzmL, the CreE and CreD
homologs, respectively, within the context of fosfazinomycin biosynthesis which was discussed previously
in Section 1.2.2.1.17 Analysis of the FzmM oxygenation reaction using a Hansatech O2 electrode to monitor
oxygen consumption revealed rapid consumption in the presence FzmM, L-aspartate, FAD and NADPH.
Other amino acids including L-glutamate, L-ornithine, L-lysine, and D-aspartate, the alternative cofactor
FMN and the alternative cosubstrate NADH gave negligible oxygen consumption indicating the strict
preference of FzmM for L-aspartate, FAD and NADPH. The predicted two electron oxidation product Nhydroxyaspartate could be detected by LC-MS after derivatization with Fmoc-Cl. In agreement with our in
vitro characterization of CreE, the potential degradation product nitropropanoic acid was detected by NMR.
The kcat and Km with L-aspartate for the FzmM reaction were measured at 2.48 ± 0.06 s-1 and 790 ± 70 µM,
respectively, which are within the same order of magnitude as that measured for CreE by Ohnishi. The van
der Donk also confirmed that when incubated together FzmM and FzmL generate nitrite as detected by the
Saltzman’s reagent (modified Griess test) and validated the production of fumarate by 13C-NMR. The role
of nitrite in the biosynthesis of fosfazinomycin is discussed in Section 1.2.2.1
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4.3

Conclusions

We have identified the roles of CreD and CreE in cremeomycin biosynthesis and characterized their
functions using in vitro biochemical assays. We demonstrated that CreD and CreE generate nitrite from Laspartate using FAD and NADPH. Interestingly, the functions of CreD and CreE are tightly coupled, which
may be explained by the formation of a complex between the two enzymes in solution. Our results suggest
that the flavin-dependent monooxygenase CreE catalyzes the six-electron N-oxidation of L-aspartate to
afford nitrosuccinate which subsequently undergoes C–N bond cleavage catalyzed by CreD to afford nitrite
and fumarate. While flavin-dependent monooxygenases have been implicated in nitro group formation in
several biosynthetic pathways that produce nitro sugars, the characterization of CreE by us and others
represents the first example of the in vitro reconstitution of the full six-electron oxidation of an amine to a
nitro group by a flavin-dependent monooxygenase. Using multiple sequence alignments and structural
homology modeling of CreD, we find evidence suggesting CreD may catalyze C–N bond cleavage using
nitrosuccinate as a substrate instead of L-aspartate, the canonical substrate of the aspartase family. The
inability of CreD and CreE to catalyze diazo formation under the in vitro reaction conditions tested indicates
that an unidentified enzyme may be responsible for diazo assembly in cremeomycin biosynthesis. The
identification and characterization of this enzyme is discussed in Chapter 5.

The discovery of nitro group formation by CreE adds to the list of nitro-forming enzymes that have been
characterized in natural product biosynthesis. Extensive work has been conducted on the mechanism of the
six-electron oxidation of amino groups to nitro groups by the di-iron enzymes AurF and CmlI. The
mechanism by which CreE oxidizes the amino group of L-aspartate to the nitro group is currently unclear,
but appears to involve three successive two-electron oxidation events which is different than current
proposals for AurF and CmlI.19 Future efforts are aimed at developing a more detailed mechanistic
understanding of the reaction, including both the N-oxygenation and C–N bond cleavage steps. We also
have initiated a collaborative effort to understand the structural basis for this chemistry, including the
coupling and regulation of the nitrite-generation activity.
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Having characterized the activities of CreD and CreE, we could now identify homologs encoded within
novel biosynthetic gene clusters. The presence of these genes in additional gene clusters may suggest that
they encode novel diazo or N–N bonding containing natural products, as evidenced by their presence in the
fosfazinomycin and cremeomycin pathways. Furthermore, the opportunity to use CreE and/or CreD (and
their homologs) in biocatalytic and synthetic biology applications can now be explored. As discussed in the
introduction, many enzymes have been characterized in relation to nitro group biosynthesis. The discovery
of CreE by our group, the Ohnishi group, and the van der Donk group adds an additional set of tools to the
biocatalysis and synthetic biology repertoire for the installation of nitro groups. Moreover, the two-enzyme
CreD-CreE system can now be investigated for its ability to produce nitrite in situ. The production of nitrite
in vivo would enable synthetic biology efforts to synthesize diazo and N–N bond-containing small
molecules. These compounds could be evaluated for their bioactivity, or in the case of diazo-containing
molecules, used to engage in metallocarbenoid-mediated chemistry e.g. cyclopropanation reactions.193

314

4.4
4.4.1

Materials and Methods
General materials and methods

Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, IA). Recombinant
plasmid DNA was purified with a Qiaprep Kit from Qiagen. Gel extraction of DNA fragments and
restriction endonuclease clean up were performed using an Illustra GFX PCR DNA and Gel Band
Purification Kit from GE Healthcare. Griess reagent kit was purchased through Thermo Fisher Scientific.
15

N-labled nitrogen salts were purchased from Cambridge Isotopes Laboratories. DNA sequencing was

performed by Genewiz (Boston, MA). Nickel-nitrilotriacetic acid- agarose (Ni-NTA) resin was purchased
from Qiagen and Thermo Scientific. SDS-PAGE gels were purchased from BioRad. Protein concentrations
were determined by absorption at 280 nm using ExPASy ProtParam (http://web.expasy.org/protparam/) to
calculate the extinction coefficients. Optical densities of E. coli cultures were determined with a DU 730
Life Sciences UV/Vis spectrophotometer (Beckman Coulter) by measuring absorbance at 600 nm.
Analytical HPLC was performed on a Dionex Ultimate 3000 instrument (Thermo Scientific). Gel filtration
FPLC was performed on a BioLogic DuoFlow Chromatography System (Bio- Rad) equipped with a
Superdex 200 Increase 10/300 GL column (GE Healthcare). Spectrophotometric measurements of enzyme
assays were taken using the BioTeck Powerwave HT microplate spectrophotometer. Nominal mass MS
direct injection was performed on an Advion ExpressionL CMS system. For cremeomycin LC-MS analysis,
samples were submitted for LC-MS analysis to the Small Molecule Mass Spectrometry Facility at the
Harvard FAS Division of Science Core Facility in Northwest Labs.

For MS analysis of CreE oxidation assays, the Advion ExpressionL CMS was used with an electrospray
ionization (ESI) source. Mass spectra were recorded in negative mode using single ion monitoring; capillary
temperature, 250 °C; capillary voltage, 180 V; source gas temperature, 20.0 °C; ESI voltage, 2500 V.

Analysis of cremeomycin by LC-MS was carried out on an Agilent 1290 Infinity UHPLC system (Agilent
Technologies, Palo Alto, CA) coupled to a maXis impact UHR time-of-flight mass spectrometer system
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(Bruker Daltonics Inc) equipped with an electrospray ionization (ESI) source. Data were acquired with
Bruker Daltonics HyStar software version 3.2 for UHPLC and Compass OtofControl software version 3.4
for mass spectrometry, and they were processed with Bruker Compass DataAnalysis software version 4.2.

For the UHPLC analysis of cremeomycin, 8 µL samples were injected onto the UHPLC including a
G4220A binary pump with a built-in vacuum degasser and a thermostatted G4226A high performance
autosampler. An XTerra MS C18 analytical column (2.1x100 mm, 3.5 µm) from Waters Corporation was
used at the flow rate of 0.3 mL/min using 0.2% acetic acid in water as mobile phase A and 0.2% acetic acid
in acetonitrile as mobile phase B. The column temperature was maintained at room temperature. The
following gradient was applied: 0-3 min: 5% B isocratic, 3-12 min: 5-100% B, 12-14 min: 100% B
isocratic, 14-14.5 min: 100-5%B, 14.5-20.5 min: 5% B isocratic.

For the MS portion of the LC-MS, the ESI mass spectra data were recorded on a positive ionization mode
with a mass range of m/z 50 to 1200; calibration mode, HPC; spectra rate, 1.00 Hz; capillary voltage, 3800
V for ESI+; nebulizer pressure, 25.0 psi; drying gas (N2) flow, 9.3 L/min; temperature, 220 ºC. A mass
window of ± 0.005 Da was used to extract the ion of [M+Na]+. Targets were considered detected when the
mass accuracy was less than 5 ppm and there was a match of isotopic pattern between the observed and the
theoretical ones plus a match of retention time between those in real samples and standards.

4.4.2

BLAST of S. cremeus genome for Nas, Nap, and Nar nitrate reductase pathways

Geneious was used to BLAST the locally downloaded S. cremeus genome using the following protein
queries (UniProt accession numbers provided) for the Nas, Nap and Nar systems: NasA (Q06457), NasC
(Q48467), NapA (P33937), NapB (P0ABL3), NarG (P09152), NarH (P11349), NarI (P11350).
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4.4.3

Feeding studies with nitrogen salts

S. cremeus NRRL 3241 was grown in 100 mL of fermentation media supplemented with 13.0 mM each of
[15N]-labeled ammonium chloride, sodium nitrite, and calcium nitrite. These cultures were inoculated (1:50)
from a starter culture of S. cremeus NRRL 3241 in fermentation media that had been started from a freshly
sporulated plate. The [15N]-labeled compounds were added at the point of inoculation as solutions in 1 mL
of water and filtered through a 0.22 µm filter membrane (Corning). Cultures were grown with protection
from light (flasks covered in tinfoil) at 28 °C with shaking at 220 rpm.

All subsequent steps were performed taking care to reduce sample exposure to light. After 7 days the
cultures were centrifuged (13,000 x g, 30 min) and the supernatant was collected. The supernatant was
adjusted to pH ~2-3 with 5% sulfuric acid and extracted with 100 mL of ethyl acetate. The ethyl acetate
was concentrated and the residue was redissolved in 10 mL of a methanol/water mixture (1:9) and
lyophilized. The lyophilized residue was redissolved in 500 µL of methanol and centrifuged (13,000 x g,
15 min), and the supernatant was submitted for HRMS LC-MS analysis.

Analysis of the extracted ion chromatogram of the cremeomycin sodium adduct and its mass spectrum
allowed for determination of the extent of 15N labeling by comparison of the peak intensities of the 217.0220
Da (normal isotopic abundance), 218.0190 Da (single 15N labeling), and 219.0160 (double 15N labeling).

4.4.4

Multiple sequence alignment of CreD and CreE

The amino acid sequences of CreD and CreE were aligned with their respective homologs using
ClustalOmega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Multiple sequence alignments were analyzed
using JalView.
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4.4.5

Structural homology model of CreD

A CreD structure prediction and homology model was generated with the HHPred interactive server
(http://toolkit.tuebingen.mpg.de/hhpred) using the crystal structure of AspB as a template (PDB ID =
3R6V). Overlay of the CreD homology model with the AspB crystal structure revealed conservation of
overall active site architecture, however, a highly conserved His-Glu dyad was mutated to a Leu-Thr dyad,
respectively.

4.4.6

Cloning of creD into pET28a

CreD was PCR amplified from S. cremeus genomic DNA to afford an N-terminal His6 construct using the
primers shown in Table 4.3. PCR reactions contained 25 µL 2X Q5 PCR Master Mix (New England
Biolabs), 1.0 µL genomic DNA, 0.5 µL of each primer (50 µM stock concentration) in a total volume of 50
µL. Thermocycling was carried out in a MyCycler gradient cycler (Bio-Rad) using the following
parameters: denaturation for 30 s at 98 °C, followed by 45 cycles of denaturation at 98 °C for 15 s,
annealing/extension at 72 °C for 60 s, and a final extension time of 2 min at 72 °C.

The PCR reaction was analyzed by agarose gel electrophoresis with ethidium bromide staining. The band
were excised and purified using Illustra GFX kit. The purified fragment was digested with NdeI and XhoI
(New England Biolabs) for 2.5 h at 37 °C. Digest contained 1 µL of MilliQ water, 3 µL NEB Buffer 4
(10X), 3 µL BSA (10X), 1.5 µL NdeI (20 U/µL), 1.5 µL XhoI (20 U/µL), and 20 µL of PCR product.
Restriction digest was purified using the Illustra GFX kit. Digest was ligated into linearized pET-28a
expression vector (NdeI and XhoI) using T4 DNA ligase (New England Biolabs). Ligation was incubated
at room temperature for 2 h and contained 4.5 µL digested insert, 0.5 µL digested vector, 0.7 µL T4 DNA
ligase buffer (10X), 0.3 µL MilliQ water, and 1 µL T4 DNA ligase (400 U/µL). 5 µL of the ligation mixture
was used to transform a single tube of chemically competent E. coli TOP10 cells. The identity of the
construct was confirmed by sequencing of purified plasmid DNA.
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Table 4.3 Primers used to clone creD into pET28a
Oligos

Nucleotide sequence

creD-pE28a-f

5’- GCGTTACATATGACCAGACCCCCCGCACC - 3’

creD-pE28a-r

5’- AATAAACTCGAGTCACCGGGCCGGCGG - 3'
Restriction sites underlined.

4.4.7

Overexpression and purification of CreD

The pET29a-creD-N-His6 construct was transformed into chemically competent E. coli BL21 cells. A 50
mL starter culture was inoculated from a frozen cell stock and grown overnight at 37 °C in LB medium
containing 50 µg/mL of kanamycin with shaking at 175 rpm. The overnight culture was used to inoculate
2 L of LB medium (1:100 dilution) containing 50 µg/mL of kanamycin. The culture was incubated at 37
°C with shaking at 175 rpm for ~2 h and then transferred to an incubator at 15 °C with shaking at 175 rpm.
At an OD600 = 0.5 – 0.6 the culture was induced with 50 µM IPTG and allowed to continue incubating at
15 °C with shaking at 175 rpm overnight (approximately 12 – 15 h).

Cells from the 2 L culture were harvested by centrifugation (6,000 rpm x 15 min) and resuspended in 40
mL of lysis buffer (100 mM NaPhos pH = 8.0, 300 mM NaCl). The cells were lysed by passage through a
cell disruptor (Avestin EmulsiFlex-C3) twice at 5,000 – 6,000 psi, and the lysate was clarified by
centrifugation (15,000 rpm x 30 min). The supernatant was incubated with 2 mL of Ni-NTA resin and 5
mM imidazole for 1 h at 4 °C on a nutating mixer. The mixture was centrifuged (4,000 rpm x 6 min), and
the unbound supernatant fraction was discarded. The Ni-NTA resin was transferred to a glass column.
Protein was eluted from the column using a stepwise imidazole gradient in elution buffer (100 mM NaPhos
pH = 8.0, 300 mM NaCl, and 10, 25, 50, 75, 100, 125, 150, 200 mM imidazole) while collecting 2 mL
fractions. SDS-PAGE (4-15% Tris-HCl gel) was used to ascertain the presence and purity of protein in each
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fraction. Fractions containing the desired protein were combined and dialyzed against 2 L of storage buffer
(100 mM NaPhos pH = 8.0 and 10% glycerol). After dialysis the protein solution was centrifuged (4,000
rpm x 10 min) to remove precipitated protein and concentrated to approximately 1 mL. Solutions containing
protein were frozen in liquid nitrogen and stored at –80 °C. This procedure afforded approximately 6 mg
of protein per 1 L of E. coli culture at a final concentration of 250 µM.

4.4.8

Cloning of creE into pET28a

CreE was PCR amplified from S. cremeus genomic DNA to afford an N-terminal His6 construct using the
primers shown in Table 4.4. PCR reactions contained 25 µL 2X Q5 PCR Master Mix (New England
Biolabs), 1.0 µL of genomic DNA, 0.5 µL of each primer (50 µM stock concentration) in a total volume of
50 µL. Thermocycling was carried out in a MyCycler gradient cycler (Bio-Rad) using the following
parameters: denaturation for 30 s at 98 °C, followed by 45 cycles of denaturation at 98 °C for 15 s,
annealing/extension at 72 °C for 60 s, and a final extension time of 2 min at 72 °C.

The PCR reaction as analyzed by agarose gel electrophoresis with ethidium bromide staining. The band
were excised and purified using Illustra GFX kit. The purified fragment was digested with NdeI and XhoI
(New England Biolabs) for 2.5 h at 37 °C. Digest contained 1 µL of MilliQ water, 3 µL NEB Buffer 4
(10X), 3 µL BSA (10X), 1.5 µL NdeI (20 U/µL), 1.5 µL XhoI (20 U/µL), and 20 µL of PCR product.
Restriction digest was purified using the Illustra GFX kit. Digest was ligated into linearized pET-28a
expression vector (NdeI and XhoI) using T4 DNA ligase (New England Biolabs). Ligation was incubated
at room temperature for 2 h and contained 4.5 µL digested insert, 0.5 µL digested vector, 0.7 µL T4 DNA
ligase buffer (10X), 0.3 µL MilliQ water, and 1 µL T4 DNA ligase (400 U/µL). 5 µL of the ligation mixture
was used to transform a single tube of chemically competent E. coli TOP10 cells. The identity of the
construct was confirmed by sequencing of purified plasmid DNA.
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Table 4.4 Primers used to clone creE into pET28a
Oligos

Nucleotide sequence

creE-pE28a-f

5’- CGCATACATATGAGCGTCAGACGGCTCA - 3’

creE-pE28a-r

5’- ATTAATCTCGAGTCATGCCGTCACCTCGGT - 3'
Restriction sites underlined.

4.4.9

Overexpression and purification of CreE

The pET29a-creE-N-His6 construct was transformed into chemically competent E. coli BL21 cells. A 50
mL starter culture was inoculated from a frozen cell stock and grown overnight at 37 °C in LB medium
containing 50 µg/mL of kanamycin with shaking at 175 rpm. The overnight culture was used to inoculate
2 L of LB medium (1:100 dilution) containing 50 µg/mL of kanamycin. The culture was incubated at 37
°C with shaking at 175 rpm for ~2 h and then transferred to an incubator at 15 °C with shaking at 175 rpm.
At an OD600 = 0.5 – 0.6 the culture was induced with 50 µM IPTG and allowed to continue incubating at
15 °C with shaking at 175 rpm overnight (approximately 12 – 15 h).

Cells from the 2 L culture were harvested by centrifugation (6,000 rpm x 15 min) and resuspended in 40
mL of lysis buffer (100 mM NaPhos pH = 8.0, 300 mM NaCl). The cells were lysed by passage through a
cell disruptor (Avestin EmulsiFlex-C3) twice at 5,000 – 6,000 psi, and the lysate was clarified by
centrifugation (15,000 rpm x 30 min). The supernatant was incubated with 2 mL of Ni-NTA resin and 5
mM imidazole for 1 h at 4 °C on a nutating mixer. The mixture was centrifuged (4,000 rpm x 6 min), and
the unbound supernatant fraction was discarded. The Ni-NTA resin was transferred to a glass column.
Protein was eluted from the column using a stepwise imidazole gradient in elution buffer (100 mM NaPhos
pH = 8.0, 300 mM NaCl, and 10, 25, 50, 75, 100, 125, 150, 200 mM imidazole) while collecting 2 mL
fractions. SDS-PAGE (4-15% Tris-HCl gel) was used to ascertain the presence and purity of protein in each
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fraction. Fractions containing the desired protein were combined and dialyzed against 2 L of storage buffer
(100 mM NaPhos pH = 8.0 and 10% glycerol). After dialysis the protein solution was centrifuged (4,000
rpm x 10 min) to remove precipitated protein and concentrated to approximately 1 mL. Solutions containing
protein were frozen in liquid nitrogen and stored at –80 °C. This procedure afforded approximately 4 mg
of protein per 1 L of E. coli culture at a final concentration of 130 µM.

4.4.10 Cloning of creD and creE into pDUET vectors
CreD and creE were cloned into separate pDUET vectors (Novagen) to allow for co-expression in a single
E. coli cell. CreD was cloned into the multiple cloning site 1 (MCS1) of pCOLA to afford an N-terminal
His6-tagged protein and creE was cloned into the multiple cloning site 1 (MCS1) of pETDUET to afford
an N-terminal His6-tagged protein using the primers shown in Table 4.5. CreD and creE were cloned into
pCOLA and pETDUET, respectively, using BamHI (5’) and HindIII (3’) restriction sites.

Both creD and creE were PCR amplified using the inserts from pET28a-creD and pET28a-creE as
templates, respectively. PCR reactions contained 25 µL 2X Q5 PCR Master Mix (New England Biolabs),
5.0 µL template DNA, 0.5 µL of each primer (50 µM stock concentration) in a total volume of 50 µL.
Thermocycling was carried out in a MyCycler gradient cycler (Bio-Rad) using the following parameters:
denaturation for 30 s at 98 °C, followed by 45 cycles of denaturation at 98 °C for 5 s, annealing at 50 °C
for 20 s, extension at 72 °C for 60 s, and a final extension time of 2 min at 72 °C.

The PCR reactions were analyzed by agarose gel electrophoresis with ethidium bromide staining. The bands
were excised and purified using Illustra GFX kit. The purified fragment was digested with BamHI and
HindIII (New England Biolabs) for 2.5 h at 37 °C. Digest contained 2.75 µL of MilliQ water, 3.75 µL NEB
CutSmart Buffer (10X), 4.0 µL BamHI-HF (20 U/µL), 2.0 µL HindIII (20 U/µL), and 25 µL of PCR
product. Restriction digest was purified using the Illustra GFX kit. Digests of creD and creE were ligated
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into linearized pCOLA and pETDUET expression vectors, respectively (BamHI and HindIII) using T4
DNA ligase (New England Biolabs). Ligation was incubated at room temperature for 2 h and contained 4.5
µL digested insert, 0.5 µL digested vector, 0.7 µL T4 DNA ligase buffer (10X), 0.3 µL MilliQ water, and 1
µL T4 DNA ligase (400 U/µL). 5 µL of the ligation mixture was used to transform a single tube of
chemically competent E. coli TOP10 cells. The identities of the constructs were confirmed by sequencing
of purified plasmid DNA.

Table 4.5 Primers used to clone creD and creE into pDUET vectors
Primer (5’ à 3’)

Gene

Target Vector

CCACAGCCAGGATCCAATGACCAGACCCCCC

creD

pCOLA-MCS1

ATTAATAAGCTTTCACCGGGCCGGCGG
CCACAGCCAGGATCCAATGAGCGTCAGACGG
ATTAATAAGCTTTCATGCCGTCACCTCG

creD
creE
creE

pCOLA-MCS1
pETDUET-MCS1
pETDUET-MCS1

Restriction sites underlined.

4.4.11 Co-overexpression and co-purification of CreD and CreE
The pCOLA-MCS1-creD-N-His6 pETDUET-MCS1-creE-N-His6 constructs were co-transformed into
electrocompetent E. coli BL21 cells. A 50 mL starter culture was inoculated from a frozen cell stock and
grown overnight at 37 °C in LB medium containing 50 µg/mL of kanamycin and 100 µg/mL ampicillin
with shaking at 175 rpm. The overnight culture was used to inoculate 2 L of LB medium (1:100 dilution)
containing 50 µg/mL of kanamycin and 100 ug/mL ampicillin. The culture was incubated at 37 °C with
shaking at 175 rpm for ~2 h and then transferred to an incubator at 15 °C with shaking at 175 rpm. At an
OD600 = 0.5 – 0.6 the culture was induced with 50 µM IPTG and allowed to continue incubating at 15 °C
with shaking at 175 rpm overnight (approximately 12 – 15 h).

Cells from the 2 L culture were harvested by centrifugation (6,000 rpm x 15 min) and resuspended in 40
mL of lysis buffer (50 mM NaPhos pH = 8.0, 150 mM NaCl). The cells were lysed by passage through a
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cell disruptor (Avestin EmulsiFlex-C3) twice at 5,000 – 6,000 psi, and the lysate was clarified by
centrifugation (15,000 rpm x 30 min). The supernatant was incubated with 2 mL of Ni-NTA resin and 5
mM imidazole for 1 h at 4 °C on a nutating mixer. The mixture was centrifuged (4,000 rpm x 6 min), and
the unbound supernatant fraction was discarded. The Ni-NTA resin was transferred to a glass column.
Protein was eluted from the column using a stepwise imidazole gradient in elution buffer (100 mM NaPhos
pH = 8.0, 300 mM NaCl, and 10, 25, 50, 75, 100, 150, 200 mM imidazole) while collecting 2 mL fractions.
SDS-PAGE (4-15% Tris-HCl gel) was used to ascertain the presence and purity of protein in each fraction.
Fractions containing the desired protein were combined and dialyzed against 2 L of storage buffer (50 mM
NaPhos pH = 8.0, 50 mM NaCl and 10% glycerol). After dialysis the protein solution was centrifuged
(4,000 rpm x 10 min) to remove precipitated protein and concentrated to approximately 1 mL. Solutions
containing protein were frozen in liquid nitrogen and stored at –80 °C.

4.4.12 CreD-CreE in vitro assay for nitrite production with pooled amino acids
A reaction assay was setup in 100 µL total volume containing 75 mM Tris-SO4 pH 7.0, 10.0 mM MgSO4,
1.0 mM each of amino acid in pool, 2.0 mM NADPH, 2.0 mM NADH, 2 µM FAD, 2 µM FMN, 1 µM
CreD, and 1 µM CreE. The reactions were prepared in a 96-well plate and initiated by addition of enzyme,
mixed by pipetting up and down several times, and incubated at room temperature overnight for 9 h.
NADPH and NADH stocks were prepared fresh from solid powder stored at –80 °C. Amino acids, FAD
and FMN were added from stocks in water stored at –20 °C. The 20 proteinogenic amino acids plus Lornithine were tested in pools of 4 – 5 amino acids each.

After this 9 h incubation, the Griess reagent was freshly prepared by making a 1:1 (v:v) solution of the
sulfanilic acid and N-(1-naphthyl)ethylenediamine hydrochloride components. The sulfanilic acid solution
is stored at 4 °C as a 10 mg/mL solution in 5% phosphoric acid and the N-(1-naphthyl)ethylenediamine
hydrochloride solution is stored at 4 °C as a 1 mg/mL solution in water. Both are stored protected from
light. To test for nitrite production, 50 µL was diluted with 230 uL of water followed by the addition of 20
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µL of Griess reagent. The Griess reaction was incubated for approximately 15 min and then absorbance
readings were taken at 548 nm using the BioTek microplate spectrophotometer.

4.4.13 CreD-CreE in vitro assay for nitrite production with individual amino acids
A reaction assay was setup in 100 µL total volume containing 75 mM Tris-SO4 pH 7.0, 10.0 mM MgSO4,
1.0 mM of L-alanine, L-arginine, L-asparagine, or L-aspartate, 2.0 mM NADPH, 2.0 mM NADH, 2 µM
FAD, 2 µM FMN, 1 µM CreD and 1 µM CreE. The reactions were prepared in a 96-well plate and initiated
by addition of enzyme, mixed by pipetting up and down several times, and incubated at room temperature
overnight for 9 h. NADPH and NADH stocks were prepared fresh from solid powder stored at –80 °C.
Amino acids, FAD and FMN were added from stocks in water stored at –20 °C.

After this 9 h incubation, the Griess reagent was freshly prepared by making a 1:1 (v:v) solution of the
sulfanilic acid and N-(1-naphthyl)ethylenediamine hydrochloride components. The sulfanilic acid solution
is stored at 4 °C as a 10 mg/mL solution in 5% phosphoric acid and the N-(1-naphthyl)ethylenediamine
hydrochloride solution is stored at 4 °C as a 1 mg/mL solution in water. Both are stored protected from
light. To test for nitrite production, 50 µL was diluted with 230 µL of water followed by the addition of 20
µL of Griess reagent. The Griess reaction was incubated for approximately 15 min and then absorbance
readings were taken at 548 nm using the BioTek microplate spectrophotometer.

4.4.14 Quantification of in vitro nitrite production
A nitrite standard curve was generated to quantify the concentration of nitrite within samples (Figure 4.24).
The nitrite standard curve was generated using the following setup: 40 µL of Griess reagent, 50 µL of
nitrite-containing sample, and 210 µL of water. All in vitro assays using this standard curve for
quantification followed this setup to ensure consistency. The standard curve was generated using prediluted nitrite concentrations of 0 to 1000 µM, which upon dilution and analysis with Griess reagent
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afforded final concentrations of 0 to 166 µM which is within the approximate linear range of this assay (1
– 100 µM). Each concentration of the standard curve was tested in triplicate.

Nitrite Standard Curve
2.5

Absorbance (548 nm)

2.0

1.5

1.0

0.5

0.0

0

500

1000

Concentration (uM)

Figure 4.24. Nitrite standard curve using Griess assay for detection
Concentrations are pre-diluted concentrations which are back calculated based on the 1/6 dilution factor
resulting from analysis of a 50 µL sample in a total volume of 300 µL. Error bars represent standard
deviation.
4.4.15 Characterization assays of CreDE nitrite-generating system
A reaction assay was setup in 100 µL total volume containing 75 mM Tris-SO4 pH 7.0, 10.0 mM MgSO4,
1.0 mM L-aspartate, 2.0 mM NADPH, 2.0 mM NADH, 2.0 µM FAD, 1 µM CreD and 1 µM CreE. The
reaction was prepared a 96-well plate and initiated by addition of enzyme, mixed by pipetting up and down
several times, and incubated at room temperature for 9 h. NADPH and NADH stocks were prepared fresh
from solid powder stored at –80 °C. L-aspartate and FAD were added from stocks in water stored at –20
°C.
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The Griess reagent was freshly prepared by making a 1:1 (v:v) solution of the sulfanilic acid and N-(1naphthyl)ethylenediamine hydrochloride components. The sulfanilic acid solution is stored at 4 °C as a 10
mg/mL solution in 5% phosphoric acid and the N-(1-naphthyl)ethylenediamine hydrochloride solution is
stored at 4 °C as a 1 mg/mL solution in water. Both are stored protected from light. To test for nitrite
production, 50 µL was diluted with 210 µL of water followed by the addition of 40 µL of Griess reagent.
The Griess reaction was incubated for approximately 15 min and then absorbance readings were taken at
548 nm using the BioTek microplate spectrophotometer.

4.4.16 Time course of CreD and CreE reaction
A reaction assay was setup in 500 µL total volume containing 50 mM Tris-SO4 pH 7.0, 10.0 mM MgSO4,
1.0 mM L-aspartate, 3.5 mM NADPH, 10 µM FAD, 5 µM CreD and 5 µM CreE. The reaction was prepared
in an Eppendorf tube and initiated by addition of enzyme, mixed by pipetting up and down several times,
and incubated at room temperature for during of time course. At indicated time points (1 min, 2.5 min, 5
min, 10 min, 20 min, 30 min, 1 h, 3 h, 18h), a 50 µL aliquot was removed and frozen at –80 °C for later
analysis by Griess test. NADPH stock was prepared fresh from solid powder stored at –80 °C. L-aspartate
and FAD were added from stocks in water stored at –20 °C.

After time course had completed, samples were thawed from –80°C on ice and analyzed by the Griess test.
The Griess reagent was freshly prepared by making a 1:1 (v:v) solution of the sulfanilic acid and N-(1naphthyl)ethylenediamine hydrochloride components. The sulfanilic acid solution is stored at 4 °C as a 10
mg/mL solution in 5% phosphoric acid and the N-(1-naphthyl)ethylenediamine hydrochloride solution is
stored at 4 °C as a 1 mg/mL solution in water. Both are stored protected from light. To test for nitrite
production, 50 µL was diluted with 210 µL of water followed by the addition of 40 µL of Griess reagent.
The Griess reaction was incubated for approximately 15 min and then absorbance readings were taken at
548 nm using the BioTek microplate spectrophotometer.
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4.4.17 Stepwise in vitro nitrite production assay
For the stepwise in vitro nitrite production assay, L-aspartate was first incubated with CreD or CreE
followed by a protein removal step and subsequently addition of the second respective protein. For the first
protein incubation, a reaction assay was setup in 50 µL volume containing 75 mM Tris-SO4 pH 7.0, 10.0
mM MgSO4, 1.0 mM L-aspartate and either 10 µM of CreD or CreE. When CreE was incubated at this step
then 2.0 mM NADPH and 10 µM FAD was also added. The reaction was allowed to proceed for 3 h at
room temperature. After this 3 h incubation, the CreD or CreE protein was removed by either heat
denaturation or a 3,000 Da molecular weight cutoff spin filter (Corning). For heat denaturation protein
removal the sample was heated at 80 °C for 5 min, centrifuged at 13,000 x rpm for 5 min, and the
supernatant was then transferred to a clean Eppendorf tube. For spin filter removal, the sample was
centrifuged in a spin filter at 13,000 x rpm for 15 min and the flow-through was transferred to a clean
Eppendorf tube.

For the second step of the reaction, the reaction assay was setup to a total volume of 100 µL containing 75
mM Tris-SO4 pH 7.0 and 10.0 mM MgSO4. No additional L-aspartate was added. 10 µM of CreD or CreE
was added. When CreE was incubated in this second step then 2.0 mM NADPH and 10 µM FAD was also
added. The reaction was allowed to proceed for an additional 3 h.

To test for nitrite production, 50 µL was diluted with 210 µL of water followed by the addition of 40 µL of
freshly prepared Griess reagent. The Griess reaction was incubated for approximately 15 min and then
absorbance readings were taken at 548 nm using the BioTek microplate spectrophotometer. This assay was
repeated twice with similar results.

4.4.18 Assay for CreE oxidation of ammonium
A reaction assay was setup in 100 µL total volume containing 50 mM Tris-SO4 pH 7.0, 10 mM MgSO4, 1.0
mM ammonium (or 1.0 mM L-aspartate as positive control), 2.0 mM NADPH, 20 µM FAD, 5 µM CreE
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and 5 µM CreD. The reactions were prepared in a 96-well plate and initiated by addition of enzyme, mixed
by pipetting up and down several times, and incubated at room temperature for 3 h. To test for nitrite
production, 50 µL was diluted with 210 µL of water followed by the addition of 40 µL of freshly prepared
Griess reagent. The Griess reaction was incubated for approximately 15 min and then absorbance readings
were taken at 548 nm using the BioTek microplate spectrophotometer.

4.4.19 Assay for CreE oxidation of L-aspartate
A reaction assay was setup in 150 µL total volume containing 50 mM Tris-SO4 pH 7.0, 10 mM MgSO4, 1.0
mM L-aspartate (or 15N,13C-L-aspartate), 3.5 mM NADPH, 20 µM FAD, 5 µM CreE. The reactions were
prepared in Eppendorf tubes and initiated by addition of enzyme, mixed by tapping the tube, and incubated
at room temperature. At 5 min and 12 h time points 15 µL of the reaction was removed, quenched with 30
µL of ice-cold methanol, incubated at –20 °C for 15 min to facilitate precipitation of protein, and centrifuged
at 16,000 rpm for 10 min to remove precipitated protein. The clarified supernatant was transferred to a clean
Eppendorf tube and 20 µL of this sample was injected directly onto the Advion Expression CMS for
analysis.

4.4.20 Analytical SEC chromatography of CreD, CreE, and CreDE
Samples of individually expressed CreD-N-His6 and CreE-N-His6 as well as the co-expressed sample
containing both CreD-N-His6 and CreE-N-His6 were all analyzed by analytical SEC using the same method
on a BioLogic DuoFlow Chromatography System (Bio-Rad) equipped with a Superdex 200 Increase 10/300
GL column (GE Healthcare). The method involved an isocratic run at 0.25 mL/min for 30 mL,
corresponding to slightly over 1 column volume. Absorption was monitored at 280 nm. Buffer was degassed 50 mM NaPhos pH = 8.0, 50 mM NaCl and 10% glycerol.

4.4.21 CreD-CreE in vitro diazotization assay with 3,2,4-AHMBA
A reaction assay was set up in 100 µL total volume containing 75 mM Tris-SO4 pH 7.0, 10 mM MgSO4,
1.0 mM L-aspartate, 1.0 mM 3,2,4-AHMBA, 2.0 mM NADPH, 2 µM FAD, 1 µM CreD, and 1 µM CreE .
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The reactions were prepared in Eppendorf tubes and initiated by addition of enzyme, mixed by tapping the
tube, and incubated at room temperature for 18 h.

After 18 h 50 µL of the reaction was removed, quenched with 100 µL of ice-cold methanol, incubated at –
20 °C for 15 min to facilitate precipitation of protein and centrifuged at 16,000 rpm for 10 min to remove
precipitated protein. The clarified supernatant was transferred to a clean Eppendorf tube.

Samples were analyzed by analytical HPLC on a Dionex Ultimate 3000 instrument (Thermo Scientific). A
Dionex PolarAdvantage column was used with a flow rate of 0.2 mL/min using 0.1% TFA in water as
mobile phase A and 0.1% TFA in acetonitrile as mobile phase B. The following gradient was applied: 0 –
25 min: 0-100% B, 25 – 28 min: 100% B isocratic, 28 – 29 min: 100-0% B, 29 – 37 min: 0% B isocratic.
Absorption was monitored using a diode array detector at 254 nm, 295 nm and 404 nm.

4.4.22 Presence and distribution of the creDE gene cassette in nucleotide sequence databases
Multi Gene Blast was performed using an ‘Architecture search’ of creD and creE as queries against the
entire NCBI non-redundant nucleotide NCBI database from December 2015. The following user-defined
criteria were used in our analysis 1) Number of BLAST hits per gene to be mapped = 1000; 2) Weight of
synteny conservation in hit sorting = 0.5; 3) Minimal sequence coverage of BLAST hits = 90; 4) Minimal
% sequence identity of BLAST hits = 40; 5) Maximum distance between genes in locus (kb) = 15; 6)
Maximum number of hit loci to display = 500; 7) Muscle alignment of homologs with queries = unchecked.
For information regarding these criteria refer to: http://multigeneblast.sourceforge.net/
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE
Organism

Homolog

Accession Hit

%
identity

%
coverage

e-value

Streptomyces mobaraensis NBRC
13819 = DSM 40847

CreD

EMF01122

68

95.8

1.00E-149

CreE

EMF01123

65

96.4

0

Streptomyces olindensis strain
DAUFPE 5622

CreD

KDN76844

64

96.0

1.00E-145

CreE

KDN76845

63

98.4

0

Streptomyces glaucescens strain
GLA.O

CreD

AIR99437

68

99.4

2.00E-139

CreE

AIR99438

62

99.0

0

Streptomycetaceae bacterium
MP113-05

CreD

EST37439

67

96.6

2.00E-148

CreE

EST37440

62

95.5

0

Streptomyces cattleya str. NRRL
8057

CreD

CCB78168

71

95.0

8.00E-147

CreE

CCB78167

62

99.4

0

CreD

AEW97849

71

95.0

8.00E-147

CreE

AEW97848

62

99.4

0

CreD

KFF98858

70

97.1

3.00E-140

CreE

KFF98859

62

96.3

0

CreD

AFS18579

70

97.1

5.00E-149

CreE

AFS18580

60

97.8

0

CreD

EFL27955

69

96.4

1.00E-135

CreE

EFL27954

62

96.6

0

CreD

KDQ71258

66

99.6

2.00E-139

CreE

KDQ71259

61

96.9

0

CreD

AFW04563

70

95.6

7.00E-137

CreE

AFW04562

63

94.3

0

CreD

EPD96961

70

95.6

7.00E-137

CreE

EPD96960

63

94.3

0

Streptomyces davawensis strain JCM
4913

CreD

CCK28800

68

94.8

6.00E-148

CreE

CCK28801

59

96.1

0

Streptomyces roseosporus NRRL
15998

CreD

EFE74767

66

99.4

2.00E-134

CreE

EFE74766

62

98.5

0

CreD

BAJ26618

68

99.2

5.00E-145

CreE

BAJ26617

61

95.4

0

Streptomyces cattleya DSM 46488
Streptomyces scabiei strain NCPPB
4086
Streptomyces tendae strain Tue1028
Streptomyces hygroscopicus ATCC
53653
Streptomyces sp. NTK 937
Streptomyces flocculus strain
CGMCC 4.1223
Streptomyces sp. HPH0547

Kitasatospora setae KM-6054 DNA
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

KIE28896

69

98.7

2.00E-133

CreE

KIE28895

62

99.1

0

Streptomyces pluripotens strain
MUSC 137

CreD

KIE40017

69

98.7

2.00E-133

CreE

KIE40018

62

99.1

0

Streptomyces pluripotens strain
MUSC 135

CreD

KHK95977

69

98.7

2.00E-133

CreE

KHK95976

62

99.1

0

CreD

AGH68898

71

95.0

5.00E-144

CreE

AGH68897

60

95.5

0

Streptomyces roseochromogenes
subsp. oscitans DS 12.976

CreD

EST34164

65

96.6

2.00E-131

CreE

EST34165

61

98.5

0

Streptomyces roseosporus NRRL
11379

CreD

EWS91854

66

98.7

7.00E-133

CreE

EWS91853

62

98.5

0

CreD

EDX23905

70

95.6

2.00E-141

CreE

EDX23904

59

96.3

0

Streptomyces fulvissimus DSM
40593

CreD

AGK78252

66

96.0

8.00E-133

CreE

AGK78251

60

96.6

0

Kitasatospora cheerisanensis KCTC
2395

CreD

KDN87653

70

95.8

3.00E-136

CreE

KDN87654

60

96.1

0

CreD

EWM63015

66

97.3

2.00E-142

CreE

EWM63016

60

96.4

0

CreD

EFL30443

62

92.0

2.00E-119

CreE

EFL30442

62

96.3

0

CreD

BAE78985

62

95.6

4.00E-131

CreE

BAE78984

59

95.5

0

CreD

ETK35476

62

95.0

8.00E-125

CreE

ETK35477

61

96.9

0

Streptomyces ambofaciens DSM
40697

CreD

CAK51228

67

95.0

3.00E-128

CreE

CAK51229

60

94.9

0

Streptomyces ambofaciens DSM
40697

CreD

CAK50990

67

95.0

3.00E-128

CreE

CAK50991

60

94.9

0

Organism
Streptomyces sp. MUSC 125

Streptomyces sp. CNH189

Streptomyces sp. Mg1

Micromonospora sp. M42
Streptomyces viridochromogenes
DSM 40736
Streptomyces sp. KO-3988

Microbispora sp. ATCC PTA-5024
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

AEH42493

65

93.3

6.00E-120

CreE

AEH42492

62

95.8

0

Streptomyces ambofaciens ATCC
23877

CreD

CAJ87836

67

95.0

1.00E-126

CreE

CAJ87837

60

94.9

0

Streptomyces ambofaciens ATCC
23877

CreD

CAJ89114

67

95.0

1.00E-126

CreE

CAJ89115

60

94.9

0

Streptomyces ambofaciens ATCC
23877

CreD

CAI78331

67

95.0

1.00E-126

CreE

CAI78332

60

94.9

0

Streptomyces ambofaciens ATCC
23877

CreD

CAI78057

67

95.0

1.00E-126

CreE

CAI78058

60

94.9

0

CreD

EXU68471

64

98.1

9.00E-138

CreE

EXU68472

58

97.3

4.00E-179

Streptomyces davawensis strain JCM
4913

CreD

CCK32337

61

96.2

2.00E-129

CreE

CCK32336

59

94.8

0

Streptomyces bingchenggensis
BCW-1

CreD

ADI06295

60

100.4

2.00E-135

CreE

ADI06294

56

96.6

2.00E-174

CreD

EIV61289

59

94.8

5.00E-122

CreE

EIV61288

58

93.7

0

CreD

EIV52372

59

94.8

8.00E-122

CreE

EIV51551

58

93.7

0

CreD

EIV08492

59

94.8

8.00E-122

CreE

EIV07339

58

93.7

0

Mycobacterium abscessus 4S-0726RB

CreD

EIT93313

59

94.8

5.00E-122

CreE

EIT93312

58

93.7

0

Mycobacterium abscessus 4S-0726RA

CreD

EIU00853

59

94.8

5.00E-122

CreE

EIU00852

58

93.7

0

CreD

EIU03095

59

94.8

5.00E-122

CreE

EIU03094

58

93.7

0

CreD

ETZ92562

59

94.8

7.00E-122

CreE

ETZ96027

58

93.7

0

Organism
Streptomyces chartreusis

Streptomyces sp. PRh5

Mycobacterium abscessus 4S-0116-S

Mycobacterium abscessus 4S-0116-R

Mycobacterium abscessus 4S-0206

Mycobacterium abscessus 4S-0303
Mycobacterium abscessus
MAB_030201_1061
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Organism

Homolog

Accession Hit

%
identity

%
coverage

e-value

Mycobacterium abscessus
MAB_110811_2726

CreD

ETZ63844

59

94.8

8.00E-122

CreE

ETZ63843

58

93.7

0

Mycobacterium abscessus subsp.
bolletii 103

CreD

EUA81595

59

94.8

8.00E-122

CreE

EUA81594

58

93.7

0

CreD

EUA64057

59

94.8

5.00E-122

CreE

EUA64056

58

93.7

0

Mycobacterium abscessus ATCC
19977

CreD

CAM60390

59

94.8

8.00E-122

CreE

CAM60389

58

93.7

0

Mycobacterium abscessus subsp.
bolletii strain MC1518

CreD

AIV09531

59

94.8

8.00E-122

CreE

AIV09530

58

93.7

0

Mycobacterium abscessus subsp.
bolletii strain MA 1948

CreD

AIR36381

59

94.8

8.00E-122

CreE

AIR36380

58

93.7

0

Mycobacterium abscessus subsp.
bolletii 103

CreD

AIR31495

59

94.8

8.00E-122

CreE

AIR31494

58

93.7

0

CreD

EPZ20913

59

94.8

8.00E-122

CreE

EPZ20912

58

93.7

0

CreD

EIV58360

59

94.8

8.00E-122

CreE

EIV58203

58

93.7

0

CreD

EIV62165

59

94.8

5.00E-122

CreE

EIV62154

58

93.7

0

CreD

EIV43513

59

94.8

8.00E-122

CreE

EIV43605

58

93.7

0

CreD

EIV43312

59

94.8

8.00E-122

CreE

EIV43311

58

93.7

0

Mycobacterium abscessus 3A-0122R

CreD

EIV40326

59

94.8

5.00E-122

CreE

EIV40325

58

93.7

0

Mycobacterium abscessus 3A-0119R

CreD

EIV30447

59

94.8

8.00E-122

CreE

EIV30289

58

93.7

0

Mycobacterium abscessus 6G-0728R

CreD

EIV02195

59

94.8

5.00E-122

CreE

EIV02194

58

93.7

0

Mycobacterium abscessus 1948

Mycobacterium abscessus V06705

Mycobacterium abscessus 3A-0930-S
Mycobacterium abscessus 3A-0930R
Mycobacterium abscessus 3A-0731

Mycobacterium abscessus 3A-0122-S
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

EIV01146

59

94.8

8.00E-122

CreE

EIV01145

58

93.7

0

CreD

EIV84222

59

94.8

5.00E-122

CreE

EIV84221

58

93.7

0

CreD

EIU73140

59

94.8

8.00E-122

CreE

EIU73139

58

93.7

0

CreD

EIU56785

59

94.8

5.00E-122

CreE

EIU56784

58

93.7

0

CreD

EIU51367

59

94.8

8.00E-122

CreE

EIU51366

58

93.7

0

Mycobacterium abscessus 6G-0125R

CreD

EIU40688

59

94.8

5.00E-122

CreE

EIU40687

58

93.7

0

Mycobacterium abscessus
MAB_082312_2272

CreD

ETZ85987

59

94.8

1.00E-121

CreE

ETZ85986

58

93.7

0

Mycobacterium abscessus
MAB_091912_2455

CreD

ETZ79902

59

94.8

1.00E-121

CreE

ETZ79901

58

93.7

0

CreD

EUA45461

59

94.8

8.00E-122

CreE

EUA48293

58

93.7

0

Mycobacterium abscessus strain
4529

CreD

AIV22407

59

94.8

1.00E-121

CreE

AIV22408

58

93.7

0

Mycobacterium abscessus strain
DJO-44274

CreD

AIV17873

59

94.8

1.00E-121

CreE

AIV17874

58

93.7

0

Mycobacterium massiliense str. GO
06

CreD

AFN62330

59

94.8

1.00E-121

CreE

AIC73067

58

93.7

0

Mycobacterium abscessus
MAB_091912_2446

CreD

ESV61435

59

94.8

1.00E-121

CreE

ESV61434

58

93.7

0

Mycobacterium abscessus
MAB_082312_2258

CreD

ESV58039

59

94.8

1.00E-121

CreE

ESV58038

58

93.7

0

Mycobacterium abscessus subsp.
bolletii CRM-0020

CreD

EPQ25254

59

94.8

1.00E-121

CreE

EPQ25253

58

93.7

0

Organism
Mycobacterium abscessus 6G-0212
Mycobacterium abscessus 3A-0810R
Mycobacterium abscessus 6G-1108

Mycobacterium abscessus 6G-0728-S

Mycobacterium abscessus 6G-0125-S

Mycobacterium abscessus 21
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Organism

Homolog

Accession Hit

%
identity

%
coverage

e-value

Mycobacterium massiliense 2B0912-S

CreD

EIV28107

59

94.8

1.00E-121

CreE

EIV28106

58

93.7

0

Mycobacterium massiliense 2B0912-R

CreD

EIV17286

59

94.8

1.00E-121

CreE

EIV17285

58

93.7

0

CreD

EIV06630

59

94.8

1.00E-121

CreE

EIV06629

58

93.7

0

CreD

EIV82416

59

94.8

1.00E-121

CreE

EIV82257

58

93.7

0

CreD

EIV74147

59

94.8

1.00E-121

CreE

EIV74146

58

93.7

0

CreD

EIU90728

59

94.8

1.00E-121

CreE

EIU90727

58

93.7

0

Mycobacterium massiliense 1S-1540310

CreD

EIU76482

59

94.8

1.00E-121

CreE

EIU76143

58

93.7

0

Mycobacterium massiliense 1S-1530915

CreD

EIU71997

59

94.8

1.00E-121

CreE

EIU71996

58

93.7

0

Mycobacterium massiliense 1S-1520914

CreD

EIU72901

59

94.8

1.00E-121

CreE

EIU72711

58

93.7

0

Mycobacterium massiliense 1S-1510930

CreD

EIU58564

59

94.8

1.00E-121

CreE

EIU58563

58

93.7

0

CreD

EIC63809

59

94.8

8.00E-122

CreE

EIC63810

58

93.7

0

CreD

EIC64229

59

94.8

8.00E-121

CreE

EIC64230

58

93.7

0

CreD

EHB98180

59

94.8

1.00E-121

CreE

EHB98179

58

93.7

0

Mycobacterium abscessus subsp.
bolletii BD

CreD

EHM22863

59

94.8

8.00E-121

CreE

EHM22862

58

93.7

0

Mycobacterium abscessus subsp.
bolletii CCUG 48898

CreD

BAP95065

59

94.8

2.00E-120

CreE

BAP95064

58

93.7

0

Mycobacterium massiliense 2B-0307

Mycobacterium massiliense 2B-1231

Mycobacterium massiliense 2B-0107

Mycobacterium massiliense 2B-0626

Mycobacterium abscessus M94

Mycobacterium abscessus M93

Mycobacterium abscessus 47J26
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Organism

Homolog

Accession Hit

%
identity

%
coverage

e-value

Mycobacterium massiliense CCUG
48898

CreD

EIV69142

59

94.8

2.00E-120

CreE

EIV69141

58

93.7

0

Mycobacterium massiliense CCUG
48898

CreD

EHM21883

59

94.8

2.00E-120

CreE

EHM21882

58

93.7

0

Mycobacterium abscessus subsp.
bolletii 50594

CreD

AGM26894

59

94.8

3.00E-120

CreE

AGM26893

58

93.7

0

Mycobacterium abscessus subsp.
abcessus strain MM1513

CreD

AIR45033

59

94.8

2.00E-120

CreE

AIR45034

58

93.7

0

CreD

EIV01435

59

94.8

2.00E-120

CreE

EIV01748

58

93.7

0

CreD

EIU42750

59

94.8

2.00E-120

CreE

EIU44856

58

93.7

0

CreD

EIU28909

59

94.8

2.00E-120

CreE

EIU31267

58

93.7

0

CreD

EIU22930

59

94.8

2.00E-120

CreE

EIU23634

58

93.7

0

CreD

EIU19818

59

94.8

2.00E-120

CreE

EIU21895

58

93.7

0

CreD

EIU19779

59

94.8

2.00E-120

CreE

EIU19595

58

93.7

0

CreD

EIU07873

59

94.8

2.00E-120

CreE

EIU08099

58

93.7

0

CreD

EIU10184

59

94.8

2.00E-120

CreE

EIU10392

58

93.7

0

CreD

KFG01371

60

96.6

2.00E-127

CreE

KFG01370

54

100.6

7.00E-172

CreD

EST24818

60

96.4

1.00E-106

CreE

EST24817

59

98.7

0

CreD

EFV12839

58

94.3

4.00E-108

CreE

EFV12838

57

96.1

0

Mycobacterium abscessus 5S-0921

Mycobacterium abscessus 5S-1215

Mycobacterium abscessus 5S-1212

Mycobacterium abscessus 5S-0817

Mycobacterium abscessus 5S-0708

Mycobacterium abscessus 5S-0422

Mycobacterium abscessus 5S-0421

Mycobacterium abscessus 5S-0304
Streptomyces scabiei strain NCPPB
4086
Streptomyces niveus NCIMB 11891
Segniliparus rugosus ATCC BAA974
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Organism

Homolog

Accession Hit

%
identity

%
coverage

e-value

Streptomyces bottropensis ATCC
25435

CreD

EMF55238

61

96.9

6.00E-122

CreE

EMF55237

55

99.0

3.00E-170

CreD

AGZ93907

60

104.6

3.00E-128

CreE

AGZ93908

54

98.2

2.00E-158

CreD

EUA72913

64

72.3

2.00E-103

CreE

EUA72912

58

93.7

0

CreD

KFG05032

61

97.3

2.00E-113

CreE

KFG05033

56

98.5

1.00E-170

CreD

CBG73971

61

97.3

2.00E-113

CreE

CBG73972

56

98.5

4.00E-170

CreD

EHM29444

58

99.4

1.00E-119

CreE

EHM29443

54

95.2

2.00E-161

CreD

AHH95629

59

95.4

4.00E-113

CreE

AHH95628

55

96.1

3.00E-167

CreD

ABV96964

56

97.9

1.00E-114

CreE

ABV96959

53

95.1

4.00E-159

CreD

CEL19917

57

95.6

6.00E-116

CreE

CEL19918

51

96.3

2.00E-157

CreD

EWM12368

54

97.1

4.00E-103

CreE

EWM12369

54

96.4

5.00E-169

CreD

GAJ84429

53

96.9

3.00E-117

CreE

GAJ84428

49

96.4

4.00E-155

CreD

AFU04586

53

95.8

6.00E-112

CreE

AFU04587

49

96.4

2.00E-158

CreD

AFU01317

56

96.4

7.00E-111

CreE

AFU01317

53

95.8

2.00E-158

CreD

EHB56099

54

95.6

2.00E-105

CreE

EHB56100

50

97.9

9.00E-160

CreD

CAL34099

62

94.8

9.00E-123

CreE

CAL34098

61

70.5

2.00E-140

Streptomyces sp. WM6372

Mycobacterium chelonae 1518
Streptomyces scabiei strain NCPPB
4066
Streptomyces scabiei 87.22

Streptomyces sp. W007

Kutzneria albida DSM 43870

Salinispora arenicola CNS-205
Kibdelosporangium sp. MJ126-NF4
strain MJ126-NF41
Kutzneria sp. 744

BAFT02000073_0

Nocardia brasiliensis ATCC 700358

Nocardia brasiliensis ATCC 700358

Mycobacterium rhodesiae JS60

Streptomyces cinnamonensis
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Table 4.6 Results from MultiGeneBlast Architecture search of creD and creE (continued)
Organism

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

AEV72982

54

95.0

4.00E-102

CreE

AEV72981

50

98.5

8.00E-157

Streptomyces hygroscopicus ATCC
53653

CreD

EFL28440

68

79.2

2.00E-122

CreE

EFL28441

56

63.0

1.00E-114

Amycolatopsis vancoresmycina DSM
44592

CreD

EOD69358

54

94.5

1.00E-89

CreE

EOD69359

52

98.2

3.00E-145

Mycobacterium abscessus
MAB_110811_1470

CreD

ETZ70055

59

94.8

6.00E-122

CreE

ETZ70054

59

52.2

3.00E-101

CreD

ACU38486

58

98.1

2.00E-102

CreE

ACU38487

52

54.9

3.00E-83

CreD

ETZ87404

59

94.8

7.00E-122

CreE

ETZ87403

58

93.7

0

Mycobacterium rhodesiae NBB3

Actinosynnema mirum DSM 43827
Mycobacterium abscessus
MAB_030201_1075
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5

Chapter 5. Discovery and characterization of the diazo-forming enzyme CreM

5.1

Introduction

Our investigations thus far, as well as the work from the Ohnishi group, have provided significant insight
into the pathway for diazotization in cremeomycin biosynthesis (Scheme 5.1). A combination of in vitro
and in vivo characterization of biosynthetic enzymes, feeding studies with 15N-labeled intermediates, and
genetics experiments have demonstrated that the final transformation in the cremeomycin pathway is the
diazotization of 3-amino-2-hydroxy-4-methoxybenzoic acid (3,2,4-AHMBA), likely using nitrite.1,2
Biochemical and feeding experiments suggest that nitrite is the source of the distal nitrogen atom of the
diazo group in cremeomycin. Two enzymes from the cre gene cluster, flavin-dependent N-monooxygenase
CreE, and aspartase homolog CreD (discussed in Chapter 4), were shown to catalyze the sequential sixelectron N-oxidation and C–N bond cleavage of L-aspartate, respectively, to produce nitrite and fumarate.2
15

N feeding studies with S. cremeus (discussed in Chapter 4), also implicate nitrite as a biosynthetic

intermediate. Nitrite has also been proposed to diazotize an aryl amine intermediate during the biosynthesis
of the diazo-containing azamerone intermediate A80915D based on similar 15N feeding studies.3 However,
many questions remain regarding the details of this late-stage N–N bond forming reaction, including the
genetic and biochemical basis for this transformation (Scheme 5.1).
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Scheme 5.1 Updated biosynthetic hypothesis for cremeomycin assembly

The biosynthetic logic proposed for nitrite-based diazotization of aryl amines in cremeomycin and
A80915D assembly is analogous to well-established synthetic methods for diazotization of aryl amines with
nitrite under acidic conditions (Scheme 5.2).4 Indeed, the total synthesis of cremeomycin (discussed in
Chapter 2) employed nitrite-based diazotization of 3,2,4-AHBMA as the final step.5 However, work by
both our group and the Ohnishi group demonstrated that CreD and CreE did not catalyze diazotization of
3,2,4-AHBMA in vitro, and additional genetic disruption experiments by the Ohnishi group in a
heterologous production system did not reveal any candidate diazotizing enzyme(s) within the cre gene
cluster.2 Given that nitrite-based diazotization of aryl amines requires acidic conditions for the activation
of nitrite and the pH of S. cremeus culture medium remains at ~7 throughout cremeomycin production, it
appeared likely that an enzyme would be required to catalyze diazotization of 3,2,4-AHMBA. Thus, at the
outset of our work, the enzyme(s) responsible for catalyzing diazo formation in cremeomycin biosynthesis
remained unknown.
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Scheme 5.2 Mechanism for diazotization of ortho-hydroxy aryl amines

In Chapter 5, we report the discovery and preliminary characterization of a diazo-forming enzyme from the
cremeomycin biosynthetic pathway (Scheme 5.3). A chemically-guided bioinformatic analysis of the cre
gene cluster revealed a putative ATP-dependent enzyme, CreM, that we hypothesized could be involved in
catalyzing diazotization of 3,2,4-AHMBA with nitrite. Genetic disruption of this gene in S. cremeus
abolished the production of both cremeomycin and the degradation product 2,4-HMBA. Using an E. colibased heterologous expression system, lysate experiments, site-directed mutagenesis, and biochemical
reconstitution with partially-purified enzyme, we demonstrate that the fatty acid-coenzyme A (CoA) ligase
homolog CreM catalyzes diazotization of 3,2,4-AHMBA with nitrite to afford cremeomycin in vivo and in
vitro. In vitro biochemical reconstitution and in vivo site-directed mutagenesis experiments suggest that
CreM uses ATP to promote the diazotization reaction. Additionally, we provide evidence that potentially
explains why previous efforts by the Ohnishi group failed to identify CreM as the diazotizing enzyme.2
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Scheme 5.3 Proposed reaction catalyzed by CreM

5.2
5.2.1

Results and Discussion
Analysis of the cre gene cluster for a putative diazo-forming enzyme

Our investigations of the diazo-forming enzyme(s) in cremeomycin biosynthesis were informed by
considering synthetic methods for nitrite-based diazotization, specifically, the need to activate nitrite to
afford a more reactive, electrophilic nitrosonium ion. We began by analyzing the results from our
bioinformatic analysis of the cre cluster and looking for general biochemical reactions encoded by the cre
enzymes would be consistent with this type of chemistry.1 After eliminating genes encoding enzymes with
previously characterized roles in cremeomycin biosynthesis, we identified three genes without defined roles
in the biosynthetic pathway that could encode candidate diazo-forming enzymes. CreA is a predicted flavindependent oxidoreductase with sequence similarity to the oxidase domains of non-ribosomal peptide
synthetases (42% amino acid identity). CreB is a putative member of the structural Cupin domain
superfamily with sequence homology to oxidative histone demethylases (43% amino acid identity). As the
diazotization of 3,2,4-AHMBA with nitrite is a redox neutral transformation, it seemed unlikely that the
predicted oxidoreductases CreA and CreB would be involved in catalyzing diazo formation.

The final remaining enzyme was CreM, which is annotated as a member of the ANL superfamily (Scheme
5.4).6,7 ANL superfamily members use ATP to activate carboxylic acids as mixed anhydride adenosine
monophosphate (AMP) derivatives. This activation step allows for subsequent chemistry, including
thioesterification and oxidative decarboxylation. The ANL superfamily contains three characterized family
members: fatty and aryl acid CoA-ligases (the ‘A’ of ANL), the adenylation domains of NRPS assembly
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line enzymes (the ‘N’ of ANL), and luciferase (the ‘L’ of ANL). The fatty and aryl acid-CoA ligases activate
the carboxylic acid group of these molecules with ATP and catalyze thioesterification with CoA to generate
activated thioesters, which are used in a variety of primary metabolic and biosynthetic pathways (Scheme
5.4A). The A domains of NRPS enzymes select and activate the carboxylic acid group of amino acids with
ATP, followed by thioesterification with a thiol group of the phosphopantetheinyl arm located on a
thiolation domain of the NRPS. This thioesterification step tethers the amino acid to the enzymatic assembly
line and provides an activated thioester for amide bond formation with the thioester intermediate on an
upstream NRPS module. These amides link the amino acid monomers of nonribosomal peptides (Scheme
5.4B). Finally, luciferase catalyzes the activation of the carboxylic acid group of luciferin with ATP.
Transformation of the carboxylic acid to the AMP mixed anhydride increases the acidity of the C4 proton
allowing for carbanion formation at this position which can then engage molecular oxygen.8 Subsequent
oxidative decarboxylation gives rise to an electronically excited intermediate that emits light upon
relaxation to the ground state (Scheme 5.4C).
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Scheme 5.4 Reactions catalyzed by the ANL superfamily of enzymes
A) Fatty and aryl acid CoA ligases catalyze the thioesterification of carboxylic acids with CoA. B) The
adenylation domains of NRPS catalyze the thioesterification of amino acids with the
phosphopantetheinyl arm of thiolation domains, thus tethering them to the NRPS module. C) Luciferase
activates the carboxylic acid group of luciferin and catalyzes the oxidative decarboxylation to generate
an excited intermediate that relaxes and emits light.
Bioinformatic analysis demonstrated that CreM appeared to be a homolog of the fatty and aryl acid CoA
ligases. A multiple sequence alignment with diverse homologs from all three ANL families, closely related
CreM homologs, as well as structurally and biochemically characterized ANL family members revealed
that CreM contains all 9 of the signature motifs present in ANL family members.6,7 While not all of these
motifs have been assigned a biochemical or structural role, CreM contains a highly conserved so-called ‘Ploop’ (A3 motif) that has been shown to bind and orient the triphosphate moiety of ATP (Figure 5.1).9-11
These results suggest that CreM may be a homolog of fatty and aryl acid CoA ligases and/or that it is
capable of binding ATP.
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Motif Name
A1
Consensus Sequence θ(S/T)φX(E/Q)θ

A2
(R/K/F)θGθ

“CreM
homologs”

ANL Superfamily
Class Ia
(NRPS A domains)

ANL Superfamily
Class Ib
(Acyl-CoA synthetases)
ANL Superfamily
Class Ic
Luciferases
Structural homologs
Class Ia & Ib
HHPreD Predictions

A3 (P-loop)
θθX(S/T)
(S/T/G)G(S/T)TGxPK

A4

A5
φ(G/W)X(A/T)E

A6
GEX10-14GY

A7
(S/T)GD

A8
RX(D/K)X6G

A10
PXGKθX(R/K)

Figure 5.1. Multiple sequence alignment of CreM and homologs reveals presence of all 9
characteristic motifs
Motif names displayed with corresponding consensus sequence below.
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The predicted function of CreM as a fatty acid-CoA ligase had no obvious role in cremeomycin
biosynthesis. However, we hypothesized that the predicted catalytic capabilities of this enzyme, the
activation of a negatively charged carboxylate with ATP, could be used to promote diazotization.6
Specifically, we predicted that ATP could potentially activate nitrite to afford an electrophilic intermediate
that could be attacked directly by the 3-amino group of 3,2,4-AHMBA (Scheme 5.5A) or broken down to
generate a nitrosonium ion (Scheme 5.5B). The pKa of nitrous acid (3.4) is lower than that of a typical
aliphatic carboxylic acid (4.8) indicating that nitrite would be deprotonated under pH neutral conditions
and would need to be activated to undergo subsequent elimination chemistry with N–O bond cleavage.
Activation with ATP could also potentially facilitate the dehydration of subsequent N–N linked
intermediates en route to diazo formation (Scheme 5.5C). In these mechanistic proposals, the role of ATP
in nitrite activation would be analogous to that of acid catalysis in synthetic methods. The nitrite and N–N
linked intermediate(s) could potentially be activated as phosphate derivatives (using the g-phosphate of
ATP) or as adenosine monophosphate (AMP) mixed anhydrides, both well-established mechanisms by
which ATP is used to activate various substrates (Scheme 5.5).12 Based on these considerations, we set out
to experimentally verify if CreM may be involved in catalyzing the diazotization of 3,2,4-AHMBA with
nitrite.
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Scheme 5.5 Proposed strategies for activation of nitrite or an N–N linked intermediate by the
ATP-dependent enzyme CreM
A) ATP used to activate nitrite for generation of a reactive nitrite-linked intermediate that is attacked by
3,2,4-AHMBA. B) ATP used to activate nitrite for generation of a reactive nitrosonium ion. C) ATP used
to activate N-hydroxydiazenyl for dehydration to generate a diazonium species.

5.2.2

Genetic disruption of creM in S. cremeus abolishes cremeomycin production

We first attempted to gain experimental evidence for CreM’s proposed role as the diazotizing enzyme using
genetics. Using a PCR-targeted, l-Red-mediated recombination protocol13 we disrupted the creM gene in
S. cremeus with an apramycin selectable marker via double crossover allelic exchange (Figure 5.2). The
successful generation of the S. cremeus DcreM double crossover mutant was confirmed by sequencing of
the creM gene region and identification of the apramycin gene cassette within the disrupted creM gene.
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Figure 5.2. PCR-targeted, l-Red-mediated recombination strategy to generate S. cremeus DcreM
Primers (red) indicate region that was amplified, cloned and sequenced to confirm generation of mutant.
Culturing of this mutant strain alongside wild-type S. cremeus in fermentation media and analysis of culture
supernatants by LC-MS demonstrated the successful production of cremeomycin and 2,4-HMBA from
wild-type S. cremeus, but the complete abolishment of production of both metabolites from the S. cremeus
DcreM mutant (Figure 5.3). These results suggest that CreM is required for cremeomycin biosynthesis, and
based on our previous work and biosynthetic hypothesis, implicate CreM in the diazo-forming
transformation. We looked for earlier biosynthetic intermediates in both the wild-type and DcreM mutant
strain including 3,4-AHBA, 3,2,4-ADBA and 3,2,4-AHMBA to see if any intermediate accumulated in the
mutant strain. The early intermediate 3,4-AHBA appeared to be present in both the wild-type and DcreM
mutant, although levels were significantly lower in the DcreM mutant. The dihydroxylated intermediate
3,2,4-ADBA could not be detected in either the wild-type or mutant strain. Finally, 3,2,4-AHMBA could
be detected in the wild-type strain, but not in the DcreM mutant.
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Figure 5.3. Genetic disruption of creM in S. cremeus results in loss of cremeomycin and 2,4-HMBA
production
Extracted ion chromatograms are shown for cremeomycin ([M+H+] = 195.0400) and 2,4-HMBA ([M–H+]
= 167.0350)
Interestingly, previous genetic experiments by the Ohnishi group had suggested that CreM was not essential
for cremeomycin biosynthesis. In their work, the Ohnishi group expressed the entire cre gene cluster on a
cosmid in the heterologous host Streptomyces albus. They achieved cremeomycin production in this system
only after promoter engineering to constitutively overexpress CreF, the putative transcriptional regulator of
the cre gene cluster. The genetic disruption of creM on the cre cosmid did not abolish cremeomycin
production, suggesting that CreM is not responsible for diazo formation.2 One potential explanation for the
differing results between our genetic experiments is that the S. cremeus DcreM mutant we generated is
polar, thus affecting cremeomycin biosynthesis more broadly than just the diazotization step. Indeed, the
inability to detect 3,2,4-AHMBA in the DcreM mutant strain as discussed early (in contrast to its production
by S. cremeus wild-type) may suggest that the DcreM mutation affected the strains ability to synthesize
3,2,4-AHMBA. This polar effect on 3,2,4-AHMBA biosynthesis could be explained by the fact that the
genes creM and creN (encoding the O-methyltransferases that converts 3,2,4-ADBA to 3,2,4-AHMBA)
overlap at their 3’ and 5’ ends, respectively. The insertional inactivation mutation in creM could have
disrupted the downstream transcription of creN resulting in the failure to produce CreN and thus the failure
to produced 3,2,4-AHMBA. We have not obtained a successful complemented S. cremeus DcreM mutant,
and therefore cannot exclude the possibility that our mutant is polar. It is also possible that the engineered
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system in S. albus used by Ohnishi does not accurately recapitulate the physiology of S. cremeus or the
proper transcriptional regulation and thus is not a proper model system for studying cremeomycin
biosynthesis. In Section 5.2.4 we describe a third possibility that we believe most satisfactorily explains
these contradictory results. Therefore, these initial investigations were not able to clearly define a role for
CreM in diazo formation.

5.2.3

In vivo reconstitution of diazo group formation in Streptomyces lividans

Given that our efforts to investigate the role of CreM using genetic methods remained inconclusive, we
sought to address this question using a different strategy. We attempted to reconstitute the diazo forming
pathway in vivo using the heterologous host Streptomyces lividans (Figure 5.4). We overexpressed the
nitrite-generating enzymes CreD and CreE as well as the putative diazo-forming enzyme CreM, and
supplemented the medium with the diazotization substrate 3,2,4-AHMBA.

Figure 5.4. Schematic of in vivo reconstitution of the diazotization pathway in S. lividans

Culturing these strains in 3,2,4-AHMBA supplemented media for 3 days followed by analysis of spent
culture supernatants by liquid chromatography-mass spectrometry (LC-MS) demonstrated the production
of both cremeomycin and its two-electron reduced degradation product 2,4-HMBA (Figure 5.5). The
synthesis of both cremeomycin and 2,4-AHMBA was seen in a variety of common Streptomyces growth
media. However, the production of these metabolites was not reproducibly dependent on CreM, as it also
occurred in a S. lividans strain that expressed only CreD and CreE. Importantly, the pH of the buffered
media did not change over the course of the fermentation and remained near neutral. In contrast to our
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genetic disruption experiments in S. cremeus, these in vivo reconstitution experiments in S. lividans
suggested that CreM was not responsible for the diazotization reaction.

Figure 5.5. Production of cremeomycin and 2,4-HMBA in CreDE- and CreDEM-expressing S.
lividans
A) LC-MS analysis and EIC peak area of cremeomycin produced from S. lividans TK64 wild-type and
strains expressing either creDE or creDEM in R5, Q and FM medias. B) LC-MS analysis and EIC peak area
of 2,4-HMBA produced from S. lividans TK64 wild-type and strains expressing either creDE or creDEM in
R5, Q and FM medias.

5.2.4

Various growth media catalyze non-enzymatic diazotization

Our attempts to reconstitute the diazo forming pathway in vivo in S. lividans suggested that CreM was not
involved in diazo formation as the production of cremeomycin was not CreM-dependent. However, we
reasoned that the production of cremeomycin in this system might be explained by non-enzymatic
diazotization of 3,2,4-AHMBA with nitrite. We hypothesized that components in the complex growth
media used to culture S. lividans could be responsible for catalyzing this transformation. We assessed the
potential for this reactivity by incubating 3,2,4-AHMBA and nitrite for 24 h at 30 °C in sterile R5, Q, FM
and LB media which were buffered and adjusted to pH 7. This resulted in the generation of varying levels
of cremeomycin in R5, Q and FM media (Figure 5.6). No cremeomycin was detected when nitrite or 3,2,4AHMBA were left out of these reactions. The ability of these three media to catalyze non-enzymatic
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diazotization of 3,2,4-AHMBA may explain the non-CreM-dependent production of cremeomycin and 2,4HMBA seen in our in vivo reconstitution experiments. Moreover, the ability of Q media, which was used
by the Ohnishi group in their heterologous expression studies, to promote the non-enzymatic diazotization
of 3,2,4-AHMBA with nitrite may explain why cremeomycin was previously detected in a creM mutant of
the S. albus heterologous host, thus leading to the conclusion that CreM is not involved in diazo
biosynthesis.2

The ability of FM media to catalyze low levels of non-enzymatic diazotization of 3,2,4-AHMBA under
these in vitro conditions suggests that cremeomycin biosynthesis in the native producer S. cremeus may
involve a contribution from non-enzymatic diazotization of 3,2,4-AHMBA. These in vitro studies further
suggest that our S. cremeus DcreM mutant may be polar and affect 3,2,4-AHMBA synthesis, as this mutant
was cultured in FM media and would be expected to produce cremeomycin non-enzyatmically if 3,2,4AHMBA were biosynthesized. However, we cannot rule out that different levels of 3,2,4-AHMBA
production in wild-type and S. cremeus DcreM affects the level of non-enzymatic diazotization.
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Figure 5.6. Non-enzymatic production of cremeomycin in several common Streptomyces media
A) Assay design for investigating non-enyzmatic diazotization of 3,2,4-AHMBA with nitrite by different
media. Incubation of 500 µM 3,2,4-AHMBA and 500 µM nitrite in sterile media at 30 °C for 24 h. B) LCMS analysis and EIC area of cremeomycin reveals R5, FM and Q media catalyze non-enzymatic
diazotization while LB media does not appear to catalyze diazotization.

5.2.5

In vivo reconstitution of diazo group formation in E. coli expressing CreDEM

Our findings from the S. lividans in vivo diazo reconstitution experiments and the analysis of the diazotizing
potential of various complex Streptomyces media indicated that working with S. lividans as a host would
be difficult without first identifying a growth medium that did not promote diazotization. Anticipating this
would be challenging, we instead attempted to move our in vivo expression system into E. coli. Importantly,
a standard growth medium for E. coli (LB medium, pH 7) did not catalyze the non-enzymatic diazotization
of 3,2,4-AHMBA with nitrite (Figure 5.6).

365

We constructed several E. coli strains (Strains 1 – 8, Table 5.1 and Table 5.4) expressing various
combinations of CreD, CreE, and CreM in both E. coli BL21 and Tuner parental strains. The different
DUET vectors used to express CreD, CreE, and CreM in these strains replicate with different copy numbers.
In combination with the BL21 and Tuner parental strains, we envisioned this would provide the ability to
screen for production of both cremeomycin and 2,4-HMBA. Each strain was cultured in LB media
supplemented with 100 µM 3,2,4-AHMBA at 15 °C overnight. Analysis of spent culture supernatants by
LC-MS did not reveal the production of cremeomycin, however, it did demonstrate the CreM-dependent
production of the degradation product 2,4-HMBA (Figure 5.7). The pH of the culture supernatant? remained
at pH 7 over the course of the experiment.

Table 5.1 Tables summarizing the strain characteristics of Strains 1 – 8
Strain Number

E. coli strain

Expressing proteins

Strain 1
Strain 2
Strain 3
Strain 4
Strain 5
Strain 6
Strain 7
Strain 8

BL21
Tuner
BL21
Tuner
BL21
Tuner
BL21
Tuner

CreD, CreE
CreD, CreE
CreD, CreE
CreD, CreE
CreD, CreE, CreM
CreD, CreE, CreM
CreD, CreE, CreM
CreD, CreE, CreM
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Figure 5.7. Production of 2,4-HMBA in E. coli expressing CreDEM
A) Schematic of in vivo heterologous expression system using E. coli grown in LB medium supplemented
with 3,2,4-AHMBA. B) LC-MS analysis with EIC for 2,4-HMBA showing the CreM-dependent production
of 2,4-HMBA in an E. coli system expressing either CreD and CreE alone or with CreM.
While cremeomycin was not detected in these experiments, we are unaware of any biological route to 2,4HMBA in E. coli other than the reduction of cremeomycin, suggesting that cremeomycin is being produced
but subsequently degraded. Indeed, when 500 µM of a synthetic standard of cremeomycin was incubated
with E. coli in LB under the expression conditions above, 2,4-HMBA was detected, showing that
cremeomycin is unstable under these conditions (Figure 5.8). Together, these results implicate CreM in
diazo formation, but suggest that limited production of cremeomycin under these conditions, coupled with
its chemical instability, may be preventing its detection.
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Figure 5.8. Cremeomycin is unstable toward reduction in LB medium with E. coli
LC-MS analysis and EIC area of 2,4-HMBA after incubation of cremeomycin under different conditions.
Cremeomycin was incubated in LB at 15 °C overnight with or without E. coli and in water alone. LB medium
alone is sufficient to reduce cremeomycin to 2,4-HMBA.

5.2.6

In vivo reconstitution of diazo group formation in E. coli expressing CreM

Given our promising results from the in vivo reconstitution experiments with E. coli expressing CreDEM,
we next sought to more directly examine the role of CreM in diazotization. We constructed an E. coli strain
expressing a maltose binding fusion construct of CreM (MBP-CreM) and cultured this strain overnight at
15 °C in LB supplemented with 100 µM 3,2,4-AHMBA and 200 µM sodium nitrite. The pH of the E. coli
culture remained neutral throughout the experiment. In this system, we observed production of both
cremeomycin and 2,4-HMBA only in strains expressing MBP-CreM (Figure 5.9). Removal of 3,2,4AHMBA or nitrite from the LB medium abolished production of both products. E. coli strains expressing
an empty pET28a vector or expressing the soluble protein CreB did not generate either metabolite,
demonstrating that the expression of MBP-CreM was required for diazotization. Quantification of both
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cremeomycin and 2,4-HMBA levels showed a total conversion to both products of approximately 7% from
the starting material 3,2,4-AHMBA (Figure 5.9).

Figure 5.9. Production of cremeomycin and 2,4-HMBA in E. coli expressing MBP-CreM
A) Schematic of in vivo heterologous expression system using E. coli grown in LB medium supplemented
with 100 µM 3,2,4-AHMBA and 200 µM sodium nitrite. B) LC-MS analysis with EIC of cremeomycin
demonstrating CreM-dependent production of cremeomycin. C) LC-MS analysis with EIC of 2,4-HMBA
demonstrating CreM-dependent production of 2,4-HMBA.
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While these results convincingly establish that MBP-CreM expression is required for diazotization, we
wanted to confirm that the catalytic activity of CreM itself was responsible for diazo formation. Thus, we
sought to mutate a predicted key residue within the active site of CreM and assess its activity. Members of
the fatty acid-CoA ligase family contain a highly conserved glutamate residue in their A5 motif that is
required to coordinate an essential Mg2+ ion necessary for ATP binding.6,7,9 Using multiple sequence
alignments and structural homology modeling, we identified E352 as the conserved glutamate in CreM
(Figure 5.10, Figure 5.11).

When E352 was mutated to an alanine (MBP-CreM_E352A) neither cremeomycin nor 2,4-HMBA could
be detected in supernatants from this strain (Figure 5.9). Importantly, the mutation did not appear to affect
protein production or stability as both MBP-CreM and MBP-CreM_E352A appeared to expressed equally
well as analyzed by SDS-PAGE of cell lysates (Figure 5.12). Taken together, these results establish that
CreM catalyzes diazotization of 3,2,4-AHMBA with nitrite to generate cremeomycin. Furthermore, the
results from the E. coli strain expressing the MBP-CreM_E352A mutant suggest that ATP is required for
this transformation.
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Figure 5.10. Multiple sequence alignment of CreM reveals predicted active site glutamate
The ‘putative CreM homologs’ were found through BLAST searches. Structural homologs were identified
using the online bioinformatics tool HHPred. Biochemically and/or structurally characterized members from
Class Ia, Ib, and Ic were selected from the literature. The conserved ‘A5 motif’ is shown with the highly
conserved glutamate residue (E352A in CreM from S. cremeus) shown in magenta. This glutamate residue
in CreM is predicted to bind Mg2+ and coordinate ATP as has been demonstrated in other superfamily
members.
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Figure 5.11. Structural homology model of CreM active site
Structural homology model was constructed using Modeller with MenE (5BUR) crystal structure as the
template. Predicted Mg2+ binding glutamate residue E352A shown in bold.

Figure 5.12. SDS-PAGE of cell lysates shows expression of both MPB-CreM and MBP-CreM-E352A
pET28a = expression of empty pET28 vector, E352A = expression of MBP-CreM_E352A, wild-type =
expression of wild-type MBP-CreM.

372

5.2.7

Lysates from E. coli overexpressing CreM catalyze diazotization

In order to assess the stability of MBP-CreM to purification, we performed additional experiments in which
whole cell lysates of E. coli expressing MBP-CreM were incubated with 3,2,4-AHMBA and nitrite in TrisHCl pH 7.0 aqueous buffer. These reactions produced both cremeomycin and 2,4-HMBA, demonstrating
that MBP-CreM remains active in E. coli lysates (Figure 5.13). In agreement with our previous in vivo E.
coli experiments, metabolite production was dependent on active MBP-CreM, as lysates from strains
expressing CreB or MBP-CreM_E352A did not catalyze the reaction. The substrates nitrite and 3,2,4AHMBA were also required for production of the metabolites. However, using the clarified supernatant
from these lysates abolished production of both metabolites. This suggests that MBP-CreM may be
improperly folded, aggregated, and/or membrane-bound, thus potentially explaining the relatively low
conversion rate seen in vivo.
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Figure 5.13. Lysates from E. coli expressing CreM produce cremeomycin and 2,4-HMBA
A) Schematic of in vitro reaction with lysate from MBP-CreM expressing E. coli. B) LC-MS analysis with
EIC of cremeomycin demonstrating CreM lysate-dependent production of cremeomycin. B) LC-MS
analysis with EIC of 2,4-HMBA demonstrating CreM lysate-dependent production of 2,4-HMBA.

5.2.8

Attempts to overexpress and purify CreM from E. coli and S. lividans

We next sought to biochemically reconstitute CreM’s activity in vitro in order to obtain additional insights
into the diazotization reaction. However, despite numerous attempts using a variety of expression and
purification strategies, CreM was always expressed as insoluble inclusion bodies in E. coli. We screened a
variety of variables including E. coli strain (BL21, Tuner, Rosetta, C41, C43), a Rhodococcus erythroplis
expression system (CreM was insoluble), affinity tag (N-His, C-His, MBP), culturing temperature (15°C,
25°, 37°C), culturing duration time (1.5 h, 3 h, overnight), IPTG induction concentration (5 µM to 500 µM),
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buffer and pH (NaPhos, HEPES, Tris; pH = 7.5, 8.0, 8.5), buffer additives including detergents and 10 mM
ATP (1mM DTT, 1% CHAPS, 0.5% Tween-20, 0.3% DDM, 1% Triton-X-100), and lysis procedures (cell
disruption and chemical lysis (BugBuster)). We also examined co-expression with CreDE, co-expression
with CreN, co-expression with chaperones, a deletion construct that removed a predicted disordered loop,
an E. coli-codon optimized gene, and finally attempted to denature and refold CreM.

Resolving that E. coli was not an appropriate host for CreM expression, we attempted to move the
expression to S. lividans. Expression of N-terminally, His6-tagged CreM in S. lividans TK64 yielded protein
that could be partially purified using Ni-NTA metal ion affinity chromatography (Figure 5.14). While this
protein preparation provided limited quantities of impure CreM, it was fairly reproducible and yielded
enough enzyme to enable subsequent in vitro assays.
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Figure 5.14. Expression and purification of CreM from S. lividans
N-His6-CreM has a molecular weight of ~60.5 kDa. Precision Plus Protein All Blue Prestained Protein
Standard used as ladder. Arrows indicate predicted N-His6-CreM protein. A) Fractions throughout
purification procedure were collected and analyzed by SDS-PAGE to demonstrate the partial purification of
N-His6-CreM from cell lysates of S. lividans TK64 overexpressing pUWL201PW-N-His6-creM. Soluble =
clarified, soluble supernatant fraction from whole cell lysate; Flow Through = resulting unbound flow
through fraction after application to Ni-NTA column; X mM = washes/elutions of increasing imidazole
concentrations. B) Final, undiluted purified N-His6-CreM preparation after subsequent concentration and
buffer exchange into storage buffer.

5.2.9

In vitro reconstitution of diazo group formation with partially-purified CreM

With partially-purified CreM obtained, we next attempted to biochemically reconstitute diazo formation in
vitro (Figure 5.15A). Interestingly, incubation of partially-purified CreM with 1 mM 3,2,4-AHMBA, 1 mM
nitrite, and 2 mM ATP in 50 mM Tris-SO4 pH 7.0 aqueous buffer with 10 mM MgSO4 demonstrated the
production of cremeomycin only when CreM was removed from the reaction assay (“–CreM”, red trace;
Figure 5.15B). In these assays, cremeomycin production was monitored by measuring absorbance at 403
nm using a BioTek microplate spectrophotometer. The absorbance at 403 nm is diagnostic of cremeomycin
and no other assay components absorb at this wavelength. Thus, these data suggested that non-enzymatic
diazotization of 3,2,4-AHMBA was occurring under these conditions and that CreM was displaying ‘anti-
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catalysis’ activity. The non-enzymatic generation of cremeomycin was also dependent on ATP as no
increase in absorbance at 403 nm was detected when ATP was removed from the reaction (“–ATP”, green
trace; Figure 5.15B).

We found the proposal that CreM was acting as an anti-catalyst surprising and investigated alternative
explanations. Based on our hypothesis for CreM catalysis, a possible side product of the reaction could be
inorganic phosphate (Scheme 5.5). Thus, we investigated the possibility that inorganic phosphate from the
buffer used to purify and store CreM (100 mM potassium phosphate pH 7.5, 10% glycerol) could be
inhibiting the diazotization reaction when added to the assay via Le Chatelier’s principle. When CreM was
removed from the reaction and replaced with an equal volume of CreM storage buffer (100 mM potassium
phosphate pH 7.5, 10% glycerol) we see complete inhibition of cremeomycin production (Figure 5.15C;
blue trace). Alternatively, when CreM was removed from the reaction and replaced with an equal volume
of either Tris buffer or water (Figure 5.15C; red and green trace, respectively) we see production of
cremeomycin. These data suggest that the apparent ‘anti-catalyst’ behavior exhibited by CreM in our full
reaction assay setup containing enzyme was a result of inorganic phosphate brought into the reaction by the
CreM storage buffer. Interestingly, these results indirectly suggest that inorganic phosphate may be a
reaction product of the CreM-catalyzed diazotization reaction.
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Figure 5.15. Apparent ‘anti-catalyst’ behavior of CreM in in vitro assay
A) Schematic of in vitro diazotization reaction with CreM. B) Production of cremeomycin only seen when
CreM is removed from reaction (“–CreM”, red trace). Full reaction containing CreM (“Full Rxn”, blue trace)
results in background level of absorbance at 403 nm. C) When CreM is removed from the reaction and
replaced with an equal volume of potassium phosphate buffer the production of cremeomycin is abolished
(blue trace). Alternatively, when Tris buffer or water is replaced (red and green trace, respectively) we see
production of cremeomycin. Production of cremeomycin was monitored by diagnostic absorbance at 403
nm.
While we had resolved the initially puzzling, apparent ‘anti-catalyst’ behavior of CreM, we still needed to
further understand the non-enzymatic background diazotization occurring in our assays. Indeed, if CreM
was in fact responsible for catalyzing diazotization of 3,2,4-AHMBA as suggested by our previous in vivo
heterologous system and lysate experiments, then our CreM preparation and/or in vitro reconstitution
conditions did not result in CreM that was active enough to catalyze diazotization of 3,2,4-AHMBA above
background levels. Thus, we sought to further investigate the source of the non-enzymatic background
diazotization in our assays.
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The results just described indicated that ATP was critical for the non-enzymatic diazotization of 3,2,4AHMBA. Therefore, we decided to screen for additional assay components from the reaction buffer that
could promote non-enzymatic diazotization (Figure 5.16A). This analysis demonstrated that Mg2+ was
critical for non-enzymatic diazotization in conjunction with ATP and that high levels (10 mM) could
promote diazotization even without the addition of ATP (Figure 5.16B and (Figure 5.16C). The Mg2+ likely
plays the role of Lewis acid catalyst in the diazotization reaction, similar to proton in the canonical nitritebased diazotization of anilines that takes place under acidic conditions. Indeed, it has been demonstrated
that high levels of Mg2+ (2 mM) can promote the non-enzymatic phosphorylation of methanol with ATP.14
In our assay, Mg2+ and ATP may be promoting the non-enzymatic phosphorylation of nitrite or an
intermediate that catalyzes diazotization.
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Figure 5.16. High Mg2+ levels and ATP catalyze non-enzymatic diazotization of 3,2,4-AHMBA
A) Schematic of non-enzymatic in vitro reaction. B) Increasing concentrations of Mg2+ promote increased
production of cremeomycin in presence of ATP. C) Cremeomycin production is significantly reduced by
removal of ATP although high levels of Mg2+ (10 mM) can promote low level of cremeomycin generation.
Production of cremeomycin was monitored by diagnostic absorbance at 403 nm.
With the insights we gained into the non-enzymatic reactivity of our in vitro diazotization assay, we next
attempted to biochemically reconstitute diazo formation using our partially-purified CreM preparation and
optimized assay conditions. In this optimized assay and preparation, CreM was purified and stored in TrisHCl buffer to avoid the inhibitory inorganic phosphate, the Mg2+ concentration in the assay was lowered to
0.1 mM to avoid competing non-enzymatic background diazotization yet still provide CreM with this
putatively necessary ion (members of the ANL family require Mg2+), and finally, the concentrations of
3,2,4-AHMBA, nitrite and ATP were each lowered 10-fold. Excitingly, incubation of partially-purified
CreM with 100 µM 3,2,4-AHMBA, 200 µM nitrite, and 200 µM ATP in optimized aqueous buffer (50 mM
Tris-HCl pH 7.0, 0.1 mM MgCl2 and 10 mM NaCl) yielded both cremeomycin and 2,4-HMBA as analyzed
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by LC-MS (Figure 5.17). This activity required CreM, the substrates 3,2,4-AHMBA and nitrite, and was
abolished when CreM was heated prior to use in the assay.

Additionally, neither product was detected when ATP was excluded from assays, further supporting the
critical role of ATP in this reaction as suggested by our earlier work. Based on consumption of starting
material as analyzed by LC-MS, the activity of CreM in this assay is quite low. It is estimated that the
reaction proceeds with < 5% conversion of the starting material 3,2,4-AHMBA to the products.
Furthermore, assays run with the ATP analogue ATPgS, which contains a sulfur atom at the g position of
ATP and is more stable to g-phosphate hydrolysis, did not yield cremeomycin and produced ~40-fold less
2,4-HMBA (Figure 5.17B and C). The reduction in activity seen when CreM is supplied with ATPgS may
suggest that g-phosphate hydrolysis is required for catalysis, although we cannot rule out the possibility that
ATPgS does not bind properly to CreM.
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Figure 5.17. In vitro reconstitution of diazo formation using partially-purified CreM
A) Schematic of in vitro reaction with partially-purified CreM B) LC-MS analysis with EIC of cremeomycin
demonstrating CreM and ATP-dependent production of cremeomycin B) LC-MS analysis with EIC of 2,4HMBA demonstrating CreM and ATP-dependent production of 2,4-HMBA
We went on to test additional ATP non-hydrolyzable analogues in our in vitro assay that contain various
modifications rendering either their a- or g-phosphate less prone to hydrolysis (Figure 5.18A). Testing of
these analogs was envisioned to provide evidence for whether ATP is used in activation via transfer of its
terminal g-phosphate (through g-phosphate hydrolysis) or via transfer of AMP (through a-phosphate
hydrolysis), which are the two mechanism proposed earlier (Scheme 5.5). By analyzing which analogs
retain diazotization activity when replacing ATP in the in vitro assay we may obtain insight into the
diazotization mechanism. Incubation of CreM with 3,2,4-AHMBA, nitrite, and either ATP or one of the
non-hydrolyzable analogs followed by analysis of the reaction by LC-MS demonstrated that none of these
molecules were able to substitute for ATP in the diazotization assay. Substitution of ATP with any of the 5
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analogs drastically reduced both cremeomycin and 2,4-HMBA production, although small amounts of 2,4HMBA may be generated in several of the assays (Figure 5.18B and Figure 5.18C).

The inability of any of the structurally unique analogs to complement ATP in the in vitro diazotization
assay suggests that the problem results from analog binding rather than the inability of CreM to hydrolyze
a specific phosphate. If the analogs were able to bind we would expect to see a difference in their ability to
complement ATP based on which phosphate CreM hydrolyzes during catalysis. These results suggest that
CreM is specific for ATP. Unfortunately, the low activity of CreM in this assay could mask more subtle
differences among the various analogs’ abilities to promote catalysis. Thus, unfortunately, we currently are
unable to use our investigation of these ATP analogs to inform the mechanism by which CreM uses ATP
to catalyze the diazotization reaction.
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Figure 5.18. Testing ATP analogs in in vitro CreM diazotization assay
A) Structures of ATP analogs. B) LC-MS analysis of in vitro assay showing EIC of cremeomycin. C) LCMS analysis of in vitro assay showing EIC of 2,4-HMBA.
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In addition to demonstrating that CreM can use exogenously supplied nitrite to diazotize 3,2,4-AHMBA
with ATP, we wanted to establish that CreM could use nitrite supplied by CreD and CreE to catalyze
diazotization. Thus we developed a two-step, sequential assay that consists of a nitrite generation step with
CreD and CreE, followed by the diazotization step with CreM (Figure 5.19A). It was necessary to separate
the nitrite-generation and diazotization steps in this assay because the NADPH required by CreE to catalyze
oxidation of L-aspartate to nitrosuccinate during nitrite generation will quantitatively reduce any
cremeomycin formed to 2,4-HMBA. In this assay setup, the NADPH is consumed during the nitrite
generation step by CreE and therefore is not present during the diazotization step that forms cremeomycin.
Incubation of L-aspartate with CreD, CreE, FAD and NADPH for 3 h followed by the addition of CreM,
3,2,4-AHMBA and ATP and an overnight incubation resulted in the generation of cremeomycin and 2,4HMBA as analyzed by LC-MS (Figure 5.19B and Figure 5.19C). The enzymes CreD and CreE were
required for this activity, thus supporting their role in providing the nitrite used by CreM to carry out the
diazotization reaction. Furthermore, both ATP and CreM were required for diazotization in this assay setup
which is in agreement with previous in vitro reconstitution experiments where nitrite was supplied
exogenously to CreM. The success of this in vitro reconstitution in producing cremeomycin and 2,4-HMBA
demonstrates that CreM can accept nitrite generated from CreD and CreE and use it to catalyze
diazotization. This supports the hypothesis that in vivo in S. cremeus the three enzymes work together as a
diazo-forming system.
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Figure 5.19. In vitro reconstitution of diazo formation with CreDEM
A) Schematic of reaction setup involving sequential nitrite generation and diazotization steps. B) LCMS analysis of CreDEM reaction with EIC of cremeomycin. C) LC-MS analysis of CreDEM reaction
with EIC of 2,4-HMBA.
In order to further establish that the nitrite used by CreM to catalyze diazotization comes from the CreDE
nitrite-generating system, we repeated the assay described above with [15N,13C]-L-aspartate (Figure 5.20A).
In this assay setup, CreD and CreE would be expected to generate [15N]-nitrite from the [15N,13C]-Laspartate. Use of this [15N]-nitrite in the diazotization reaction by CreM would result in singly labeled [15N]cremeomycin. Indeed, when the assay was repeated with [15N,13C]-L-aspartate only singly labeled [15N]cremeomycin could be detected by LC-MS with no cremeomycin of normal isotopic distribution being
formed (Figure 5.20B and C). Conversely, and as expected, when normal L-aspartate was used only
cremeomycin with a normal isotopic distribution could be detected and no singly labeled [15N]-
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cremeomycin was generated (Figure 5.20B and C). These experiments demonstrate that the nitrite used in
the diazo reaction by CreM results from L-aspartate and not some other source e.g. nitrite in the buffer.

Figure 5.20. In vitro reconstitution of diazo formation with CreDEM with 15N-L-aspartate
A) Schematic of reaction setup with [15N,13C]-L-aspartate. B) LC-MS analysis with EIC of [15N]cremeomycin from in vitro reconstitution with either L-aspartate, [15N,13C]-L-aspartate or no Laspartate. C) LC-MS analysis with EIC of normal cremeomycin from in vitro reconstitution with
either L-aspartate, [15N,13C]-L-aspartate or no L-aspartate.
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Our ability to biochemically reconstitute diazo formation in vitro both with exogenous nitrite, as well as in
conjunction with the nitrite-generating enzymes CreD and CreE, provides further evidence that CreM is a
diazo-forming enzyme. Additionally, our results strongly suggest that CreM requires ATP to catalyze the
diazotization reaction. The ability of CreM to accept nitrite produced by CreD and CreE supports the idea
that these three enzymes work together in vivo to catalyze diazotization of 3,2,4-AHMBA. Future efforts
are aimed at developing a deeper mechanistic understanding of the diazotization reaction including the role
of ATP, as well as elucidating the three-dimensional structure of this unusual and novel enzyme.

5.2.10 Presence and distribution of the creDEM gene cassette in nucleotide sequence databases
With the elucidation of the diazo forming pathway in cremeomycin biosynthesis, the creDEM genes can
now be used to mine sequence databases for potential gene clusters encoding putative diazo-containing
natural products. In order to identify putative diazo-forming creDEM gene cassettes within nucleotide
sequence databases we used MultiGeneBlast, the same strategy used to find creDE cassettes as described
in Section 4.2.10.

Mining of the December 2015 GenBank database using MultiGeneBlast with the creDEM genes revealed
91 hits encoding putative homologous gene cassettes (Table 5.8). As expected based on our search for
creDE gene cassettes, the hits from our MultiGeneBlast analysis are entirely distributed within the
Actinomycetales Order within the Actinobacteria Phylum (84 hits out of 91, 7 hits were not classified
taxonomically). These include predominantly hits from Mycobacterium (67) and Streptomyces (14) that
overlap with the hits from our search for creDE cassettes. In addition, we find hits from Micromonospora
(1), Kibdelosporangium (1), and Kitasatospora (1) that overlap with the same hits from our creDE gene
cassette searches. Thus, a majority of the hits identified previously in our search for creDE gene cassettes
contain a full creDEM putative diazo-forming gene cassette.
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As discussed in Section 4.2.10 with our analysis of creDE gene cassettes, the putative diazo-forming
creDEM gene cassettes are located within genomic regions that appear to encode for the biosynthesis of
secondary metabolites, suggesting that these hits indeed represent true biosynthetic genes clusters encoding
diazo-containing natural products. Thus, this analysis supports the notion that creDEM alone can be used
to query nucleotide sequence databases in order to identify biosynthetic gene clusters that encode diazo
natural products.

Of the 91 hits revealed by our analysis with MultiGeneBlast, a single highly conserved biosynthetic gene
cluster containing creDEM homologs represents fully 67 of these hits (Figure 5.21). While the structure of
this metabolite is unknown, the gene cluster appears to encode some of the enzymatic chemistry necessary
for the construction of anthranilate and 2,3-dihydroxybenzoic acid which are two known aromatic acid
metabolites that are associated with the biosynthesis of secondary metabolites (EIU00857 = DAHP
synthase; EIU00858 = 2,3-dihydro-2,3-dihydroxybenzoic acid; EIU00859 = isochorismatase; EIU00860 =
anthranilate synthase component). In addition, it encodes a putative salicylate hydroxylase homolog
(EIU00851) that may be involved in oxidation of these aromatic molecules. Interestingly, anthranilate is an
aromatic amino acid that contains an amino functionality similar to 3,2,4-AHMBA. This could suggest that
in this biosynthetic pathway anthranilate or a modified derivative is diazotized with nitrite in an analogous
fashion to 3,2,4-AHMBA.

The high level of conservation of this biosynthetic gene cluster suggests that the putative encoded natural
product may be important for the physiology of this organism. In prioritizing creDEM-containing gene
clusters to investigate, the prevalence and conservation of this gene cluster, as well as the potential for a
shared logic of amine diazotization, may suggest this cluster is particularly attractive for initial studies.
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Figure 5.21. Highly conserved creDEM-containing gene cluster in over 50 Mycobacterium
abscessus strains
EIU00851 = salicylate hydroxylase; EIU00857 = DAHP synthase; EIU00858 = 2,3-dihydro-2,3dihydroxybenzoic acid; EIU00859 = isochorismatase; EIU00860 = anthranilate synthase component
Perhaps surprisingly, we find creDEM gene cassettes within known biosynthetic gene clusters that produce
characterized natural products which do not contain a diazo group. These examples include a streptronigrin
gene cluster from Streptomyces flocculus strain CMGCC 4.1223, a merochlorin gene cluster from
Streptomyces sp. CNH189, and a furaquinocin A gene cluster from Streptomyces sp. KO-3988.16-18 The
biosynthetic gene clusters producing all three molecules have been elucidated and the biosynthesis of these
molecules has been investigated. The presence of the creDEM gene cassette within these biosynthetic gene
clusters suggests that these gene clusters produce unidentified diazo-containing analogs. These diazocontaining congeners may not have been detected due to their instability, low abundance, or because they
are not produced under the laboratory conditions tested. Interestingly, the structures of all three molecules
suggest that they may form diazo-containing analogs via diazotization of an amino group in analogy to
cremeomycin biosynthesis. We have proposed a pathway for each molecule that could afford these diazocontaining congeners (Figure 5.22 and Figure 5.23). In the case of streptonigrin biosynthesis, the a-keto
amine could be diazotized in a highly similar fashion to the diazotization of 3,2,4-AHMBA to afford the aketo diazo functionality. For both merochlorin and furaquinocin we propose that an uncharacterized,
putative aminotransferase (Mcl19 and Fur3, respectively) located within each cluster first catalyzes
transamination to install the amino group which is then diazotized. These results demonstrate that in
addition to uncovering completely novel diazo-containing compounds, the mining of creDEM gene
cassettes may provide diazo-containing analogs of previously characterized natural products.
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Proposed route for biosynthesis of diazo-containing analog of furaquinocin
In addition to searching broadly for the creDEM gene cassette, we performed more targeted searches of the
creM gene in organisms that biosynthesize diazo and related N–N bond-containing natural products. A
CreM homolog (NapB4) is encoded within the biosynthetic gene cluster that produces the pyridazine
natural product azamerone from S. sp. CNQ-525. Additionally, the genome of the fosfazinomycin producer
S. sp. WM6372 contains a CreM homolog (AKD52_23905), although it is not located within the fzm gene
cluster. These CreM homologs may be responsible for catalyzing diazotization of the predicted aminecontaining intermediates that give rise to the diazo precursors in these distinct biosynthetic pathways
(Section 1.2.2.1 and Section 1.2.4.2).
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5.3

5.3.1

Conclusions and Future Directions

Conclusions

In summary, we have identified CreM as a diazo-forming enzyme from cremeomycin biosynthesis. Using
a combination of in vivo heterologous expression experiments and in vitro biochemical reconstitution with
partially-purified protein we show that CreM catalyzes the diazotization of the aniline 3,2,4-AHMBA with
nitrite and ATP to afford the diazo-containing natural product cremeomycin. We are able to reconstitute
diazo formation in vivo and in vitro using both exogenously supplied nitrite as well as nitrite provided by
the enzyme pair CreDE. Our identification of this diazo-forming pathway has revealed a strategy for diazo
group construction in natural product biosynthesis which addresses a significant challenge in the field that
has persisted for over six decades. Analysis of the distribution of this diazo-forming pathway suggests that
diazo biosynthesis in nature is more widespread than previously appreciated.

Interestingly, the strategy for diazotization in cremeomycin biosynthesis appears to be distinct from that
employed in the biosynthesis of the diazofluorene natural products kinamycin and lomaiviticin. Rather than
homologs of CreD, CreE or CreM, these gene clusters contain a highly conserved, putative diazo-forming
gene cassette that is nearly identical to the hydrazide-forming genes in fosfazinomycin biosynthesis.19-22
The differences in the genetic and biochemical basis for diazotization in these pathways suggest that nature
has evolved distinct strategies for installing this reactive functional group into natural products. As the
community continues to explore the biosynthesis of diazo compounds and additional N–N bond-containing
natural products, it will be exciting to decipher the logic and enzymatic chemsitry used for constructing
these reactive and bioactive functional groups.23

With this discovery comes exciting new opportunities and future challenges to use this knowledge in a
variety of scientific disciplines. Current efforts in our lab include enzymology and structural studies of
CreM and the diazotization reaction to understand this transformation in greater mechanistic detail.
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Additionally, the information we’ve gained through investigating CreM offers potential insight into the
biosynthesis of other diazo and N–N bond-containing natural products. With the genetic and biochemical
basis for diazo formation in at least one pathway now established, one can apply these tools to efforts in
biocatalysis and synthetic biology. Finally, as highlighted previously, we can use creDEM to mine genomes
for novel diazo-containing natural products.

5.3.2
5.3.2.1

Future Directions
Further characterization of CreM and the diazotization reaction

The work presented in this Dissertation represents a critical step for future biochemical and structural
investigations aimed at understanding the enzymology of N–N bond formation and diazotization in greater
mechanistic detail. Our lab is particularly interested in investigating this reaction to elucidate the precise
role of ATP in the diazo-forming reaction. In one model of catalysis, CreM may be a ‘molecular machine’
that uses the energy of ATP hydrolysis to promote conformational changes that drive catalysis, although
this model of catalysis has been proposed relatively rarely and is not well-documented among biosynthetic
enzymes.24,25 In a second model, which is favored by us and supported by more precedent in the literature,
ATP is used to directly activate a substrate or an intermediate to promote the diazotization reaction (Scheme
5.5).

Unfortunately, we are currently unable to provide a deeper mechanistic explanation for how ATP is used
by CreM to promote the diazotization reaction. The low in vitro activity of the CreM preparation used here
has prevented further experimentation aimed at answering this question. Future efforts are focused on
improving the purification of CreM in order to characterize the mechanism and structure of this enzyme.
Future directions in this area could include a native purification of CreM from S. cremeus, screening of
additional heterologous hosts e.g. additional E. coli strains and B. subtilis, and alternative plasmids e.g.
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pTrc. One could also try screening CreM homologs from other organisms for soluble expression in E. coli,
however, it would be important to confirm that any homologs identified are in fact catalyzing diazotization.

A pure, soluble, and more active CreM (or homolog) would greatly enable biochemical and structural
characterization of the enzyme. ATP analogs could be tested again to discern the relative differences in
their ability to promote the diazotization reaction, which would provide insight into how ATP may be
hydrolyzed in the reaction (Section 5.2.9). Labeling studies (e.g. with 18O-labeled nitrite or 18O2) could be
conducted to determine if CreM uses ATP to directly activate nitrite and/or an intermediate. In these
experiments 18O-labeled nitrite or labeled 18O2 (which would provide 18O-labeled nitrite through CreDE)
would be used to track the 18O label in reaction by-products. If the 18O label were transferred to the reaction
by-products of ATP hydrolysis (e.g. phosphate or AMP) it would suggest that ATP is being used to directly
active nitrite and/or an intermediate via formation of a covalent phosphate- or AMP-linked species. Finally,
we would like to determine the structure of CreM to understand the structural and chemical basis for
catalysis in the diazotization reaction with ATP.

5.3.2.2

Understanding the biosynthesis of other diazo and N–N bond containing natural products

The work described here now enables investigations of the biosynthetic logic and enzymatic chemistry
involved in other diazo-containing and related N–N bond-containing natural products.4,26 We are currently
interested in applying our knowledge to study the biosynthesis of natural products with biosynthetic gene
clusters that contain the creDEM gene cassette in its entirety, as well as cases where only part of the gene
cassette is present. These later examples suggest that an understanding of the diazo-forming enzymes from
cremeomycin biosynthesis can aid the investigation of distinct N–N bond-containing natural products. We
are particularly interested in examples where known biosynthetic gene clusters contain creDEM homologs,
but the characterized natural products produced by these gene clusters do not contain a diazo group.
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5.3.2.3

Applications in biocatalysis and synthetic biology

Our discovery will enable efforts to use CreD, CreE and CreM in both synthetic biology and biocatalysis
applications to produce diazo-containing compounds. Diazo-containing metabolites could be evaluated for
their bioactivity or used as carbene precursors to engage in biocatalytic transformations with engineered
metalloenzymes.27 In addition, these tools may be able to afford not just diazo compounds, but also various
N–N bond-containing compounds using nitrite as a precursor. Importantly, we have reconstituted this
nitrite-generating and diazo-forming pathway in E. coli which is a widely-used host in synthetic biology.
Efforts toward engineering optimized E. coli strains for the production of nitrite (strains expressing only
creDE) and novel diazo-containing metabolites (strains expressing creDEM) are underway. Finding
homologs that are more active and suitable for soluble expression in E. coli will be an important challenge
moving forward. It will be critical to find optimal catalysts for these transformations, as well as homologs
that may have expanded substrate scopes.

5.3.2.4

Genome mining for additional diazo-containing natural products

Finally, the discovery of CreDEM now enables targeted genome mining of putative diazo-containing
natural products within nucleotide sequence databases. Investigating the products of uncharacterized,
creDEM-containing gene clusters may provide access to novel and valuable diazo-containing small
molecules. Our findings have demonstrated that the number of diazo-containing natural products is likely
far greater than previously appreciated and represents a significant increase in our access to diazocontaining natural products. We are excited by the opportunity to begin characterizing the structures and
biosynthesis of these natural products, with hopes of identifying molecules important for microbial
physiology and/or bioactive compounds that could serve as starting points for therapeutic candidates.
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5.4
5.4.1

Materials and Methods
General Materials and Methods

DNA polymerases, restriction enzymes, and T4 ligase used for cloning were purchased from New England
BioLabs. Recombinant plasmid DNA was purified with a QIAprep Kit from Qiagen or with a E.Z.N.A.
Plasmid DNA Mini Kit I from Omega Bio-Tek. Gel extraction of DNA fragments and restriction
endonuclease clean up were performed using an Illustra GFX PCR DNA and Gel Band Purification kit
from GE Healthcare. DNA sequencing was performed by Beckman Coulter Genomics (Danvers, MA) and
Eton Bioscience (Charlestown, MA). Nickel-nitrilotriacetic acid-agarose (Ni-NTA) resin was purchased
from Qiagen and Thermo Scientific. SDS–PAGE gels (4 – 15% Mini-Protean TGX) were purchased from
Bio-Rad. Streptomyces lividans TK64 was obtained from Prof. Wenjun Zhang at the University of
California, Berkeley. The vector pET28-MBP was obtained from Prof. Doug Mitchell at the University of
Illinois Urbana-Champaign.

Optical densities of Escherichia coli cultures were determined with a DU 730 Life Sciences (Beckman
Coulter) or a Genesys 20 UV/Vis spectrophotometer (Thermo Scientific) by measuring absorbance at 600
nm. Thermocycling was carried out in a C1000 Gradient Cycler (Bio-Rad). Spectrophotometric
measurements of enzyme assays were taken using the BioTek Powerwave HT microplate
spectrophotometer. Cell lysis by disruption was performed using an Avestin EmulsiFlex-C3. Cell lysis by
sonication was performed using a Branson Digital Sonifier Model 450. High-resolution mass spectral data
were obtained at the Small Molecule Mass Spectrometry Facility, FAS Division of Science, Harvard
University. Detection of cremeomycin and 2-hydroxy-4-methoxybenzoic acid (2,4-HMBA) by liquid
chromatography-mass spectrometry (LC-MS) were carried out on a Thermo Scientific Dionex UltiMate
3000 UHPLC coupled to a Thermo Q Exactive Plus mass spectrometer system (Thermo Fisher Scientific
Inc, Waltham, MA) equipped with an HESI-II electrospray ionization (ESI) source. LC-MS data were
analyzed with Chromeleon Xpress software for UHPLC and Thermo Xcalibur software version 3.0.63 for
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mass spectrometry and processed with Thermo Xcalibur Qual Browser software version 4.0.27.19. 8 µL of
each sample was injected onto the UHPLC including a HPG-3400RS binary pump with a built-in vacuum
degasser and a thermostatted WPS-3000TRS high performance autosampler. An XTerra MS C18 analytical
column (2.1x100 mm, 3.5 µm) from Waters Corporation (Milford, MA) was used at a flow rate of 0.3
mL/min with 0.2% acetic acid in water as mobile phase A and 0.2% acetic acid in acetonitrile as mobile
phase B. The column temperature was maintained at room temperature. The following gradient was
applied: 0-3 min: 5% B isocratic, 3-12 min: 5-100% B, 12-14 min: 100% B isocratic, 14-14.5 min: 1005%B, 14.5-20.5 min: 5% B isocratic. The MS conditions were as follows: positive ionization mode for
cremeomycin and negative ionization mode for 2,4-HMBA; full scan mass range, m/z 50 to 750; resolution,
70.00; AGC target, 1e6; maximum IT, 220 ms; spray voltage, 3500 V; capillary temperature, 280 °C; sheath
gas, 47.5; Aux gas, 11.25; probe heater temperature, 412.5 °C; S-Lens RF level, 50.00. A mass window of
± 5 ppm was used to extract the ion of [M+H]+ for cremeomycin and [M-H]- for 2,4-HMBA. Targets were
considered detected when the mass accuracy was less than 5 ppm, there was a match of isotopic pattern
between the observed and theoretical ions, and there was a match of retention time with the standards.

Synthetically prepared cremeomycin5 and commercially available 2,4-HMBA from Sigma-Aldrich were
used as standards in all LC-MS analyses. The 3,2,4-AHMBA used in all in vivo heterologous expression
experiments and in vitro assays was synthetically prepared following the previous report by Varley et al.5

As cremeomycin is light sensitive, all procedures undertaken in which cremeomycin was potentially present
(i.e. in vivo heterologous expression experiments in S. lividans and E. coli, in vitro experiments, nonenzymatic diazotization experiments, and cremeomycin degradation experiments) were carried out with
exclusion of as much light as possible. Lights were turned off while working, culture flasks and tubes were
wrapped in tinfoil during incubations, incubator windows were covered in tinfoil, Eppendorf tubes were
wrapped in tinfoil, centrifuges were covered in tinfoil, and amber, light-excluding LC-MS sample vials
were used for analysis.
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5.4.2

Generation of S. cremeus DcreM mutant via PCR-target, l-Red-mediated recombination

The insertional mutation in creM in wild-type S. cremeus was generated using a PCR-targeting, l-Redmediated recombination protocol with an apramycin selectable marker via double crossover allelic
exchange using the primers shown in (Table 5.2).13 Ex-conjugants were streaked out several times on
selective R5 plates with apramycin and nalidixic acid to remove E. coli. The mutant S. cremeus DcreM was
grown in FM media and gDNA was extracted using the UltraClean Microbial DNA Isolation Kit (Mo Bio).
The DcreM mutation was verified by PCR and sequencing using the primers shown in (Table 5.2).
Table 5.2 Primers used to construct and amplify DcreM
Name
creM-KO-f
creM-KO-r

Sequence

Function

CTCGACCAGCCCCTTCAGTACGCCCCCGAGCTC
GGCACGATTCCGGGGATCCGTCGACC
GAACCGGAACTGGCGCACCGGCGCCAT
CGTCGGCAGGTCTGTAGGCTGGAGCTGCTTC

Generate KO on
BAC
Generate KO on
BAC
Confirm KO from
gDNA
Confirm KO from
gDNA

creM-KOconf-f

CACCTCGCCTGGCTGTACG

creM-KOconf-r

TAGATCGCCTGGGTCTTCCA

5.4.3

Generation of S. lividans TK64 strains expressing CreD, CreE, and CreM

The genes creD, creE, and creM were each cloned using the ‘compatible cohesive ends’ method (using
AvrII and NheI restriction sites) to insert each gene in succession into the pUWL201PW Streptomyces-E.
coli shuttle vector28 to generate final vectors containing either creD and creE (pUWL201PW-creDE) or
creD, creE, and creM (pUWL201PW-creDEM) using the primers shown in Table 5.3. All cloning was
performed in E. coli TOP10 cells. Plasmids were sequenced for verification. The pUWL201PW vector
confers ampicillin resistance (100 µg/mL) in E. coli and thiostrepton resistance (50 µg/mL) in Streptomyces
species. Briefly, creD was first cloned into pUWL201PW using restriction sites NdeI (5’) and BamHI (3’).
After purification and sequence verification of pUWL201PW-creD, the plasmid was digested with AvrII
and BamHI while creE was cloned into the plasmid using NheI (5’) and BamHI (3’) sites (AvrII and NheI
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have compatible ends) to generate pUWL201PW-creDE. After purification and sequence verification of
pUWL201PW-creDE, the plasmid was digested using AvrII and BamHI while creM was cloned into the
plasmid using NheI (5’) and BamHI (3’) sites to generate pUWL201PW-creDEM. The vector backbone
contains a ribosome binding site (RBS) for the first gene creD and a constitutive promoter, ermE, to drive
transcription of the entire creDEM operon. A RBS with the sequence GGAGGAGCC was inserted three
nucleotides upstream of both creE and creM for translation of these genes. Streptomyces lividans TK64
protoplasts were generated and transformed with plasmid DNA according previous reports in Practical
Streptomyces Genetics.29 After protoplasts were transformed, the viable ex-transformants were streaked on
R5 agar plates with 50 µg/mL thiostrepton to confirm resistance through the plasmid. Confirmed extransformants were stored as spores or mycelial stocks in 25% glycerol at –80 °C.
Table 5.3 Primers used to clone creD, creE, and creM in pUWL201PW
Primer (5’ à 3’)

Gene

Target Vector

GGAATTCATATGACCAGACCCCCCGC
AAGGATCCAATTCCCCTAGGTCACCGGGCCGGCG
GGAATTGCTAGCGGAGGAGCCCATATGAGCGTCAGACGGCTC

creD
creD
creE

AAGGATCCAATTCCCCTAGGTCATGCCGTCACCTCG

creE

GGAATTGCTAGCGGAGGAGCCCATATGCACGCACTGCTGC

creM

AAGGATCCAATTCCCCTAGGTCATGCCCCCACTCCC

creM

pUWL201PW
pUWL201PW
pUWL201PWcreD
pUWL201PWcreD
pUWL201PWcreDE
pUWL201PWcreDE

5.4.4

In vivo production of cremeomycin and 2,4-HMBA from S. lividans TK64 strains expressing
CreD, CreE, and CreM

Stocks of S. lividans TK64[pUWL201PW-creDE] and S. lividans TK64[pUWL201PW-creDEM] stored at
–80 °C were streaked on R5 agar plates29 containing 50 µg/mL thiostrepton and incubated at 30 °C for
approximately 4–6 days until robust mycelial growth and sporulation occurred. S. lividans TK64 wild-type
stored at –80 °C was streaked on R5 agar plates containing no antibiotics. The mycelia/spores from
approximately ¼ of an agar plate were removed with a cotton swab tip and used to inoculate 50 mL of seed
culture of R5, Q or FM liquid media containing 50 µg/mL thiostrepton (for strains expressing CreDE or
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CreDEM) or no antibiotics (wild-type strain). Cultures were incubated at 30 °C with shaking at 220 rpm
for 3 days. These seed cultures were used to inoculate 50 mL of fresh R5, Q or FM liquid media
supplemented with 1 mM 3,2,4-AHMBA and 50 µg/mL thiostrepton for CreDE- and CreDEM-expressing
strains at an inoculum of 1:100 and incubated at 30 °C with shaking at 220 rpm for 36 h. The pH of the
buffered fermentation culture remained at pH 7 over the course of the fermentation. After 36 h, 1 mL of
culture was removed and centrifuged at 4 °C at 16,000 x g for 5 min. A 200 µL aliquot of clarified
supernatant was removed and quenched with 400 µL of acetone. This mixture was centrifuged at 4 °C at
16,000 x g for 15 min. 200 µL of clarified supernatant was removed and analyzed by LC-MS as described
in General Methods.

5.4.5

Non-enzymatic diazotization of 3,2,4-AHMBA in various bacterial growth media

Lysogeny broth (LB), R529, Q2 and fermentation media30 (FM) media were prepared, adjusted to pH ~7 and
sterilized by autoclaving. Ampicillin was added at a final concentration of 100 µg/mL to 500 µL of each
medium to prevent bacterial growth during subsequent incubation along with 500 µM of 3,2,4-AHMBA
and 500 µM sodium nitrite. Additional controls were prepared in which 3,2,4-AHMBA or sodium nitrite
was not added. Samples were wrapped in tinfoil and incubated at 30 °C for 24 h. After 24 h, samples were
centrifuged at 4 °C at 16,000 x g for 15 min. A 200 µL aliquot of clarified supernatant was removed and
quenched with 400 µL of acetone. This mixture was centrifuged at 4 °C at 16,000 x g for 15 min. 200 µL
of clarified supernatant was removed and analyzed by LC-MS as described in General Methods.

401

5.4.6

Generation of E. coli BL21 strains expressing CreD, CreE, and CreM

The genes creD, creE, and creM were cloned into various vectors (DUET vectors: pCOLA (kanamycin
resistance), pETDUET (ampicillin resistance), pACYC (chloramphenicol resistance) and maltose binding
protein fusion vector: pMAL-c2x (ampicillin resistance)) via either PCR and ligation or subcloning.
Plasmids were subsequently transformed into E. coli BL21 and Tuner in a variety of combinations to
generate Strains 1–8 as described in Table 5.4. Primers used for this cloning are given in Table 5.5. All
cloning was performed in E. coli TOP10 cells. After cloning and sequence verification of each plasmid, the
plasmid combinations were transformed into E. coli BL21 or Tuner via heat shock or electroporation. The
E. coli Strains 1–8 were stored in 25% glycerol stocks at –80 °C.
Table 5.4 Tables summarizing the strain characteristics of Strains 1 – 8
Plasmid 1
Strain
Number

E. coli
strain

Expressing
proteins

Vector

Gene

Restriction Sites

Resistance

Method of
plasmid
generation

Strain 1

BL21

CreD, CreE

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 2

Tuner

CreD, CreE

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 3

BL21

CreD, CreE

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 4

Tuner

CreD, CreE

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 5

BL21

CreD, CreE,
CreM

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 6

Tuner

CreD, CreE,
CreM

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 7

BL21

CreD, CreE,
CreM

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated

Strain 8

Tuner

CreD, CreE,
CreM

pCOLA

creD

BamHI & HindIII
(MCS1)

kanamycin

PCR and
ligated
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Table 5.4 Tables summarizing the strain characteristics of Strains 1 – 8 (continued)
Plasmid 2
Strain
Number

E. coli
strain

Expressing
proteins

Vector

Gene

Strain 1

BL21

CreD, CreE

pETDUET

creE

Strain 2

Tuner

CreD, CreE

pETDUET

creE

Strain 3

BL21

CreD, CreE

pACYC

creE

Strain 4

Tuner

CreD, CreE

pACYC

creE

Strain 5

BL21

CreD, CreE,
CreM

pETDUET

creE

Strain 6

Tuner

CreD, CreE,
CreM

pETDUET

creE

Strain 7

BL21

CreD, CreE,
CreM

pACYC

creE

Strain 8

Tuner

CreD, CreE,
CreM

pACYC

creE
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Restriction
Sites
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)

Resistance

Method of
generation

ampicillin

PCR and
ligated

ampicillin

PCR and
ligated

chloramphenicol

subcloned

chloramphenicol

subcloned

ampicillin

PCR and
ligated

ampicillin

PCR and
ligated

chloramphenicol

subcloned

chloramphenicol

subcloned

Table 5.4 Tables summarizing the strain characteristics of Strains 1 – 8 (continued)
Plasmid 3
Strain
Number

E. coli
strain

Expressing
proteins

Vector

Gene

Restriction
Sites

Resistance

Method of
Generation

Strain 1

BL21

CreD, CreE

N/A

N/A

N/A

N/A

N/A

Strain 2

Tuner

CreD, CreE

N/A

N/A

N/A

N/A

N/A

Strain 3

BL21

CreD, CreE

N/A

N/A

N/A

N/A

N/A

Strain 4

Tuner

CreD, CreE

N/A

N/A

N/A

N/A

N/A

Strain 5

BL21

CreD, CreE,
CreM

pACYC

creM

chloramphenicol

subcloned

Strain 6

Tuner

CreD, CreE,
CreM

pACYC

creM

chloramphenicol

subcloned

Strain 7

BL21

CreD, CreE,
CreM

pMALc2x

creM

EcoRI &
HindIII

ampicillin

PCR and
ligated

Strain 8

Tuner

CreD, CreE,
CreM

pMALc2x

creM

EcoRI &
HindIII

ampicillin

PCR and
ligated

BamHI &
HindIII
(MCS1)
BamHI &
HindIII
(MCS1)

Table 5.5 Primers used to clone creD, creE, and creM into DUET and pMAL-c2x vectors for
expression in E. coli

5.4.7

Primer (5’ à 3’)

Gene

Target Vector

CCACAGCCAGGATCCAATGACCAGACCCCCC

creD

pCOLA-MCS1

ATTAATAAGCTTTCACCGGGCCGGCGG

creD

pCOLA-MCS1

CCACAGCCAGGATCCAATGAGCGTCAGACGG

creE

pETDUET-MCS1

ATTAATAAGCTTTCATGCCGTCACCTCG
ATATATGAATTCGTGCACGCACTGCTGC

creE
creM

pETDUET-MCS1
pMAL-c2x

ATATATAAGCTTTCATGCCCCCACTCCC

creM

pMAL-c2x

In vivo production of 2,4-HMBA from E. coli strains expressing of CreD, CreE, and CreM

Glycerol cell stocks of E. coli Strain 1–8, as well as wild-type E. coli BL21 and Tuner strains, were used to
inoculate 5 mL of LB medium containing the appropriate antibiotics (refer to Table 5.4 for resistance profile
of each strain) and incubated at 37 °C overnight on a rotating drum. These seed cultures were used to
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inoculate 5 mL of fresh LB medium containing the appropriate antibiotics at an inoculum of 1:100, which
were then incubated at 37 °C on a rotating drum. After approximately 2 h, the strains were transferred to
an incubator at 15 °C and incubated for approximately one additional hour with shaking. When the OD600
of the cultures reached 0.5–0.6, 100 µM of 3,2,4-AHMBA and 500 µM of IPTG was added, and the strains
were incubated overnight at 15 °C with shaking. The pH of the E. coli culture remained at pH 7 over the
course of the fermentation. After approximately 15 h, the cultures were centrifuged at 4 °C at 3,200 x g for
5 min. A 400 µL aliquot of supernatant was removed and quenched with 800 µL of acetone. This mixture
was centrifuged at 4 °C at 16,000 x g for 15 min. 200 µL of clarified supernatant was removed and analyzed
by LC-MS as described in the General Methods section.

5.4.8

Cremeomycin degradation experiments in presence of E. coli in LB media

A glycerol stock of E. coli BL21 was used to inoculate 5 mL of LB medium and incubated at 37 °C
overnight on a rotating drum. This seed culture was used to inoculate 5 mL of fresh LB media at an inoculum
of 1:100 and incubated at 37 °C on a rotating drum. After approximately 2 h, the strain was transferred to
an incubator at 15 °C and incubated for approximately one additional hour with shaking. When the OD600
of the culture reached 0.5–0.6, 500 µL of culture was transferred to an Eppendorf tube (with holes punctured
in the top to allow for aeration) and 500 µM of synthetically prepared cremeomycin was added to the
culture. The tube was covered in tinfoil and placed horizontally on the platform in the incubator and allowed
to shake overnight for 15 h. Additional controls were set up in which cremeomycin was added to LB in the
absence of E. coli cells or where cremeomycin was added to water alone. After 15 h, the culture was
centrifuged at 4 °C at 16,000 x g for 5 min. A 200 µL aliquot of supernatant was removed and quenched
with 400 µL of acetone. This mixture was centrifuged at 4 °C at 16,000 x g for 15 min. 200 µL of clarified
supernatant was removed and analyzed by LC-MS as described in General Methods.
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5.4.9

Generation of E. coli BL21 strains for MBP-CreM expression experiments

The creM gene was cloned into pET28-MBP vector (constructed and received from Prof. Douglas Mitchell,
University of Illinois, Urbana-Champaign) using the BamHI (5’) and XhoI (3’) restriction sites to create an
in-frame N-terminal MBP fusion construct with creM. The creM gene was amplified from a bacterial
artificial chromosome (BAC) clone from an S. cremeus genomic library constructed previously using the
primers shown in Table 5.6.1 The creB gene was cloned into pET28a using the NdeI (5’) and XhoI (3’)
restriction sites to give an N-terminal His6-tagged protein. CreB was amplified from S. cremeus genomic
DNA using the primers shown in Table 5.6. The pET28-MBP-creM_E352A plasmid was constructed by
site-directed mutagenesis through whole plasmid amplification with the primers shown in Table 5.6. All
cloning was performed in E. coli TOP10 cells. After cloning and sequence verification of each plasmid, the
plasmids were transformed into chemically-competent E. coli BL21 and stored in 25% glycerol stocks at –
80 °C. For the ‘empty vector’ control, pET28a was transformed into E. coli BL21 and for the ‘no vector’
control wild-type E. coli BL21 was used.

Table 5.6 Primers used to clone creM, creB, and creM_E352A into pET28a and pET28-MBP
Primer (5’ à 3’)

Gene

Target Vector

ATATATGGATCCGTGCACGCACTGCTGCGC
ATATATCTCGAGTCATGCCCCCACTCCCTG
CGGCCAGTCGGCGATCGGCCCGATGGCCGGCCG
TCGGGCCGATCGCCGACTGGCCGTAGAACTGGA
GTTAATCATATGGCCCTGAAACGCTG
GTTAATCTCGAGCTATGCGGGTGGTACCG

creM
creM
creM_E352A
creM_352A
creB
creB

pET28-MBP
pET28-MBP
pET28-MBP-creM
pET28-MBP-creM
pET28a
pET28a

5.4.10 In vivo production of cremeomycin and 2,4-HMBA from E. coli strains expressing MBPCreM
Glycerol cell stocks of the E. coli BL21 strains were used to inoculate 5 mL of LB media containing
kanamycin (50 µg/mL final concentration) where appropriate and incubated at 37 °C overnight on a rotating
drum. These seed cultures were used to inoculate 5 mL of fresh LB media containing kanamycin (50 µg/mL
final concentration) where appropriate, and the cultures were incubated at 37 °C on a rotating drum. After
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approximately 2 h, the strains were transferred to an incubator at 15 °C and incubated for approximately
one additional hour with shaking. When the OD600 of the cultures reached 0.5–0.6, 100 µM of 3,2,4AHMBA, 200 µM sodium nitrite, and 250 µM of IPTG were added, and the strains were incubated
overnight at 15 °C with shaking. The pH of the E. coli culture remained at pH 7 over the course of the
fermentation. After approximately 15 h, the cultures were centrifuged at 4 °C at 3,200 x g for 5 min. A 400
µL aliquot of supernatant was removed and quenched with 800 µL of acetone. This mixture was centrifuged
at 4 °C at 16,000 x g for 15 min. 200 µL of clarified supernatant was removed and analyzed by LC-MS as
described in General Methods.

5.4.11 Quantification of cremeomycin and 2,4-HBMA production levels from E. coli expressing
MBP-CreM
Dilution curves for cremeomycin and 2,4-HMBA were prepared using authentic standards in the
concentration ranges of 0.1 µM – 25 µM and 0.01 µM – 25 µM, respectively. Each sample was prepared
in triplicate and analyzed by LC-MS to generate a standard curve for each compound as shown in Figure
5.24. This standard curve was used to calculate the concentrations of cremeomycin and 2,4-HMBA in
triplicate samples in a typical in vivo experiment of E. coli BL21 expressing MBP-CreM.
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Figure 5.24. Quantification of production levels of cremeomycin and 2,4-HMBA in E. coli BL21
strain expressing MBP-CreM
A) LC-MS analysis and EIC areas used to generate standard curve of cremeomycin from concentrations
0.1 µM to 25 µM in triplicate. B) LC-MS analysis and EIC areas used to generate standard curve of 2,4HMBA from concentrations 0.01 µM to 25 µM in triplicate. C) Quantification of cremeomycin production
level in triplicate using standard curve. D) Quantification of 2,4-HMBA production level in triplicate using
standard curve. Error bars in all panels represent standard deviation of triplicate samples.

5.4.12 Lysate diazotization experiments with E. coli BL21 expressing MBP-CreM
Glycerol cell stocks of the E. coli BL21 strains were used to inoculate 5 mL of LB media containing
kanamycin (50 µg/mL final concentration) where appropriate and incubated at 37 °C overnight on a rotating
drum. These seed cultures were used to inoculate 50 mL of fresh LB media containing kanamycin (50
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µg/mL final concentration) where appropriate, and the cultures were incubated at 37 °C on a rotating drum.
After approximately 2 h, the strains were transferred to an incubator at 15 °C and incubated for
approximately one additional hour with shaking. When the OD600 of the cultures reached 0.5–0.6, 250 µM
of IPTG was added, and the strains were incubated overnight at 15 °C with shaking. After approximately
15 h, the cultures were centrifuged at 4 °C at 3,200 x g for 5 min to collect the cells. The pellets were each
resuspended in 1 mL of ice-cold lysis buffer (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM MgCl2,
Thermo Scientific Pierce Protease inhibitor cocktail Prod #A32963) and kept on ice. The E. coli cell
suspensions were lysed by sonication (Branson Digital Sonifier Model 450; Method: 10 s on, 30 s off, 40 s
total, 25% duty cycle) on ice. Lysate assays were setup in 100 µL reactions (final volume) in buffer (50
mM Tris-HCl pH 7.0, 0.1 mM MgCl2, 10 mM NaCl) containing 100 µM 3,2,4-AHMBA, 200 µM sodium
nitrite, and 200 µM ATP. Reactions were initiated with the addition of 20 µL non-clarified E. coli cell
lysate, mixed, and then incubated at room temperature overnight. After approximately 12 h, the reactions
were quenched with 200 µL of acetone and vortexed to mix vigorously. This mixture was centrifuged at 4
°C at 16,000 x g for 15 min. 150 µL of clarified supernatant was removed and analyzed by LC-MS as
described in General Methods.

5.4.13 Cloning of N-terminal His6-CreM from S. lividans TK64
The creM gene was cloned into the Streptomyces-E. coli shuttle vector pUWL201PW using the restriction
sites NdeI (5’) and EcoRI (3’). As the pUWL201PW encodes no purification tags, an N-terminal His6 tag
was engineered into the primers as shown in Table 5.7. All cloning was performed in E. coli TOP10 cells.
Plasmids were sequenced for verification. The pUWL201PW vector confers ampicillin resistance (100
µg/mL) in E. coli and thiostrepton resistance (50 µg/mL) in Streptomyces species. The vector backbone
contains a ribosome binding site (RBS) for creM and a constitutive promoter, ermE, to drive transcription.
Streptomyces lividans TK64 protoplasts were generated and transformed with pUWL201PW-N-His6-creM
according to previous reports in Practical Streptomyces Genetics.29 After protoplasts were transformed, the
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viable ex-transformants were streaked on R5 agar plates with 50 µg/mL thiostrepton to confirm resistance
through the plasmid. Confirmed ex-transformants were stored as spore or mycelial stocks in 25% glycerol
at –80 °C.
Table 5.7 Primers used to clone creM into pUWL201PW

Primer (5’ à 3’)

Gene

Target
Vector

GTAATTCATATGCATCATCATCATCATCATGGCGGCGGCGTG
CACGCACTGCTGC
GTAATTGAATTCTCATGCCCCCACTCCC

creM

pUWL201PW

creM

pUWL201PW

5.4.14 Expression and partial purification of N-terminal His6-CreM from S. lividans TK64
Stocks of S. lividans TK64[pUWL201PW-N-His6-creM] stored at –80 °C or from fresh transformations
were streaked on to R5 agar plates containing 50 µg/mL thiostrepton and incubated at 30 °C for
approximately 4–6 days until robust mycelial growth and sporulation occurred. The mycelia/spores from
approximately ¼ of an agar plate were removed with a cotton swab tip and used to inoculate 4 x 50 mL
seed cultures in R5 liquid media containing 50 µg/mL thiostrepton. Cultures were incubated at 30 °C with
shaking at 220 rpm for 3 days. These seed cultures were then used to inoculate 4 x 500 mL of fresh R5
liquid media at an inoculum of 1:50 and incubated at 30 °C with shaking at 220 rpm for 3 days. After 3
days, cells from each culture were centrifuged separately at 4 °C at 6,500 x g for 30 min and taken through
the following purification separately. The cell pellets were resuspended in 100 mL of ice-cold lysis buffer
(25 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM MgCl2, 1 mg/mL lysozyme, 1 µg/mL DNase, Thermo
Scientific Pierce Protease inhibitor cocktail Prod #A32963) and kept on ice. The cells were lysed by passage
through a cell disruptor (Avestin EmulsiFlex-C3) twice at 20,000–25,000 psi and the lysate was clarified
by centrifugation at 20,000 x g for 45 min. Imidazole (10 mM final concentration) was added to the
supernatant and this mixture was flowed over a glass column containing 5 mL of Ni-NTA resin and allowed
to exit the column by gravity flow. The column was washed with 20 mL each of wash buffers (25 mM TrisHCl pH 7.5, 500 mM NaCl, 10 mM MgCl2) containing 25 mM imidazole and 50 mM imidazole. Protein
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was eluted with elution buffer (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM MgCl2) containing 200
mM imidazole. Collected fractions were analyzed by SDS-PAGE to ascertain the presence and purity of
protein in each fraction. Fractions containing N-His6-CreM were pooled and the buffer was exchanged
using an Illustra NAP-10 desalting column (GE Healthcare Prod #17-0854-02) into 25 mM Tris-HCl pH
7.5, 50 mM NaCl, 10% glycerol. This provided a partially-purified protein extract Figure 5.14 for use in in
vitro biochemical assays. Solutions containing protein were frozen in liquid nitrogen and stored at –80 °C.

5.4.15 In vitro reconstitution of CreM resulting in ‘anti-catalysis’ behavior
In vitro biochemical assays were set up in 200 µL reactions (final volume) in 96-well plates in buffer (50
mM Tris-SO4 pH 7.0, 10 mM Mg SO4) containing 1 mM 3,2,4-AHMBA, 1 mM sodium nitrite, and 2 mM
ATP. Reactions were initiated with the addition of 1 µM of partially purified CreM (in a potassium
phosphate storage buffer), mixed by pipetting up and down and placed in the BioTek microplate
spectrophotometer at room temperature. Absorbance measurements at 403 nm were recorded every 2 min
for 12 h to monitor the production of cremeomycin.

5.4.16 Non-enzymatic diazotization assays with ATP and Mg2+
Non-enzymatic diazotization assays were setup in 100 µL reactions (final volume) in 96-well plates in
buffer (50 mM Tris-SO4 pH 7.0, X mM MgSO4 where X = 0, 1, or 10) containing 1 mM 3,2,4-AHMBA, 1
mM sodium nitrite, and 2 mM ATP. Reactions were mixed by pipetting up and down and then placed in
the BioTek microplate spectrophotometer at room temperature. Absorbance measurements at 403 nm were
recorded every 2 min for 12 h to monitor the production of cremeomycin.

5.4.17 In vitro biochemical reconstitution of diazotization of 3,2,4-AHMBA using partially-purified
CreM and exogenously provided nitrite
In vitro biochemical assays were set up in 100 µL reactions (final volume) in buffer (50 mM Tris-HCl pH
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7.0, 0.1 mM MgCl2, 10 mM NaCl) containing 100 µM 3,2,4-AHMBA, 200 µM sodium nitrite, and 200 µM
ATP or ATP analog. Reactions were initiated with the addition of 10 µL of partially purified CreM, mixed,
and incubated at room temperature overnight. For the heated control, ~100 µL of CreM was heated at 95
°C for 5 min and then centrifuged at 16,000 x g for 15 min. The resulting clarified supernatant was used in
the assay after cooling to room temperature. After approximately 12 h, the reactions were quenched with
200 µL of acetone and vortexed to mix vigorously. This mixture was centrifuged at 4 °C at 16,000 x g for
15 min. 150 µL of clarified supernatant was removed and analyzed by LC-MS as described in General
Methods.

5.4.18 In vitro biochemical reconstitution of diazotization of 3,2,4-AHMBA using partially-purified
CreM and CreDE-generated nitrite
In vitro biochemical assays were set up in a two part, sequential assay involving an initial step for nitrite
generation followed by a step for the diazotization reaction to prevent cremeomycin reduction by NADPH.
For the nitrite generation step, assays were set up in 50 µL reactions in buffer (75 mM Tris-SO4 pH 7.0, 1.0
mM MgSO4) containing 2 mM L-aspartate (or 2 mM [15N,13C]-L-aspartate), 2 mM NADPH, and 10 µM
FAD. Reactions were initiated with the addition of 10 µM each of CreD and CreE, mixed, and incubated at
room temperature for 3 h. Note: Chloride ions can inhibit flavin-dependent monooxygenases so sulfate was
used as counter ion and sulfuric acid was used to adjust pH of buffer. Substoichiometric amounts of NADPH
was used (3 equivalents would be necessary to oxidize 1 equivalent of L-aspartate to nitrite) in order to
prevent cremeomycin degradation in downstream step. For the diazotization step, assays were setup to total
100 µL (final volume) in same buffer as nitrite generation step and contained 1 mM 3,2,4-AHMBA and 1
mM ATP. Reactions were initiated with the addition of 2 µM of CreM, mixed, and incubated at room
temperature for 12 h. After 12 h, the reactions were quenched with 200 µL of acetone and vortexed to mix
vigorously. This mixture was centrifuged at 4 °C at 16,000 x g for 15 min. 150 µL of clarified supernatant
was removed and analyzed by LC-MS as described in General Methods.
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5.4.19 MultiGeneBlast analysis of creDEM gene cassette in GenBank NCBI database
The MultiGeneBlast program and the GenBank database from December 2015 were downloaded from the
MultiGeneBlast site (http://multigeneblast.sourceforge.net/). An ‘Architecture search’ was performed using
the creD, creE, and creM genes with the following parameters: Number of Blast hits per gene to be mapped
= 1000; Weight of synteny conservation in hit sorting = 0.5; Minimal sequence coverage of BLAST hits =
90; Minimal % identity of BLAST hits = 40; Maximum distance between genes in locus (kb) = 15; Number
of hit loci to display = 500.
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Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
Organisms
Streptomyces glaucescens strain
GLA.O

Streptomyces cattleya str. NRRL
8057

Streptomyces cattleya DSM
46488

Streptomyces scabiei strain
NCPPB 4086

Streptomyces sp. NTK 937

Streptomyces flocculus strain
CGMCC 4.1223

Streptomyces sp. HPH0547

Streptomyces davawensis strain
JCM 4913

Streptomyces sp. MUSC 125

Streptomyces pluripotens strain
MUSC 137

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

AIR99437

68

99.4

2.00E-139

CreE

AIR99438

62

99.0

0

CreM

AIR99440

49

97.5

2.00E-129

CreD

CCB78168

71

95.0

8.00E-147

CreE

CCB78167

62

99.4

0

CreM

CCB78180

57

96.0

1.00E-159

CreD

AEW97849

71

95.0

8.00E-147

CreE

AEW97848

62

99.4

0

CreM

AEW97861

57

96.0

2.00E-159

CreD

KFF98858

70

97.1

3.00E-140

CreE

KFF98859

62

96.3

0

CreM

KFF98860

45

98.2

2.00E-122

CreD

KDQ71258

66

99.6

2.00E-139

CreE

KDQ71259

61

96.9

0

CreM

KDQ71265

48

97.8

3.00E-125

CreD

AFW04563

70

95.6

7.00E-137

CreE

AFW04562

63

94.3

0

CreM

AFW04560

48

98.2

2.00E-132

CreD

EPD96961

70

95.6

7.00E-137

CreE

EPD96960

63

94.3

0

CreM

EPD96958

48

98.2

2.00E-132

CreD

CCK32337

61

96.4

2.00E-129

CreE

CCK32336

59

95.0

0

CreM

CCK32326

43

97.6

4.00E-104

CreD

KIE28896

69

98.7

2.00E-133

CreE

KIE28895

62

99.1

0

CreM

KIE28893

48

97.5

4.00E-128

CreD

KIE40017

69

98.7

2.00E-133

CreE

KIE40018

62

99.1

0

CreM

KIE40020

48

97.5

4.00E-128

414

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Streptomyces pluripotens strain
MUSC 135

Streptomyces sp. CNH189

Streptomyces fulvissimus DSM
40593

Micromonospora sp. M42

Streptomyces sp. KO-3988

Mycobacterium abscessus 4S0116-S

Mycobacterium abscessus 4S0116-R

Mycobacterium abscessus 4S0206

Mycobacterium abscessus 4S0726-RB

Mycobacterium abscessus 4S0726-RA

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

KHK95977

69

98.7

2.00E-133

CreE

KHK95976

62

99.1

0

CreM

KHK95974

48

97.5

4.00E-128

CreD

AGH68898

71

95.0

5.00E-144

CreE

AGH68897

60

95.5

0

CreM

AGH68905

43

96.0

2.00E-105

CreD

AGK78252

66

96.0

8.00E-133

CreE

AGK78251

60

96.6

0

CreM

AGK78250

47

97.5

7.00E-131

CreD

EWM63015

66

97.3

2.00E-142

CreE

EWM63016

60

96.4

0

CreM

EWM63018

47

93.7

1.00E-121

CreD

BAE78985

62

95.6

4.00E-131

CreE

BAE78984

59

95.5

0

CreM

BAE78973

43

97.6

2.00E-107

CreD

EIV61289

59

94.8

5.00E-122

CreE

EIV61288

58

93.7

0

CreM

EIV61286

44

96.9

5.00E-113

CreD

EIV52372

59

94.8

8.00E-122

CreE

EIV51551

58

93.7

0

CreM

EIV52550

44

96.9

5.00E-113

CreD

EIV08492

59

95.0

8.00E-122

CreE

EIV07339

58

94.0

0

CreM

EIV08909

44

96.9

5.00E-113

CreD

EIT93313

59

94.8

5.00E-122

CreE

EIT93312

58

93.7

0

CreM

EIT93310

44

96.9

5.00E-113

CreD

EIU00853

59

94.8

5.00E-122

CreE

EIU00852

58

93.7

0

CreM

EIU00850

44

96.9

5.00E-113

415

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Mycobacterium abscessus 4S0303

Mycobacterium abscessus
MAB_030201_1061

Mycobacterium abscessus
MAB_030201_1075

Mycobacterium abscessus
MAB_110811_2726

Mycobacterium abscessus subsp.
bolletii 103

Mycobacterium abscessus 1948

Mycobacterium abscessus ATCC
19977

Mycobacterium abscessus subsp.
bolletii strain MC1518

Mycobacterium abscessus subsp.
bolletii strain MA 1948

Mycobacterium abscessus subsp.
bolletii 103

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

EIU03095

59

94.8

5.00E-122

CreE

EIU03094

58

93.7

0

CreM

EIU03092

44

96.9

5.00E-113

CreD

ETZ92562

59

94.8

7.00E-122

CreE

ETZ96027

58

93.7

0

CreM

ETZ94729

44

97.1

2.00E-113

CreD

ETZ87404

59

94.8

7.00E-122

CreE

ETZ87403

58

93.7

0

CreM

ETZ87401

44

97.1

2.00E-113

CreD

ETZ63844

59

94.8

8.00E-122

CreE

ETZ63843

58

93.7

0

CreM

ETZ63841

44

96.9

6.00E-113

CreD

EUA81595

59

94.8

8.00E-122

CreE

EUA81594

58

93.7

0

CreM

EUA81592

44

96.9

6.00E-113

CreD

EUA64057

59

94.8

5.00E-122

CreE

EUA64056

58

93.7

0

CreM

EUA64054

44

96.9

6.00E-113

CreD

CAM60390

59

94.8

8.00E-122

CreE

CAM60389

58

93.7

0

CreM

CAM60387

44

96.9

6.00E-113

CreD

AIV09531

59

94.8

8.00E-122

CreE

AIV09530

58

93.7

0

CreM

AIV09528

44

96.9

6.00E-113

CreD

AIR36381

59

94.8

8.00E-122

CreE

AIR36380

58

93.7

0

CreM

AIR36378

44

96.9

6.00E-113

CreD

AIR31495

59

94.8

8.00E-122

CreE

AIR31494

58

93.7

0

CreM

AIR31492

44

96.9

6.00E-113

416

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Mycobacterium abscessus
V06705

Mycobacterium abscessus 3A0930-S

Mycobacterium abscessus 3A0930-R

Mycobacterium abscessus 3A0731

Mycobacterium abscessus 3A0122-S

Mycobacterium abscessus 3A0122-R

Mycobacterium abscessus 3A0119-R

Mycobacterium abscessus 6G0728-R

Mycobacterium abscessus 6G0212

Mycobacterium abscessus 3A0810-R

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

EPZ20913

59

94.8

8.00E-122

CreE

EPZ20912

58

93.7

0

CreM

EPZ20910

44

96.9

6.00E-113

CreD

EIV58360

59

94.8

8.00E-122

CreE

EIV58203

58

93.7

0

CreM

EIV58225

44

96.9

6.00E-113

CreD

EIV62165

59

94.8

5.00E-122

CreE

EIV62154

58

93.7

0

CreM

EIV62145

44

96.9

6.00E-113

CreD

EIV43513

59

94.8

8.00E-122

CreE

EIV43605

58

93.7

0

CreM

EIV43748

44

96.9

6.00E-113

CreD

EIV43312

59

94.8

8.00E-122

CreE

EIV43311

58

93.7

0

CreM

EIV43309

44

96.9

6.00E-113

CreD

EIV40326

59

94.8

5.00E-122

CreE

EIV40325

58

93.7

0

CreM

EIV40323

44

96.9

6.00E-113

CreD

EIV30447

59

94.8

8.00E-122

CreE

EIV30289

58

93.7

0

CreM

EIV30421

44

96.9

6.00E-113

CreD

EIV02195

59

94.8

5.00E-122

CreE

EIV02194

58

93.7

0

CreM

EIV02192

44

96.9

6.00E-113

CreD

EIV01146

59

94.8

8.00E-122

CreE

EIV01145

58

93.7

0

CreM

EIV01143

44

96.9

6.00E-113

CreD

EIV84222

59

94.8

5.00E-122

CreE

EIV84221

58

93.7

0

CreM

EIV84219

44

96.9

6.00E-113

417

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Mycobacterium abscessus 6G1108

Mycobacterium abscessus 6G0728-S

Mycobacterium abscessus 6G0125-S

Mycobacterium abscessus 6G0125-R

Mycobacterium abscessus
MAB_082312_2272

Mycobacterium abscessus
MAB_091912_2455

Mycobacterium abscessus 21

Mycobacterium abscessus strain
4529

Mycobacterium abscessus strain
DJO-44274

Mycobacterium massiliense str.
GO 06

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

EIU73140

59

94.8

8.00E-122

CreE

EIU73139

58

93.7

0

CreM

EIU73137

44

96.9

6.00E-113

CreD

EIU56785

59

94.8

5.00E-122

CreE

EIU56784

58

93.7

0

CreM

EIU56782

44

96.9

6.00E-113

CreD

EIU51367

59

94.8

8.00E-122

CreE

EIU51366

58

93.7

0

CreM

EIU51364

44

96.9

6.00E-113

CreD

EIU40688

59

94.8

5.00E-122

CreE

EIU40687

58

93.7

0

CreM

EIU40685

44

96.9

6.00E-113

CreD

ETZ85987

59

94.8

1.00E-121

CreE

ETZ85986

58

93.7

0

CreM

ETZ85984

47

52.8

8.00E-74

CreD

ETZ79902

59

94.8

1.00E-121

CreE

ETZ79901

58

93.7

0

CreM

ETZ79899

43

97.1

2.00E-112

CreD

EUA45461

59

94.8

8.00E-122

CreE

EUA48293

58

93.7

0

CreM

EUA49304

44

96.9

8.00E-113

CreD

AIV22407

59

94.8

1.00E-121

CreE

AIV22408

58

93.7

0

CreM

AIV22410

43

97.1

2.00E-112

CreD

AIV17873

59

94.8

1.00E-121

CreE

AIV17874

58

93.7

0

CreM

AIV17876

43

97.1

2.00E-112

CreD

AFN62330

59

94.8

1.00E-121

CreE

AIC73067

58

93.7

0

CreM

AFN62328

43

97.1

2.00E-112

418

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Mycobacterium abscessus
MAB_091912_2446

Mycobacterium abscessus
MAB_082312_2258

Mycobacterium abscessus subsp.
bolletii CRM-0020

Mycobacterium massiliense 2B0912-S

Mycobacterium massiliense 2B0912-R

Mycobacterium massiliense 2B0307

Mycobacterium massiliense 2B1231

Mycobacterium massiliense 2B0107

Mycobacterium massiliense 2B0626

Mycobacterium massiliense 1S154-0310

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

ESV61435

59

94.8

1.00E-121

CreE

ESV61434

58

93.7

0

CreM

ESV61432

43

97.1

2.00E-112

CreD

ESV58039

59

94.8

1.00E-121

CreE

ESV58038

58

93.7

0

CreM

ESV58036

43

97.1

2.00E-112

CreD

EPQ25254

59

94.8

1.00E-121

CreE

EPQ25253

58

93.7

0

CreM

EPQ25251

43

97.1

2.00E-112

CreD

EIV28107

59

94.8

1.00E-121

CreE

EIV28106

58

93.7

0

CreM

EIV28104

43

97.1

2.00E-112

CreD

EIV17286

59

94.8

1.00E-121

CreE

EIV17285

58

93.7

0

CreM

EIV17283

43

97.1

2.00E-112

CreD

EIV06630

59

94.8

1.00E-121

CreE

EIV06629

58

93.7

0

CreM

EIV06627

43

97.1

2.00E-112

CreD

EIV82416

59

94.8

1.00E-121

CreE

EIV82257

58

93.7

0

CreM

EIV82436

43

97.1

2.00E-112

CreD

EIV74147

59

94.8

1.00E-121

CreE

EIV74146

58

93.7

0

CreM

EIV74144

43

97.1

2.00E-112

CreD

EIU90728

59

94.8

1.00E-121

CreE

EIU90727

58

93.7

0

CreM

EIU90725

43

97.1

2.00E-112

CreD

EIU76482

59

94.8

1.00E-121

CreE

EIU76143

58

93.7

0

CreM

EIU76171

43

97.1

2.00E-112

419

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Mycobacterium massiliense 1S153-0915

Mycobacterium massiliense 1S152-0914

Mycobacterium massiliense 1S151-0930

Mycobacterium abscessus M94

Mycobacterium abscessus M93

Mycobacterium abscessus 47J26

Mycobacterium abscessus subsp.
bolletii BD

Mycobacterium abscessus subsp.
bolletii CCUG 48898

Mycobacterium massiliense
CCUG 48898

Mycobacterium massiliense
CCUG 48898

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

EIU71997

59

94.8

1.00E-121

CreE

EIU71996

58

93.7

0

CreM

EIU71994

43

97.1

2.00E-112

CreD

EIU72901

59

94.8

1.00E-121

CreE

EIU72711

58

93.7

0

CreM

EIU72792

43

97.1

2.00E-112

CreD

EIU58564

59

94.8

1.00E-121

CreE

EIU58563

58

93.7

0

CreM

EIU58561

43

97.1

2.00E-112

CreD

EIC63809

59

94.8

8.00E-122

CreE

EIC63810

58

93.7

0

CreM

EIC63812

44

96.9

8.00E-113

CreD

EIC64229

59

94.8

8.00E-121

CreE

EIC64230

58

93.7

0

CreM

EIC64232

44

96.9

8.00E-113

CreD

EHB98180

59

94.8

1.00E-121

CreE

EHB98179

58

93.7

0

CreM

EHB98177

43

97.1

2.00E-112

CreD

EHM22863

59

94.8

8.00E-121

CreE

EHM22862

58

93.7

0

CreM

EHM22860

43

97.1

2.00E-112

CreD

BAP95065

59

94.8

2.00E-120

CreE

BAP95064

58

93.7

0

CreM

BAP95062

43

97.1

9.00E-113

CreD

EIV69142

59

94.8

2.00E-120

CreE

EIV69141

58

93.7

0

CreM

EIV69139

43

97.1

9.00E-113

CreD

EHM21883

59

94.8

2.00E-120

CreE

EHM21882

58

93.7

0

CreM

EHM21880

43

97.1

9.00E-113

420

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Mycobacterium abscessus subsp.
bolletii 50594

Mycobacterium abscessus subsp.
abcessus strain MM1513

Mycobacterium abscessus 5S0921

Mycobacterium abscessus 5S1215

Mycobacterium abscessus 5S1212

Mycobacterium abscessus 5S0817

Mycobacterium abscessus 5S0708

Mycobacterium abscessus 5S0422

Mycobacterium abscessus 5S0421

Mycobacterium abscessus 5S0304

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

AGM26894

59

94.8

3.00E-120

CreE

AGM26893

58

93.7

0

CreM

AGM26891

43

97.1

2.00E-112

CreD

AIR45033

59

94.8

2.00E-120

CreE

AIR45034

58

93.7

0

CreM

AIR45036

43

97.1

2.00E-112

CreD

EIV01435

59

94.8

2.00E-120

CreE

EIV01748

58

93.7

0

CreM

EIV01610

43

97.1

2.00E-112

CreD

EIU42750

59

94.8

2.00E-120

CreE

EIU44856

58

93.7

0

CreM

EIU42250

43

97.1

2.00E-112

CreD

EIU28909

59

94.8

2.00E-120

CreE

EIU31267

58

93.7

0

CreM

EIU30580

43

97.1

2.00E-112

CreD

EIU22930

59

94.8

2.00E-120

CreE

EIU23634

58

93.7

0

CreM

EIU24929

43

97.1

2.00E-112

CreD

EIU19818

59

94.8

2.00E-120

CreE

EIU21895

58

93.7

0

CreM

EIU22475

43

97.1

2.00E-112

CreD

EIU19779

59

94.8

2.00E-120

CreE

EIU19595

58

93.7

0

CreM

EIU19651

43

97.1

2.00E-112

CreD

EIU07873

59

94.8

2.00E-120

CreE

EIU08099

58

93.7

0

CreM

EIU06338

43

97.1

2.00E-112

CreD

EIU10184

59

94.8

2.00E-120

CreE

EIU10392

58

93.7

0

CreM

EIU10229

43

97.1

2.00E-112

421

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms
Streptomyces scabiei strain
NCPPB 4086

Mycobacterium chelonae 1518

Kibdelosporangium sp. MJ126NF4 strain MJ126-NF41

Mycobacterium abscessus
MAB_110811_1470

NZ_ARVW01000001_0

NZ_AHBF01000057_0

NZ_AJTQ01000292_0

NZ_ANAS01000005_0

NZ_ANBH01000099_0

NZ_AJLZ01000013_0

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

KFG01371

60

96.6

2.00E-127

CreE

KFG01370

54

100.6

7.00E-172

CreM

KFF98860

45

98.2

2.00E-122

CreD

EUA72913

64

72.3

2.00E-103

CreE

EUA72912

58

93.7

0

CreM

EUA72910

44

96.9

6.00E-113

CreD

CEL19917

57

95.6

6.00E-116

CreE

CEL19918

51

96.3

2.00E-157

CreM

CEL19923

48

98.7

3.00E-128

CreD

ETZ70055

59

94.8

6.00E-122

CreE

ETZ70054

59

52.2

3.00E-101

CreM

ETZ70051

44

97.1

2.00E-113

CreD

WP_020665962

68

96.0

3.00E-154

CreE

WP_020665963

62

94.0

0

CreM

WP_020665965

49

97.5

6.00E-130

CreD

WP_010355450

63

103.2

8.00E-149

CreE

WP_010355449

60

96.7

0

CreM

WP_010355462

47

95.5

2.00E-130

CreD

WP_016909560

66

95.0

4.00E-143

CreE

WP_016909559

60

97.9

0

CreM

WP_016909557

46

95.8

2.00E-121

CreD

WP_017556313

62

97.3

3.00E-121

CreE

WP_017556314

60

97.1

0

CreM

WP_017556315

46

97.1

2.00E-122

CreD

WP_017623801

61

99.6

4.00E-113

CreE

WP_017623802

59

97.0

0

CreM

WP_017623803

47

96.9

5.00E-127

CreD

WP_005090583

59

95.0

8.00E-122

CreE

WP_005092030

58

94.0

0

CreM

WP_005083716

44

96.9

8.00E-113

422

Table 5.8 Results from MultiGeneBlast Architecture search with creD, creE, and creM
(continued)
Organisms

NZ_AJMA01000003_0

Homolog

Accession Hit

%
identity

%
coverage

e-value

CreD

WP_016892717

59

95.0

6.00E-121

CreE

WP_005063101

58

94.0

0

CreM

WP_016892716

43

97.1

1.00E-112

423
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