Genetic Engineering Toward a 57-Codon Genome
Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:37944948

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .
Accessibility

© 2016 – Matthieu Landon
All rights reserved

Dissertation Advisor: George M. Church

Matthieu Landon

Abstract
Scientific progress in fundamental biology has drastically transformed our ability to
engineer biological systems, with diverse applications in medicine and industry, from insulin and
artemisin production in prokaryotes to gene therapy in eukaryotes. In particular, DNA synthesis
technologies and their recent plumetting cost have the potential to transform genome engineering
by unlocking unlimited number of edits independent of the parent genome, paving the way for
rational genome-wide changes. For example, a powerful strategy for enhancing genomes with
functions not commonly found in nature is offered by recoding, the re-purposing of genetic
codons. Indeed, since all living organisms share an identical genetic code composed of 64 genetic
codons, changing this code allows exploration of new properties such as genetic isolation and
expanded protein function. In that context, we set out to explore the feasibility of the
construction of an entirely synthetic 57-codon genome in Escherichia coli.
Construction of a 57-codon genome is a daunting task, due to the genome scale and to
the unprecedented amount of DNA modifications to perform. When I started my PhD, only the
UAG stop codon had been successfully replaced genome-wide. To move forward, better knowledge
of the consequences of synonymous codon replacements and improved genome design rules were
required. Thus, I focused on understanding the consequences of synonymous codon replacements
for two sense codons: AGA and AGG. Then, I tackled the validation and troubleshooting of a 57codon genome in segments, our major effort toward the validation of the entire genome design in
E. coli. Last, I developed safe genomically recoded genes to increase containment of recoded
organisms, a major concern in the field of synthetic biology.
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Chapter 1 of this dissertation presents an overview of the different current methods for
genome engineering as well as their limitations. In particular, it discusses the recent progress in
full-genome synthesis, its potential as a radical new way to engineer life and the current
limitations to its broad usage. Examples from our recoding efforts are highlighted.
Chapter 2 describes our approach to elucidate the rules for genome-wide sense codon
replacement on the example of the AGA and AGG sense codons. This chapter is adapted from
Napolitano M., Landon M., Gregg C., Lajoie M. et al., Emergent rules for codon choice elucidated
by editing rare arginine codons in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 113, E5588–97
(2016).
Chapter 3 presents our effort to design, synthesize and test a 57-codon genome in E. coli.
This chapter shows preliminary evidence that construction of radically recoded genome via
synthesis is possible but requires use of a robust pipeline for construction and testing. This
chapter is adapted from Ostrov N., Landon M., Guell M., Kuznetsov, G. et al., Design, synthesis,
and testing toward a 57-codon genome. Science. 353, 819–822 (2016).
Chapter 4 describes a strategy to engineer safe and genetically isolated genes in recoded
organisms. This chapter is adapted from a manuscript currently in preparation.
However, our efforts to build a 57-codon genome are not yet complete and many more
steps have to be accomplished before the entire organism can be constructed. In a final chapter
(Chapter 5), I reflect on the next steps toward complete assembly of a 57-codon organism.
Appendix A, B and C contain supplemental information (Figures and tables) to Chapter
2, 3 and 4. Appendix D showcases another project that was performed during the course of my
PhD. This appendix is adapted from Lukacisin M., Landon M., Jajoo R., (2016).
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Chapter 1 Large-scale DNA synthesis in
modified organisms.

N. Ostrov and G. Church provided helpful discussion.

Abstract
Our ability to engineer genomes has dramatically progressed over the past 50 years. In
particular, recombinase- and nuclease-based editing technologies have been critical in progress
toward easier, faster and more precise genome manipulation. However, several inherent
limitations restrict the number of changes enabled by genome-editing technologies, and they fall
short of large-scale manipulations that are required for rational whole-genome design. DNA
synthesis technology, however, has the potential to transform the field of genome engineering by
unlocking unlimited number of edits independent of the parent genome. We describe the scope
and limitations of these technologies in the context of genome-scale engineering.
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Genome-editing technologies have transformed our
ability to modify genomes.
As our understanding of fundamental biology increased over the past fifty years, the ability
to engineer biological systems has provided us with many diverse applications in medicine and
industry. Examples include bio-production of insulin (1), artemisinin (2) and biofuels in
prokaryotes (3), as well as the ever-larger variety of gene therapies in eukaryotic cells (4),
including the latest CRISPR-aided medical therapies (5–9). Underlying all these advancements
are fundamental technologies for DNA and genome engineering.

Genomically engineered cells offer a unique chassis to control gene expression and propagate
genetic changes to future generations. To this end, many effective and precise DNA editing
technologies have been recently developed. Genome modifications were initially performed
predominantly using homologous recombination methods (10), and later using site-specific
recombinase such as CRE-lox system from bacteriophage P1 (11) and FLP recombinase from
yeast (12). Multiple repurposed phage machineries then appeared, including integrases (13) and λred recombination (using RecA (14) and short arms homology (40-50bp) (15)).

In parallel, a large panel of endonucleases was developed to allow for better and easier
genome editing. First, meganucleases (16, 17) can recognize less than 40bp of specific DNA
sequence and provide cleavage at the site of interest. However, the relative rarity of those sites in
genomes makes large-spectrum editing targeting difficult without pre-engineering of the region to
edit. The first groups of programmable enzymes to target specific and large spectrum of DNA
sequences were Zinc-Finger nucleases, a fusion of a FokI cleavage domain and a zinc-finger
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binding domain (18), and TALENS, a fusion of a FokI cleavage domain and a transcription
activator-like binding domain (19, 20). Although Zinc-Finger nucleases recognizes 2-3 nucleotides
at a time, TALENS can be engineered one nucleotide at a time and thus are much more tractable
to design. However, these enzymes have to be specifically engineered for each target site and thus
present significant drawbacks for multiplexing.

Multi-target genome engineering was shown in E. coli using lambda recombinase and
specifically, multiplex automated genome engineering (MAGE) (21). Refinements of MAGE such
as Cos-MAGE (MAGE with the help of a nearby dual selectable marker) (22) and Mo-MAGE
(MAGE using oligos from a plate to increase the number of genomic targets up to 2500) (23)
increased the efficiency and the number of genomic target sites. However, portability of the λ-red
recombination has proven difficult in other organisms, especially in mammalian cells, although
some attempts have recently shown progress in that direction (24). A more direct use of
recombination, still under active development, is represented by group II introns where DNA can
be engineered to insert itself in a targeted fashion into predefined regions (25–27).

Lately, the bacterial CRISPR/Cas9 system has been widely developed to be one of the most
potent genome-editing methods (28–30). This system is composed of two components, a Cas9
protein and a guide RNA sequence, causing a double stranded break in the host genome. The
Cas9 protein uses the guide to localize the targeted sequence in the genome and cleaves the DNA
at this exact location. The guide, a 20-nt RNA followed by a sequence specific to various Cas9
enzymes (called the PAM) directs where the cutting will occur.

In the most commonly used

Cas9, from the bacteria S. pyogenes, the PAM sequence NGG allows a very wide panel of
genomic targets. Most importantly, this bacterial system is functional in almost all organisms in
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which it has been tested, including human cells (29, 30). In addition to the S. pyogenes Cas9, a
large number of improvements of this enzyme have been engineered, including some with different
PAM sequences (31–33), smaller size for easier delivery (34) and the capacity to repress (35) or
activate (36) genes as well as edit the epigenome (37, 38). Similarly, the argonaute proteins from
more diverse bacteria have been demonstrated to provide DNA guided cleavage of DNA targets
(39, 40) without the PAM requirement and could potentially be used to edit mammalian
genomes. Multiplexing Cas9 targeting can also be done by using multiple guides in parallel, as
demonstrated by in many recent reports of libraries (41–43).

All genome-editing properties are summarized in Table 1.1.

Table 1.1. Currrent genome-editing methods.
Genome
Editing
method

Origin

Targets

Easiness of
targeting

Portability to other
organisms

FLP recombinase

Yeast

FRT-34bp minimal
site

- (Landing site
required)

+++ (Very portable)

CRE-lox

Phage P1

LoxP defined site

- (Landing site
required)

+++ (Very portable)

Integrases

Phage ∆

Genomic attB site

- (Landing site
required)

+++ (Very portable)

∆-recombination
and MAGE

Phage ∆

50bp homology on
each side

+++ (Homology
based)

- (Only very efficient in E.
coli. Traces in mammalian
cells)

Group II introns

Multiple bacteria

Defined landing
sites

++ (Homology
based but complex
engieering)

+ (Quite portable, adapted
in E. coli and human)

Meganucleases

Yeast mitochondria

14-40bp specific
genome sequence

-- (rare sites)

++ (Very portable)
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Table 1.1 (continued)

Zinc-Finger
Nucleases

F. okeanokoites for
FokI domain
Various eukaryotes
for Zinc-Fingers
F. okeanokoites for
FokI domain

TALENS
Xanthomonas for
TAL

CRISPR

S. pyogenes

Other CRISPR
systems (Cpf1,
C2c2)

Argonautes
proteins

Multiple bacteria (F.
novicida for Cpf1 and
L. shahii for C2c2)

T. thermophilus (resp
N. gregoryi)

9 and 18 basepairs,
engineered 3 nt at
a time

+ (Difficult
engineering)

++ (Very portable)

Engineered 1 nt at
a time

+ (Lengthy
engineering)

++ (Very portable)

20bp + NGG as
DNA guides

++ (Although
requirement of a
defined PAM
sequence)

+++ (Very portable)

Diverse depeding
on the specific
system (T-rich
PAM for Cpf1, No
PAM for C2c2)

++ (Depending on
the PAM
requirements)

++ (Not fully characterized
yet, works in human cells.)

13-25bp (resp
24bp) as DNA
guides

+++

++ (Not fully characterized
yet, works in human cells.)

All genome-editing technologies have limitations.
The number of applications for DNA editing technologies is ever increasing, especially due to
their functionality in a variety of organisms from E. coli to elephants (44). However, the genomeediting technologies described above are inherently limited in the number of changes that can be
performed in parallel, preventing them from being used to perform large-scale genomic changes.
Critically, these methods greatly vary in complexity and efficiency, and improvement in
specificity often comes at a cost of cleavage efficiency (45–47). Although for a limited number of

5

edits low efficiency might not be a problem, when the number of target increases, efficiency
becomes a critical factor.

Another limitation to using recombination methods for large-scale genome engineering comes
from the fundamental nature of editing, which targets only few localized and well-defined genomic
loci. While MAGE, CoS-MAGE or Mo-MAGE can be used to incorporate multiple DNA edits in
the same genome and in a single experiment, the edited regions are restricted to a low number of
different targets (up to ~10) in the same strain and the same engineering cycle. Similarly, the
CRISPR/Cas9 system can be used to target multiple regions of a single genome provided they are
very similar (48). However, if the genomic loci are not similar, targeting multiple different DNA
sequences is limited to less than ten different targets at once. Combinations of these methods, for
instance MAGE and CRISPR (49–51) could offer precise and faster selection of correctly modified
genomic sequences. However, such combinations still require multiple precise guides and oligos to
target the editing machinery to the correct genomic loci. Thus, scaling the number of target loci
has not yet been sufficiently demonstrated and may prove difficult to perform using enzymes.

A potential work-around to allow simultaneous targeting of multiple loci by these editing
methods is to perform multiple editing cycles, increase the number of total genomic edits.
Unfortunately, such a strategy would require modifying of the oligos and/or of the RNA guides at
every cycle and could introduce multiple off-targets edits.

Last, any genome construction method needs to be evaluated against the risks of generating
off-target mutations (52) that can mask desired phenotypes and create deleterious fitnessimpairing effects. For instance, the earlier uses of both CRISPR and MAGE were associated with
a large number of off-target consequences (CRISPR: (53); MAGE: (54)). Although methods to
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reduce off-targets effects of genome-editing tools are in constant development and may offer
significant improvement (CRISPR: (47); MAGE: (55)), multiple editing cycles undoubtedly
increase the amount of off-targets mutations, if only by the large number of cell replication cycles.

Consequently, although DNA editing methods have made drastic progress in the past thirty
years, current technologies are still limited when it comes to performing more than ~1000 changes
to a single genome, independently of the technique used and choice of organism.

DNA synthesis opens a new paradigm in the field
of genome engineering.
With the development of chemical DNA synthesis, a new paradigm has emerged in
molecular biology where it is no longer needed to rely on existing biological template to obtain
DNA. Since the first DNA synthesizer appeared (56), commercially available DNA synthesis
significantly shortened the time, cost and effort required to experimentally validate hypothesis in
biological research (57). For example, testing the functionality of a large heterologous pathway
(>50kb) inserted into bacteria would have previously required obtaining the reference organisms,
amplifying all the heterologous genes and correct bacterial promoters by PCR, cloning them
together, and placing the final construct back into the cell (58–62). Using DNA synthesis,
researchers can now directly synthesize any desired sequence and drastically shorten this process
by directly synthesizing modified DNA (63, 64). Most of the effort can now be directed toward
design of functional pathways rather than the cloning steps.
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Furthermore, the recent plummeting cost of DNA synthesis (65) has disrupted current
editing technologies and has opened a new era for large-scale modification of genomes.
Recent examples of synthetic genomes (66–73) have shed light on the great potential of highly
modified synthetic organisms for medical and industrial applications. Importantly, synthesis gives
access to wide arrays of functionalities accessible only when large, genome-scale modifications are
performed (74, 75). Changing core properties of living cells, such as the genetic code, genome size,
or even the G/C content has now become in the realm of possibilities.

However, before the development of synthetic organisms is made possible, and beyond the
crucial ethical discussions they will justifiably raise (75–77), at least two major scientific questions
come to mind. What types of new genomes are now conceivable and what are the critical
bottlenecks for large-scale DNA synthesis projects?

What type of genomic changes are the most
amenable to full-genome synthesis?
As previously mentioned, an almost infinite amount of changes can be implemented by DNA
synthesis, which does not require an existing biological template. An example of the necessity for
full genome synthesis is provided by our attempts to change the genetic code of the E. coli
bacterium. In most organisms, a 64-codon genetic code is used to translate twenty amino acids
and one translation termination signal (78). The redundancy of the genetic code enables
synonymous codon replacement, where the DNA code is modified but the protein amino acids
remains unchanged. Changing the genetic code by reducing the number of codons used and/or by
reassigning those codons to new amino acids allows exploration of new properties such as genetic
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isolation, virus resistance or expanded protein functions. Indeed, once a codon is replaced genomewide and its cognate tRNA is eliminated, the recoded organism can no longer translate the
missing codon. Therefore, DNA acquired from natural viruses, plasmids and other organisms will
not be translated properly, rendering the recoded strain insensitive to infection by viruses and
horizontal gene transfer (54, 79). Genomically recoded organisms also provide a unique chassis for
expanding biological function by incorporating nonstandard amino acids into proteins to enable
novel synthetic functionality (80, 81). Importantly, codon reassignment has been further shown to
provide biocontainment of synthetic organisms, a major consideration in environmental, industrial
and medical applications (82, 83).

As one example of genomic recoding, we can replace all instances of the amber stop codon to
another stop codon. Performing such engineering of the canonical genetic code requires exchange
of every amber stop codon across the E. coli genome. Fortunately, due to the limited size of the
E. coli genome, with only 4-Mb of sequence corresponding to coding genes, a minimal single UAG
stop codon required “only” 321 codon replacements. This scale of genome engineering, already at
the edge of what is possible using single-site editing technology, was achieved by multiplexed
recombineering (MAGE) and bacterial conjugation technologies (54, 84). The resulting organism
has been shown to support genetic isolation (54, 79) as well as reassignment of codons to
nonstandard amino acids (54, 85).

However, a single stop codon is only the first step and it is desirable to replace more than
one codon across the whole genome. First, because natural STOP codon reassignments can be
observed in the wild (86), thus compromising the potential for complete genetic isolation.
Additionally, due to the rarity of the UAG stop codons, complete virus resistance cannot be
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achieved via UAG-stop codon reassignment only (79). Second, it may be desirable to remove
more than a single codon from the canonical code, in order to enable incorporation of multiple
non-standard amino acids into proteins. For instance, one codon could be used for biocontainment
(82, 83), whereas another one for enhanced functions such as chemically reactive species,
fluorescent ones or cellular probes of proteins functions (80, 87, 88).

Thus, as another milestone in genomic recoding, we attempted to synonymously replace 7
codons across the entire genome, offering complete genetic isolation as well as the possibility to
incorporate up to 4 non-standard amino acids (72). Notably, replacing 7 codons in a 4 MBgenome necessitates more than 60,000 synonymous codon changes. If performed by genomeediting, modification of 60,000 different genomic loci requires in a best case scenario over ~20,000
recombineering cycles as well as laborious screening, regardless of the chosen editing technique. In
addition, as discussed above, this number of cycles is expected to result in unacceptable number
of off-target mutations (on average 1 mutation per site targeted). Lastly, an editing strategy of
this scale would require synthesis of at least 2.7-Mb of DNA oligos to replace all the instances
required for seven-codon removal, an amount similar in scale to full-genome synthesis. As a
consequence, we opted for full-scale genome synthesis for genome wide exchange of 7-codons
(Figure 1.1 A).
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Figure 1.1. Genome editing versus genome synthesis in the case study of genome
recoding. (A) Different strategies are employed to change the E. coli genetic code depending on
the amount of synonymous changes that have to be performed on the genome (B) Number of
codon instances in each of the organism as a function of genome size. Log scale for both axes.

Taken together, we have laid out multiple strategies can be chosen to perform a large
number of edits on a genome. The ultimate choice of strategy, in a well-characterized organism
such as E. coli, relies on the number of genomic modifications required to obtain a radical design
and new properties: limited and localized edits will benefit genome-editing technologies whereas
larger number of changes will ultimately favor large-scale DNA synthesis.

Moving forward, this initial effort could set the stage toward recoding more organisms, since
virus resistance is an appealing characteristic for a larger number of organisms and cell-lines from
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bacteria to yeast and even human. Notably, virus infections have been at the heart of substantial
financial losses for a wide panel of companies trying to produce biological supplies, from drugs
(89) to dairies (90) and biofuels (91). Construction of virus-resistant cell lines thus holds a
promising potential. Considering the limitations of current genome-editing technologies, as
mentioned above, large-scale synthesis remains the only viable method to apply recoding to
higher organisms due to the number of changes required (Figure 1.1 B). Interestingly, while
genome size scales rapidly, the number of codons to replace has a much more tractable increase.
For example, a single codon replacement in human would require only 32,109 changes, a number
well below what has been already tested in E. coli. Importantly, synthesis of the human exome
would require synthesis of only 1% of the full human genome (300-Mb i.e. 66 times the E. coli
genome) (92), a project much more tractable in scale than the synthesis of the full genome (75).

Beyond recoding and genetic code alterations, synthetic organisms offer a large panel of
applications from synthesis of organisms carrying a large number of heterologous biosynthesis
pathways, to synthesis of ancestral and extinct species genomes. Other synthetic genome
examples with high number of edits could include construction of model cell-lines with all / none
of the most-studied markers for each type of cancer so as to get more insights into the
phenotypical consequences of such variations at the genome scale. Similarly, cell-lines with all /
none of the most-studied markers for aging could provide valuable lessons on how multiple factors
act together in such complex phenotypes. Last, recent advances in DNA sequencing are pulling
out an ever-increasing number of Single Nucleotide Variants that provide unique insights into
human genome variation (93, 94). However, the ability to test large combination of all these
changes is still lacking and large-scale synthesis could change that paradigm.
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Importantly, due to the plummeting cost of DNA synthesis, large-scale synthesis seems
within reach for larger genomic fragments including eukaryotic genomes. However, its justification
will only become evident when the amount of changes is far greater than what is possible today
with editing. The desire to obtain radically new properties, after high scrutiny from ethical
committees (75, 77), will undoubtedly lead to active discussions on the methods of choice to
perform such genomic changes and we expect large-scale DNA synthesis to become rapidly
dominant.

What are ideal chassis for developing synthetic
organisms?
So far, the field of synthetic genomes has included M. genitalium for its small genome size,
E. coli for its well-studied genetics and use of genetic manipulation, and S. cerevisiae as a model
eukaryotic cell and thanks to its amazing natural recombineering properties. As a consequence,
the most complex full-genome synthesis project to date has taken place in those three organisms
(70–73, 95).

In the case of M. genitalium, a solid pipeline can provide fast assembly (4 weeks from oligos)
of the full genome genes (73, 96). In addition, the small genome size (1-Mb), allows rapid
construction of the entire genome for a limited cost. Even further, genome minimization has
allowed an even smaller genome to be constructed (73) and should prove useful for understanding
better gene functionalities and genome construction techniques. However, so far, few applications
of M. genitalium have been pursued, limiting the use of this organism as a robust chassis for
bioproduction, bioremediation, or sensing.
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Early in the era of recombinant DNA (97, 98), E. coli has proved the most complete model
organism, extensively engineered over decades in the effort to develop genetic tools (14, 15, 21,
28, 99, 100) and a broad range of applications. Its broad impact, robustness of genetic
manipulations and the available body of knowledge make E. coli an ideal chassis in which to
explore synthetic genome design. Our group has started to investigate a synthetic genome for E.
coli in our effort to reduce the genetic code to 57-codon. In those efforts, after DNA synthesis and
assembly in S. cerevisiae, we validate segments in E. coli in 50kb fragments (72) and take
advantage of the multiple recombineering techniques previously developed. So far, only one
attempt at building a synthetic genome in E. coli has been launched, however, we expect similar
efforts to rapidly scale up.

Other prokaryotes could be investigated as synthetic genome due to their valuable specific
properties. For instance, V. natriegens, has recently been developed as a new model organism
(101, 102), and due to its amazing replication speed would be an interesting organism of choice.
Similarly, gut microbes, from the Lactobacillus or the Bacteroides species, composing the majority
of our intestinal flora (103), could be relevant species to engineer so as to render them dependent
on non-standard amino acids, phage-resistant or producers of therapeutic compounds. Critically,
efforts to construct genetic tools in these organisms are underway (104, 105) and could benefit
from large-scale DNA synthesis.

As far as eukaryotic organisms are concerned, S. cerevisiae presents itself as the obvious
organism of choice due to its well-studied genetics. The Sc2.0 consortium has undertaken largescale synthesis and assembly of the entire yeast genome by working on each chromosome
independently and testing it in small chromosomal fragments (95). Beyond S. cerevisiae, the
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Genome-WRITE project has called for exploration of synthetic genomes for humans (75). Mouse
models, could provide an easier and less ethically challenging target to achieve. However, the
large mouse genome (2.9 Gb compared to 3.3 Gb for humans) makes that challenge of the same
complexity level as humans. Other model species, such as C. elegans, D. melanogaster, or even
the plant A. thaliana present much smaller genomes (around 100-Mb) and well-characterized
genetic tools and could be potential intermediates.

Critically, for all model organisms to be considered, availability of genetic tools including
transformation, resistance markers, knowledge of robust promoters, recombineering and/or cas9,
are crucial determinants of whether large-scale DNA synthesis will be possible.

What are the future bottlenecks of large-scale DNA
synthesis and assembly?

Genome design requirements
Beyond E. coli, M. genitalium, and S. cerevisiae, de novo assembly of large and highly
modified DNA genomes remains a complicated task. The first obstacle to construction of modified
genomes is generating viable genome designs incorporating all the desired modifications.

Multiple groups have started to tackle the enormous task of compiling detailed genetic
information into design software so as to generate computational design rules. In particular, RNA
folding software (106, 107) and ribosome strength calculator (108, 109) have been the first critical
software to initiate synthetic DNA parts design. However, even if many of the basic parts of
biology start to be uncovered and characterized, assembly of complex circuits and even more so
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genomes remains difficult due to incompatibility between pieces, variability and unanticipated
feedback loops (110, 111). A large body of literature (112–117) has successfully focused on
synthetic circuits in order to add robustness and reproducibility. Similarly, computational
pathway and metabolic network designs have made very significant progress over the past years
(63). All these successes, all the way to complete cell simulation (118) have improved our ability
to design circuits and engineer cells toward particular metabolic goals.

However, in order to design an entire genome de novo, one needs to translate the biological
principles underlying the structure and control elements of entire chromosomal sequences into allinclusive computational rules. Editing of existing genomes, which builds on top of existing
sequences and thus provides immediate selection for function, selects only viable genomes.
Synthesis, on the contrary, requires viable design ab initio and cannot settle with numerous lethal
elements, especially if the number of modifications is very large. For instance, during the first
JCVI M. genitalium construction effort (71), a single synthesis error prevented the entire
organism from being completed via one-pot assembly. Similarly, in our efforts to construct a 57codon genome (72), any single codon replacement can potentially be lethal and has to be derisked by design so as to avoid lengthy troubleshooting.

Notably, a large number of genome architecture rules are still missing, even in simple
organisms, in order to make synthesis a unified source for engineering organisms. A very large
number of genome scales experiments have provided researchers with ever-increasing amounts of
data, including gene deletion libraries (100), ribosome pauses locations (119), nucleosome
positioning (120), the ENCODE project for non-coding DNA (121, 122) and numerous CRISPR
screens (42, 123). All this data is very valuable when redesign and genome scale modification are
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considered. However, the field is still in dire need of more inclusive computational software for
designing new genome architectures incorporating all features of coding and non-coding sequence
regulation. Importantly, all the rules investigated in previous studies need to be formulated in
clear and replicable software rules to be tested on a genome scale. Similarly, comprehensive and
uniform databases for genome-scale features that would bring information from different model
systems together are required. Additionally, all these rules need to be adapted to each species
considered and go beyond the well-studied model organisms.

A good example for such efforts can also be provided with the genome-recoding project. A
large body of literature (124–127) has explored the function of different codon usage. Critically,
recent studies from our group and others (128–130) have started to explore these effects on a
much larger scale, using GFP reporters and have elucidated even further the impact of
synonymous codon replacement. Last, our group (51, 131) has evaluated those changes in vivo and
in their respective genomic context. The rules coming out of these studies all imply important
role for codon usage in folding of the 5’ end of coding region and ribosome pausing. The
multiplication of such studies in many different contexts (with reporters/natural genes, on
plasmids/genome, in prokaryotes/eukaryotes) can improve our ability to design functional
genomes. Critically, the majority of these rules have been settled for E. coli or S. cerevisiae. In
order to consider other species, from prokaryotes to larger eukaryotes, exploration of the
conservation of these rules across the tree of life will be essential.

Lastly, lower fitness of the synthetic organism is another critical concern directly related to
genome design. Genome-reducing efforts from the JCVI (73) or recoding performed in our
laboratory (51, 54, 72) often result in strain with significantly higher doubling time than wild-
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type: 282% higher for the smallest genome to date (73), 60% higher for the complete replacement
of the UAG-stop codon (54), 30% higher for the AGA and AGG essential codon-replacement
(51), 15% higher on average for the 57-codon replacements (72). Improvements in genome design
software and better knowledge of the biological rules underlying genomic changes can improve
these results (see for example the correction made on troublesome genes in (72)). Additionally,
improvement of the fitness of the final strain is possible a posteriori, through evolution of rational
design. Through cycles of genome design, building and testing (96), design software and technique
will surely progress to enable conservation of fitness during genome construction.

Finally, a powerful way to circumvent the need for precise and viable genome design relies
on the use of DNA libraries, drastically increasing the amount of sequences tested simultaneously.
Instead of testing a single synthetic genome, which may not be viable, testing millions of
alternative genomes can be parallelized to explore multiple viable biological options.

Assembly and delivery constraints
Once designed, synthetic genomes need to be assembled from synthetic fragments of various
sizes. Currently S. cerevisiae is the method of choice for all large-scale genomes constructed to
date (71–73). It’s the most efficient way for scarless DNA assembly by simple homology. Yet,
yeast engineering is limited by the size of total DNA acceptable in yeast, toxicity of the synthetic
genes in yeast, as well as plasmid extraction and delivery to target organism. We anticipate that
future enhancements in DNA technology should enable to assemble DNA ex vivo, circumventing
organism-specific assembly bottlenecks and making genomic DNA available regardless of size or
assembly method.
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A crucial limitation to all current large-scale genome synthesis project remains how to
deliver DNA, in singleplex or in libraries, into higher organisms where direct genome
transplantation and genetic methods are not as good as M. Genitalium, E. coli, or S. cerevisiae.

In M. Genitalium, genome transplantation methods (132) have successfully allowed transfer
of the entire DNA of an organism into another recipient cell. Recent successes from the JCVI at
reproducing such transplants (70, 71, 73) establish this method as an ideal case scenario in
prokaryotes. However, transplant is only possible into Mycoplasma capricolum and thus requires
the organism to be transplanted to be relatively close to M. capricolum.

In E. coli, methods such as CAGE (84) have allowed hierarchical construction of modified
genomes. However, this method, based on conjugation of genomic segments, does not include
introduction of large-fragments of synthetic DNA into the genome and thus is reserved for
combination of genomes edited by portions. In order to construct E. coli from synthetic DNA
entirely, new methods have to be explored. First, the size of the genomic fragments that can be
inserted into a genome is a crucial limitation. For instance, λ-red recombination in E. coli is
limited to insertion of genomic sequences up to ~5-kb and a single defined position at a time (14,
15, 99, 133) . In addition, λ-red recombination relies on double-stranded PCR DNA fragments as
template and obtaining those for fragments larger than 5-kb is still difficult. The increased size of
the DNA fragments also makes transformation and integration significantly less efficient. Phagederived methods, such as λ-integrase (134) have been shown to allow integration of larger
genomic fragments (with no theoretical limit to the size insert). However, these methods imply
insertion of each new fragment in a pre-defined genomic site and thus require pre-engineering of
the receiving genomes if multiple sites have to be targeted. Flexibility in choosing the landing site
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and in multiplexing is thus significantly reduced. New methods, including combinations of
recombineering and selection with CRISPR to increase the size of genomic sequences to be
inserted in a given genome are under active development (135–138) and will probably offer an
efficient solution to large genomic insertions in E. coli.

In S. cerevisiae, direct replacement of native yeast chromosome are currently performed
using pools of overlapping synthetic DNA fragments, using alternating genetic markers (LEU2 or
URA3). This method enabled complete replacement of the native chromosome(95) and remains
possible due to the recombineering efficiency of S. cerevisiae.

In larger eukaryotes, in order to reach assembly of entire genomes, transmission of assembled
DNA will be a critical barrier to overcome. So far, apart from a few exceptions(139) such as
cationic liposomes (140) or cell squeezing (141), the most efficient way of transferring DNA to
eukaryotic cells has been through viruses (142). However, viruses present multiple drawbacks
including immune responses, poor target specificity, risks associated with their insertion in the
host genome, and size limitations. Fortunately, some bacteria, such as the ones from the
Agrobacterium genus have the potential to transfer their DNA to eukaryotic cell and present an
interesting source of research. Recent work also demonstrated that E. coli could transfer their
DNA into eukaryotic cells via a type IV secretion system and conjugation (143). In addition, E.
coli has been shown to transfer its DNA by conjugation to S. cerevisiae yeast (144) as well as
other yeast cells (145).

Beyond these well-studied organisms and techniques, experimental tools for large-scale DNA
insertion are still preliminary and insufficient. For example, even using the best available methods
for one-pot assembly (0.5-Mb in 4 weeks (73)), it would take ~15 years to construct any
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mammalian genome, without considering any troubleshooting. Importantly, delivery methods will
probably need to rely on organism-specific techniques and should become an active field of
research. Although still at its infancy, the field of DNA delivery will probably expand in the
coming years as large DNA constructs (hundreds or thousands of kilobases of DNA) are
transferred from small and easy to troubleshoot organisms into more complex eukaryotic cells
(146).

Conclusion
Technologies for both DNA sequencing and synthesis are constantly improving, lowering
costs and improving DNA quality. As we demonstrate below, a full genome assembly is now
within reach at ~$1M for E. coli, a cost which opens the field for other synthetic organisms and
applications. Beyond drastic efforts in DNA synthesis field, we anticipate the need for better and
more comprehensive computational genome design tools as well as new ex vivo DNA assembly
technologies. Last, our ability to deliver large genome libraries in addition to single pre-defined
genomes will also enhance both the potential and the scale of genome engineering.
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Abstract

The degeneracy of the genetic code allows nucleic acids to encode amino acid identity as
well as non-coding information for gene regulation and genome maintenance. The rare arginine
codons AGA and AGG (AGR) present a case study in codon choice, with AGRs encoding
important transcriptional and translational properties distinct from the other synonymous
alternatives (CGN). We created a strain of Escherichia coli with all 123 instances of AGR codons
removed from all essential genes. We readily replaced 110 AGR codons with the synonymous
CGU, but the remaining thirteen “recalcitrant” AGRs required diversification to identify viable
alternatives. Successful replacement codons tended to conserve local ribosomal binding site-like
motifs and local mRNA secondary structure, sometimes at the expense of amino acid identity.
Based on these observations, we empirically defined metrics for a multi-dimensional “safe
replacement zone” (SRZ) within which alternative codons are more likely to be viable. To further
evaluate synonymous and non-synonymous alternatives to essential AGRs, we implemented a
CRISPR/Cas9-based method to deplete a diversified population of a wild type allele, allowing us
to exhaustively evaluate the fitness impact of all 64 codon alternatives. Using this method, we
confirmed relevance of the SRZ by tracking codon fitness over time in 14 different genes, finding
that codons that fall outside the SRZ are rapidly depleted from a growing population. Our
unbiased and systematic strategy for identifying unpredicted design flaws in synthetic genomes
and for elucidating rules governing codon choice will be crucial for designing genomes exhibiting
radically altered genetic codes.
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Main Text

The genetic code possesses inherent redundancy (1), with up to six different codons
specifying a single amino acid. While it is tempting to approximate synonymous codons as
equivalent (2), most prokaryotes and many eukaryotes (3, 4) display a strong preference for
certain codons over synonymous alternatives (5, 6). While different species have evolved to prefer
different codons, codon bias is largely consistent within each species (5). However, within a given
genome, codon bias differs among individual genes according to codon position, suggesting that
codon choice has functional consequences. For example, rare codons are enriched at the beginning
of essential genes (7, 8), and codon usage strongly affects protein levels (9-11), especially at the
N-terminus (12). This suggests that codon usage plays a poorly understood role in regulating
protein expression. Several hypotheses attempt to explain how codon usage mediates this effect,
including but not limited to: facilitating ribosomal pausing early in translation to optimize protein
folding (13); adjusting mRNA secondary structure to optimize translation initiation or to
modulate mRNA degradation; preventing ribosome stalling by co-evolving with tRNA levels (6);
providing a “translational ramp” for proper ribosome spacing and effective translation (14); and
providing a layer of translational regulation for independent control of each gene in an operon
(15). Additionally, codon usage may impact translational fidelity (16), and the proteome may be
tuned by fine control of the decoding tRNA pools (17). Although Quax et al. provide an excellent
review of how biology chooses codons, systematic and exhaustive studies of codon choice in whole
genomes are lacking (18). Studies have only begun to empirically probe the effects of codon choice
in a relatively small number of reporter genes (12, 19-22). Several important questions must be
answered as a first step toward designing custom genomes exhibiting new functions—How flexible
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is genome-wide codon choice? How does codon choice interact with the maintenance of cellular
homeostasis? What heuristics can be used to predict which codons will conserve genome function?
Replacing all essential instances of a codon in a single strain would provide valuable
insight into the constraints that determine codon choice and aid in the design of recoded
genomes. Although the UAG stop codon has been completely removed from Escherichia coli (23),
no genome-wide replacement of a sense codon has been reported. While the translation function of
the AGG codon has been shown to permit efficient suppression with nonstandard amino acids
(24-26), AGG necessarily remains translated as Arg in each of these studies. No study has yet
demonstrated that all AGR codons (or all instances of any sense codon) can be removed from
essential genes, nor explained why certain AGR codons could not be changed successfully. These
insights are crucial for unambiguously reassigning AGR translation function.
We chose to study the rare arginine codons AGA and AGG (termed AGR according to
IUPAC conventions) because the literature suggests that they are among the most difficult
codons to replace and that their similarity to ribosome binding sequences underlies important
non-coding functions (8, 27-30). Furthermore, their sparse usage (123 instances in the essential
genes of E. coli MG1655 and 4228 instances in the entire genome (Table 2.1, Appendix A
Table S1)) made replacing all AGR instances in essential genes a tractable goal, with essential
genes serving as a stringent test set for identifying any fitness impact from codon replacement
(31). Additionally, recent work has shown the difficulty of directly mutating some AGR codons to
other synonymous codons (25), although the authors do not explain the mechanism of failure or
report successful implementation of alternative designs. We attempted to remove all 123 instances
of AGR codons from essential genes by replacing them with the synonymous CGU codon. CGU
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was chosen to maximally disrupt the primary nucleic acid sequence (AGRàCGU). We
hypothesized that this strategy would maximize design flaws, thereby revealing rules for designing
genomes with reassigned genetic codes. Importantly, individual codon targets were not inspected
a priori in order to ensure an unbiased empirical search for design flaws.

Table 2.1. Summary of AGR codons changed by location in the genome, and failure
rates by pool.

AGR pool

#
codon

AGR
# Successful

#
Failed

% Success

AGR.1

11

10

1

91

AGR.2

12

10

2

83

AGR.3

10

10

0

100

AGR.4

7

7

0

100

AGR.5

14

13

1

93

AGR.6

8

8

0

100

AGR.7

13

11

2

85

AGR.8

9

8

1

89

AGR.9

10

9

1

90

AGR.10

13

12

1

92

AGR.11

7

6

1

86

AGR.12

9

6

3

67

123

110

13

89

Total

To construct this modified genome, we used co-selection multiplex automatable genome
engineering (CoS-MAGE) (32, 33) to create an E. coli strain (C123) with all 123 AGR codons
removed from its essential genes (Figure 1A and Appendix A Table S1 for a complete list of
AGR codons in essential genes). CoS-MAGE leverages lambda red-mediated recombination (34,
35) and exploits the linkage between a mutation in a selectable allele (e.g. tolC) to nearby edits of
interest (e.g., AGR conversions), thereby enriching for cells with those edits (Appendix A
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Figure S1). To streamline C123 construction, we chose to start with E. coli strain EcM2.1,
which was previously optimized for efficient lambda red-mediated genome engineering (33, 36).
Using CoS-MAGE on EcM2.1 improves allele replacement frequency by 10-fold over MAGE in
non-optimized strains but performs optimally when all edits are on the same replichore and
within 500 kilobases of the selectable allele (33). To accommodate this requirement, we divided
the genome into 12 segments containing all 123 AGR codons in essential genes. A tolC cassette
was moved around the genome to enable CoS-MAGE in each segment, allowing us to rapidly
prototype each set of AGRàCGU mutations across large cell populations in vivo. (Please see the
‘General Replacement Strategy’ and ‘Troubleshooting Strategy’ sections of the Materials &
Methods for a more detailed discussion). Of the 123 AGR codons in essential genes, 110 could be
changed to CGU by this process (Figure 2.1), revealing considerable flexibility of codon usage
for most essential genes. Allele replacement (in this case, AGRàCGU codon substitution)
frequency varied widely across these 110 permissive codons, with no clear correlation between
allele replacement frequency and normalized position of the AGR codon in a gene (Figure 2.2A)
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.

Figure 2.1. Construction of strain C123. (inner) Workflow used to create and analyze
strain C123. The DESIGN phase involved identification of 123 AGR codons in the essential genes
of Escherichia coli. MAGE oligos were designed to replace all instances of these AGR codons with
the synonymous CGU codon. The BUILD phase used CoS-MAGE to convert 110 AGR codon to
CGU and to identify 13 AGR codons that required additional troubleshooting. The in vivo
TROUBLESHOOTING phase resolved the 13 codons that could not be readily converted to CGU
and identified mechanisms potentially explaining why AGRàCGU was not successful. In the
STUDY Phase, next-generation sequencing, evolution and phenotyping was performed on strain
C123. (outer) Schematic of the C123 genome (Nucleotide 0 oriented up; numbering according to
strain MG1655). Exterior labels indicate the set groupings of AGR codons. Successful
AGRàCGU (110 instances) conversions are indicated by radial green lines, and recalcitrant AGR
codons (13 instances) are indicated by radial red lines.
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Figure 2.2. Analysis of attempted AGRà CGU replacements. (A) AGR recombination
frequency (MASC-PCR, n=96 clones per cell population) was plotted versus the normalized ORF
position (residue number of the AGR codon divided by the total length of the ORF). Failed
AGRàCGU conversions are indicated using vertical red lines below the x-axis. (B) Doubling time
of strains in the C123 lineage in LBL media at 34 °C was determined in triplicate on a 96-well
plate reader. Colored bars indicate which set of codons was under construction when a doubling
time was determined (coloring based on Figure 1). Each data points represent different stages of
strain construction. Alternative codons were identified for 13 recalcitrant AGR codons in our
troubleshooting pipeline, and the optimized replacement sequences were incorporated into the
final strain (gray section at right, labeled with a ‘*’), and the resulting doubling times were
measured. Error bars represent standard error of the mean in doubling time from at least three
replicates of each strain.

The remaining 13 AGRàCGU mutations were not observed, suggesting a codon
substitution frequency of less than our detection limit of 1% of the bacterial population
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(Materials & Methods, Appendix A Table S6). These “recalcitrant codons” were assumed
to be deleterious or non-recombinogenic and were triaged into a troubleshooting pipeline for
further analysis (Figure 2.1). Interestingly, all except for one of the thirteen recalcitrant codons
were co-localized near the termini of their respective genes, suggesting the importance of codon
choice at these positions —seven were at most 30 nt downstream of the start codon, while five
were at most 30 nucleotides (nt) upstream of the stop codon (Figure 2.2A, lower panel,
Appendix A Table S8). Due to our unbiased design strategy, we anticipated that several
AGRàCGU mutations would present obvious design flaws such as introducing non-synonymous
mutations (two instances) or RBS disruptions (four instances) in overlapping genes. For example,
ftsI_AGA1759 overlaps the second and third codons of murE, an essential gene, introducing a
missense mutation (murE D3V) that may impair fitness. Replacing ftsI_AGA with CGA
successfully replaced the forbidden AGA codon while conserving the primary amino acid sequence
of MurE with a minimal impact on fitness (Figure 2.3A, Appendix A Table S6). Similarly,
holB_AGA4 overlaps the upstream essential gene tmk, and replacing AGA with CGU converts
the tmk stop codon to Cys, adding 14 amino acids to the C-terminus of tmk. While some Cterminal extensions are well-tolerated in E. coli (37), extending tmk appears to be deleterious. We
successfully replaced holB_AGA with CGC by inserting three nucleotides comprising a stop
codon before the holB start codon. This reduced the tmk/holB overlap, and preserved the coding
sequences of both genes (Appendix A Figure S2A).
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Figure 2.3. Examples of failure mechanisms for four recalcitrant AGR replacements.
Wild type AGR codons are indicated in bold black letters, design flaws are indicated in red
letters, and optimized replacement genotypes are indicated in green letters. (A) Genes ftsI and
murE overlap with each other. An AGAàCGU mutation in ftsI would introduce a nonconservative Asp3Val mutation in murE. The amino acid sequence of murE was preserved by
using an AGAàCGA mutation. (B) Gene secE overlaps with the RBS for downstream essential
gene nusG. An AGGàCGU mutation is predicted to diminish the RBS strength by 97% (47).
RBS strength is preserved by using a non-synonymous AGGàGAG mutation. (C) Gene ssb has
an internal RBS-like motif shortly after its start codon. An AGGàCGU mutation would diminish
the RBS strength by 94%. RBS strength is preserved by using an AGAàCGA mutation
combined with additional wobble mutations indicated in green letters. (D) Gene rnpA has a
defined mRNA structure that would be changed by an AGGàCGU mutation. The original RNA
structure is preserved by using an AGGàCGG mutation. The RBS (green), start codon (blue)
and AGR codon (red) are annotated with like-colored boxes on the predicted RNA secondary
structures.
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Additionally, the four remaining C-terminal failures included AGRàCGU mutations that
disrupt RBS motifs belonging to downstream genes (secE_AGG376 for nusG, dnaT_AGA532 for
dnaC, and folC_AGAAGG1249,1252 for dedD, the latter constituting two codons). Both nusG
and dnaC are essential, suggesting that replacing AGR with CGU in secE and dnaT lethally
disrupts translation initiation and thus expression of the overlapping nusG and dnaC (Figure
2.3B, Appendix A S2B). Although dedD is annotated as non-essential (31), we hypothesized
that replacing the AGR with CGU in folC disrupted a portion of dedD that is essential to the
survival of EcM2.1 (E. coli K-12). In support of this hypothesis, we were unable to delete the 29
nucleotides of dedD that were not deleted by Baba et al. (31) and did not overlap with folC,
suggesting that this sequence is essential in our strains. The unexpected failure of this conversion
highlights the challenge of predicting design flaws even in well-annotated organisms. Consistent
with our observation that disrupting these RBS motifs underlies the failed AGRàCGU
conversions, we overcame all four design flaws by selecting codons that conserved RBS strength,
including a non-synonymous (ArgàGly) conversion for secE.
These lessons, together with previous observations that ribosomes pause during
translation when they encounter ribosome binding site motifs in coding DNA sequences (20),
provided key insights into the N-terminal AGRàCGU failures. Three of the N-terminal failures
(ssb_AGA10, dnaT_AGA10 and prfB_AGG64) had RBS-like motifs either disrupted or created
by CGU replacement. While prfB_AGG64 is part of the ribosomal binding site motif that
triggers an essential frameshift mutation in prfB (21, 38, 39), pausing-motif-mediated regulation
of ssb and dnaT expression has not been reported. Nevertheless, ribosomal pausing data (20)

41

showed that ribosomal occupancy peaks are present directly downstream of the AGR codons for
ssb and absent for dnaT (Appendix A Figure S3); meanwhile, unsuccessful CGU mutations
were predicted to weaken the RBS-like motif for prfB and ssb and strengthen the RBS-like motif
for dnaT (Figure 2.3C, Appendix A Figure S2C), suggesting a functional relationship
between RBS occupancy and cell fitness. Consistent with this hypothesis, successful codon
replacements from the troubleshooting pipeline conserve predicted RBS strength compared to the
large predicted deviation caused by unsuccessful AGRàCGU mutations (Figure 2.4, y axis and
comparison between orange asterisks and green dots). Interestingly, attempts to replace
dnaT_AGA10 with either CGN or NNN failed—only by manipulating the wobble position of
surrounding codons and conserving the arginine amino acid could dnaT_AGA10 be replaced
(Appendix A Figure S2C). These wobble variants appear to compensate for the increased
RBS strength caused by the AGAàCGU mutation—RBS motif strength with wobble variants
deviated 8-fold from the unmodified sequence, whereas RBS motif strength for AGAàCGU alone
deviated 27-fold.
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mRNA folding and RBS strength for all genes with an AGR in first and last 10 codons
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Figure 2.4. RBS strength and mRNA structure predict synonymous mutation
success. Scatter plot showing predicted RBS strength (y-axis, calculated with the Salis ribosome
binding site calculator (47)) versus deviations in mRNA folding (x-axis, calculated at 37°C by
UNAFold Calculator (41)). Small gray dots represent non-essential genes in E. coli MG1655 that
have an AGR codon within the first 10 or last 10 codons. Large gray dots represent successful
AGRàCGU conversions in the first 10 or last 10 codons of essential genes. Orange asterisks
represent unsuccessful AGRàCGU mutations (recalcitrant codons) in essential genes. Green dots
represent optimized solutions for these recalcitrant codons. The “safe replacement zone” (blue
shaded region) is an empirically defined range of mRNA folding and RBS strength deviations,
based on the successful AGRàCGU replacement mutations observed in this study. Most
unsuccessful AGRàCGU mutations (Orange asterisks) cause large deviations in RBS strength or
mRNA structure that are outside the “safe replacement zone.” Genes holB and ftsI are two
notable exceptions because their initial CGU mutations caused amino acid changes in overlapping
essential genes. Gene folC corresponds to 2 AGRs. Arrows for four examples of optimized
replacement codons (ftsA, folC, rnpA, rpsJ) show that deviations in RBS strength and/or mRNA
structure are reduced. Arrows are omitted for the remaining 8 optimized replacement codons so
as to increase readability.
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In order to better understand several remaining N-terminal failure cases that did not
exhibit considerable RBS strength deviations (rnpA_AGG22, ftsA_AGA19, frr_AGA16, and
rpsJ_AGA298), we examined other potential nucleic acid determinants of protein expression.
Based on the observation that mRNA secondary structure near the 5’ end of Open Reading
Frames (ORFs) strongly impacts protein expression (12), we found that these four remaining
AGRàCGU mutations changed the predicted folding energy and structure of the mRNA near the
start codon of target genes (Figure. 2.3D,

Appendix A Figure S4). Successful codon

replacements obtained from degenerate MAGE oligos reduced the disruption of mRNA secondary
structure compared to CGU (Figure 2.4, green dots). For example, rnpA has a predicted
mRNA loop near its RBS and start codon that relies on base pairing between both guanines of
the AGG codon to nearby cytosines (Figure 2.3D, Appendix A Figure S5A). Importantly,
only AGG22CGG was observed out of all attempted rnpA AGG22CGN mutations, and the fact
that only CGG preserves this mRNA structure suggests that it is physiologically important
(Figure 2.3D, Appendix A Figure S5B-C). In support of this, we successfully introduced a
rnpA AGG22CUG mutation (ArgàLeu) only when we changed the complementary nucleotides in
the stem from CC (base pairs with AGG) to CA (base pairs with CUG), thus preserving the
natural RNA structure (Appendix A Figure S5D) while changing both RBS motif strength
and amino-acid identity. Our analysis of all four optimized gene sequences showed reduced
deviation in computational mRNA folding energy (computed with UNAFold(40)) compared to
the unsuccessful CGU mutations (Figure 2.4, x-axis orange asterisks and green dots). Similarly,
predicted mRNA structure (computed with a different mRNA folding software: NUPACK(41))
for these genes was strongly changed by CGU mutations and corrected in our empirically
optimized solutions (Appendix A Figure S4).
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Troubleshooting these 13 recalcitrant codons revealed that mutations causing large
deviations from natural mRNA folding energy or RBS strength are associated with failed codon
substitutions. By calculating these two metrics for all attempted AGRàCGU mutations, we
empirically defined a safe replacement zone (SRZ) inside which most CGU mutations were
tolerated (Figure 2.4, shaded area). The SRZ is defined as the largest multi-dimensional space
that contains none of the mRNA folding energy or RBS strength associated AGRàCGU failures
(Figure 2.4, red asterisks). It comprises deviations in mRNA folding energy of less than 10%
with respect to the natural codon and deviations in RBS-like motif scores of less than a half log
with respect to the natural codon, providing a quantitative guideline for codon substitution.
Notably, the optimized solution used to replace the 13 recalcitrant codons always exhibited
reduced deviation for at least one of these two parameters compared to the deviation seen with a
CGU mutation. Furthermore, solutions to the 13 recalcitrant codons overlapped almost entirely
with the empirically-defined SRZ. These results suggest that computational predictions of mRNA
folding energy and RBS strength can be used as a first approximation to predict whether a
designed mutation is likely to be viable. Developing in silico heuristics to predict problematic
alleles streamlines the use of in vivo genome engineering methods such as MAGE to empirically
identify viable replacement codons. Therefore, these heuristics reduce the search space required to
redesign viable genomes, raising the prospect of creating radically altered genomes exhibiting
expanded biological functions.
Once we had identified viable replacement sequences for all 13 recalcitrant codons, we
combined the successful 110 CGU conversions with the 13 optimized codon substitutions to
produce strain C123, which has all 123 AGR codons removed from all of its annotated essential
genes. C123 was then sequenced to confirm AGR removal and analyzed using Millstone, a
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publicly available genome resequencing analysis pipeline (42). Two spontaneous AAG (Lys) to
AGG (Arg) mutations were observed in the essential genes pssA and cca. While attempts to
revert these mutations to AAG were unsuccessful—perhaps suggesting functional compensation—
we were able to replace them with CCG (Pro) in pssA and CAG (Gln) in cca using degenerate
MAGE oligos. The resulting strain, C123a, is the first strain completely devoid of AGR codons in
its annotated essential genes (Sequences available online). Although some AGR codons in nonessential genes could unexpectedly prove to be difficult to change, our success at replacing all 123
instances of AGR codons in essential genes provides strong evidence that the remaining 4105
AGR codons can be completely removed from the E. coli genome, permitting the unambiguous
reassignment of AGR translation function (23).
Kinetic growth analysis showed that the doubling time increased from 52.4 (+/- 2.6)
minutes in EcM2.1 (0 AGR codons changed) to 67 (+/- 1.5) minutes in C123a (123 AGR codons
changed in essential genes) in lysogeny broth (LB) at 34 °C in a 96-well plate reader (Materials
and Methods). Notably, fitness varied significantly during C123 strain construction (Figure
2.2B). This may be attributed to codon deoptimization (AGRàCGU) and compensatory
spontaneous mutations to alleviate fitness defects in a mismatch repair deficient (mutS-)
background. Overall the reduced fitness of C123a may be caused by on-target (AGRàCGU) or
off-target (spontaneous mutations) that occurred during strain construction. In this way, mutS
inactivation is simultaneously a useful evolutionary tool and a liability. Final genome sequence
analysis revealed that along with the 123 desired AGR conversions, C123a had 419 spontaneous
non-synonymous mutations not found in the EcM2.1 parental strain (Appendix A Figure
S10). Of particular interest was the mutation argU_G15A, located in the D arm of tRNAArg
(argU), which arose during CoS-MAGE with AGR set 4.

We hypothesized that argU_G15A
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compensates for increased CGU demand and decreased AGR demand, but we observed no direct
fitness cost associated with reverting this mutation in C123, and argU_G15A does not impact
aminoacylation efficiency in vitro or aminoacyl-tRNA pools in vivo (Appendix A Figure S6).
Consistent with Mukai et al. and Baba et al. (25, 31), argW (tRNAArgCCU; decodes AGG only) was
dispensable in C123a because it can be complemented by argU (tRNAArgUCU; decodes both AGG
and AGA). However, argU is the only E. coli tRNA that can decode AGA and remains essential
in C123a probably because it is required to translate the AGR codons for the rest of the proteome
(23).
To evaluate the genetic stability of C123a after removal of all AGR codons from all the
known essential genes, we passaged C123a for 78 days (640 generations) to test whether AGR
codons would recur and/or whether spontaneous mutations would improve fitness. After 78 days,
no additional AGR codons were detected in a sequenced population (sequencing data available at
https://github.com/churchlab/agr_recoding) and doubling time of isolated clones ranged from
22% faster to 22% slower than C123a (n=60).
To gain more insight into how local RBS strength and mRNA folding impact codon
choice, we performed an evolution experiment to examine the competitive fitness of all 64 possible
codon substitutions at each of AGR codons (Appendix A Table S2). While MAGE is a
powerful method to explore viable genomic modifications in vivo, we were interested in mapping
the fitness cost associated with less-optimal codon choices, requiring codon randomization
depleted of the parental genotype, which we hypothesized to be at or near the global fitness
maximum. To do this, we developed a method called CRAM (Crispr-Assisted-MAGE). First, we
designed oligos that changed not only the target AGR codon to NNN, but also made several
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synonymous changes at least 50 nt downstream that would disrupt a 20 bp CRISPR target locus.
MAGE was used to replace each AGR with NNN in parallel, and CRISPR/cas9 was used to
deplete the population of cells with the parental genotype. This approach allowed exhaustive
exploration of the codon space, including the original codon, but without the preponderance of
10
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Figure 2.5. Codon preference
of 14 N-terminal AGR codons. CRAM (Crispr-Assisted
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MAGE) was used to explore codon preference for several AGR codons located within the first 10
codons of their CDS. Briefly, MAGE was used to diversify a population by randomizing the AGR
of interest, then CRISPR/Cas9 was used to deplete the parental (unmodified) population,
3
allowing exhaustive exploration of all 64 codons at a position of interest. Thereafter codon
abundance was monitored over time by serially passaging the population of cells and sequencing
using an Illumina MiSeq. The left y-axis (Codon Frequency) indicates relative abundance of a
2
particular codon (stacked
area plot). The right y-axis indicates the combined deviations in mRNA
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Figure 2.5 (continued) folding structure (red line) and internal RBS strength (blue line) in
arbitrary units (AU) normalized to 0.5 at the initial timepoint. 0 means no deviation from wild
type. The horizontal axis indicates the experimental time point in hours at which a particular
reading of the population diversity was obtained. Genes bcsB and chpS are non-essential in our
strains and thus serve as controls for AGR codons that are not under essential gene pressure.

Sequencing 24 hours after CRAM showed that all codons were present (including stop
codons) (Appendix A Figure S7), validating the method as a technique to generate massive
diversity in a population. All sequences for further analysis were amplified by PCR with allelespecific primers containing the changed downstream sequence. Subsequent passaging of these
populations revealed many gene-specific trends (Figure 2.5, Appendix A Figures S7-S8).
Notably, all codons that required troubleshooting (dnaT_AGA10, ftsA_AGA19, frr_AGA16,
rnpA_AGG22) converged to their wild-type AGR codon, suggesting that the original codon was
globally optimized. For all cases in which an alternate codon replaced the original AGR, we
computed the predicted deviation in mRNA folding energy and local RBS strength (as a proxy
for ribosome pausing) for these alternative codons and compared these metrics to the evolution of
codon distribution at this position over time. We also computed the fraction of sequences that fall
within the SRZ inferred from Figure 4 (Materials and Methods). CRAM initially introduced a
large diversity of mRNA folding energies and RBS strengths, but these genotypes rapidly
converged toward parameters that are similar to the parental AGR values in many cases (Figure
2.5, overlays). Codons that strongly disrupted predicted mRNA folding and internal RBS
strength near the start of genes were disfavored after several days of growth, suggesting that
these metrics can be used to predict optimal codon substitutions in silico. In contrast, nonessential control genes bcsB and chpS did not converge toward codons that conserved RNA
structure or RBS strength, supporting the conclusion that the observed conservation in RNA
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secondary structure and RBS strength is biologically relevant for essential genes. Interestingly,
tilS_AGA19 was less sensitive to this effect, suggesting that codon choice at that particular
position is not under selection. Additionally, the average internal RBS strength for the ispG
populations converged toward the parental AGR values whereas mRNA folding energy averages
did not, suggesting that this position in the gene may be more sensitive to RBS disruption rather
than mRNA folding. Gene lptF followed the opposite trend.
Interestingly, several genes (lptF, ispG, tilS, gyrA and rimN) preferred codons that
changed the amino acid identity from Arg to Pro, Lys, or Glu, suggesting that non-coding
functions trump amino acid identity at these positions. Importantly, all successful codon
substitutions in essential genes fell within the SRZ (Figure 2.6), validating our heuristics based
on an unbiased test of all 64 codons. Meanwhile non-essential control gene chpS exhibited less
dependence on the SRZ. Based on these observations, while global codon bias may be affected by
tRNA availability (6, 43-45), codon choice at a given position may be defined by at least 3
parameters: (1) amino acid sequence, (2) mRNA structure near the start codon and RBS (3)
RBS-mediated pausing. In some cases, a subset of these parameters may not be under selection,
resulting in an evolved sequence that only converges for a subset of the metrics. In other cases, all
metrics may be important, but the primary nucleic acid sequence might not have the flexibility to
accommodate all of them equally, resulting in codon substitutions that impair cellular fitness.
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Figure 2.6. RBS strength and mRNA structure predict codon preference of 14 Nterminal codon substitutions. Scatter plot showing the results of the CRAM experiment
(Figure 5). Each panel represents a different gene. The Y-axis represents RBS strength deviation
(calculated with the Salis ribosome binding site calculator (47)) while the X-axis shows deviations
in mRNA folding energy (x-axis, calculated at 37°C by UNAFold Calculator (41)). Codon
abundance at the intermediate time point (t=72hrs, chosen to show maximal diversity after
selection) is represented by the dot size. Green dots represent the WT codon. Blue dots represent
synonymous AGR codons. Orange dots represent the remaining 58 non-synonymous codons,
which may introduce non-viable amino acid substitutions. Black squares represent unsuccessful
AGRàCGU conversions observed in the genome-wide recoding effort (Table 1, Figure 1). The
“safe replacement zone” (blue shaded region) is the empirically defined range of mRNA folding
and RBS strength deviations, based on the successful AGRàCGU replacement mutations
observed in this study (Figure 3). Genes bcsB and chpS are non-essential in our strains and thus
serve as controls for AGR codons that are not under essential gene pressure.

These rules were used to generate a draft genome in silico with all AGR codons replaced
genome-wide, reducing by almost fourfold the number of predicted design flaws (e.g., synonymous
codons with metrics outside of the SRZ) compared to the naïve replacement strategy (Figure
2.7, Appendix A Figure S9, Table S7, Materials and Methods). Furthermore, predicting
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recalcitrant codons provides hypotheses that can be rapidly tested in vivo using MAGE.
Successful replacement sequences can then be implemented together in a redesigned genome.
Encouragingly, since all newly predicted design flaws occur in non-essential genes, they would be
less likely to impact fitness unless (1) despite the “non-essential” annotation, the gene is actually
essential or quasi-essential (i.e., inactivation would impair growth), or (2) the codon in a nonessential gene impacts the expression of a neighboring essential gene (e.g., impacts an RBS motif
or RNA structure). While incorrect genome annotations can only be addressed empirically (as
demonstrated with gene dedD), further analysis reveals that AGR codons in non-essential genes
should rarely impact annotated essential genes. In E. coli MG1655, only three AGR codons in
non-essential genes overlap with the initial mRNA and RBS motifs of essential genes, and at least
one synonymous CGN codon is predicted to obey the SRZ for all three cases. Furthermore, even
if all synonymous mutations were to disobey the SRZ, since disruption of non-essential gene
function should not compromise viability, it is expected that non-synonymous mutations in nonessential genes would be viable as long as they conserve crucial motifs impacting expression of the
essential gene. Importantly, we confirmed by MAGE that AGRàCGU codon replacement was
possible for 2 of these 3 cases and that an alternative synonymous solution could be found in the
remaining case (Materials and Methods).
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Figure 2.7. Predicting optimal replacements for AGR codons reduces the number of
codons that are predicted to require troubleshooting. (A) Empirical data from the
construction of C123. 110 AGR codons were successfully recoded to CGU (green), and 13
recalcitrant AGR codons required troubleshooting (red, striped). (B) Predicted recalcitrant
codons (codons for which no CGN alternatives fall within the SRZ in Figure 4) for replacing all
instances of the AGR codons genome-wide. The reference genome used for this analysis had
insertion elements and prophages removed (48) to reduce total nucleotides synthesized and to
increase genome stability, leaving 3222 AGR codons to be replaced (see Methods). Our analysis
predicts that replacing all instances of AGR with CGU would have resulted in 229 failed
conversions (‘Naïve Replacement’, red striped). However, implementing the rules from this work
(‘Informed Replacement’) to identify the best CGN alternative reduces the predicted failure rate
from 7.1% (229/3222), to 2.0% (64/3222AGR) of which only a small subset will have a direct
impact on fitness due to their location in non-essential genes. In such cases, MAGE with
degenerate oligos could be used to empirically identify replacement codons as we have
demonstrated herein. Each specific synonymous CGN is identified with a unique shade of green
and is labeled inside of its respective section.

Comprehensively removing all instances of AGR codons from all E. coli essential genes
revealed 13 design flaws which could be explained by a disruption in coding DNA Sequence, RBSmediated translation initiation, RBS-mediated translation pausing, or mRNA structure. While the
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importance of each factor has been reported, our work systematically explores to what extent and
at what frequency they impact genome function. Furthermore, our work establishes quantitative
guidelines to reduce the chance of designing non-viable genomes. Although additional factors
undoubtedly impact genome function, the fact that these guidelines captured all instances of
failed synonymous codon replacements (Figure 2.4) suggests that our genome design guidelines
provide a strong first approximation of acceptable modifications to the primary sequence of viable
genomes. These design rules coupled with inexpensive DNA synthesis will facilitate the
construction of radically redesigned genomes exhibiting useful properties such as biocontainment,
virus resistance, and expanded amino acid repertoires (46).
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Materials and Methods
Strains & Culture Methods
The strains used in this work were derived from EcM2.1 (Escherichia coli MG1655
mutS_mut

dnaG_Q576A

exoX_mut

xonA_mut

xseA_mut

1255700::tolQRA

Δ(ybhB-

bioAB)::(λcI857 N(cro-ea59)::tetR-bla)) (33). Liquid culture medium consisted of the Lennox
formulation of Lysogeny broth (LBL; 1% w/v bacto tryptone, 0.5% w/v yeast extract, 0.5% w/v
sodium chloride) (49) with appropriate selective agents: carbenicillin (50 µg/mL) and SDS (0.005%
w/v). For tolC counter-selections, colicin E1 (colE1) was used at a 1:100 dilution from an inhouse purification (50) that measured 14.4 µgprotein/µL (22, 36), and vancomycin was used at 64
µg/mL. Solid culture medium consisted of LBL autoclaved with 1.5% w/v Bacto Agar (Fisher),
containing the same concentrations of antibiotics as necessary. ColE1 agar plates were generated
as described previously (33). Doubling times were determined on a Biotek Eon Microplate reader
with orbital shaking at 365 cpm at 34 °C overnight, and analyzed using a matlab script available
on GitHub (https://github.com/churchlab/agr_recoding).

Oligonucleotides, Polymerase Chain Reaction, and Isothermal Assembly
A complete table of MAGE oligonucleotides and PCR primers can be found in Table S1.
PCR products used in recombination or for Sanger sequencing were amplified with Kapa 2G Fast
polymerase according to manufacturer’s standard protocols. Multiplex allele-specific PCR
(mascPCR) was used for multiplexed genotyping of AGR replacement events using the KAPA2G
Fast Multiplex PCR Kit, according to previous methods (22, 51). Sanger sequencing reactions
were carried out through a third party (Genewiz). CRAM plasmids were assembled from plasmid
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backbones linearized using PCR (52), and CRISPR/PAM sequences obtained in Gblocks from
IDT, using isothermal assembly at 50 °C for 60 minutes. (53).

Lambda Red Recombinations, MAGE, & CoS-MAGE
∆-Red recombineering, MAGE, and CoS-MAGE were carried out as described previously
(33, 54). In singleplex recombinations, the MAGE oligo was used at

1 µM, whereas the co-

selection oligo was 0.2 µM and the total oligo pool was 5 µM in multiplex recombinations (7-14
oligos).. When double-stranded PCR products were recombined (e.g., tolC insertion), 100 ng of
double-stranded PCR product was used. Since we used CoS-MAGE with tolC selection to replace
target AGR codons, each recombination was paired with a control recombined with water only to
monitor tolC selection performance. The standard CoS-MAGE protocol for each oligo set was to
insert tolC, inactivate tolC, reactivate tolC, and delete tolC. MascPCR screening was performed
at the tolC insertion, inactivation and deletion steps. All λ Red recombinations were followed by
a recovery in 3 mL LBL followed by a SDS selection (tolC insertion, tolC activation) or ColE1
counter-selection (tolC inactivation, tolC deletion) that was carried out as previously described
(33).

General AGR replacement strategy
AGR codons in essential genes were found by cross-referencing essential gene annotation
according to two complementary resources (31, 55) to find the shared set (107 coding regions),
which contained 123 unique AGR codons (82 AGA, 41 AGG). We used optMAGE (35, 54) to
design 90-mer oligos (targeting the lagging strand of the replication fork) that convert each AGR
to CGU. We reduced the total number of AGR replacement oligos to 119 by designing oligos to
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encode multiple edits where possible, maintaining at least 20 bp of homology on the 5’ and 3’
ends of the oligo. The oligos were then pooled based on chromosomal position into twelve MAGE
oligo sets of varying complexity (minimum: 7, maximum: 14) such that a single marker (tolC)
could be inserted at most 564,622 bp upstream relative to replication direction for all targets
within a given set. We then identified tolC insertion sites for each of the twelve pools either into
intergenic regions or non-essential genes that met the distance criteria for a given pool. See Table
1 for descriptors for each of the 12 oligo pools.

Troubleshooting strategy
A recalcitrant AGR was defined as one that was not converted to CGU in one of at least
96 clones picked after the third step of the conversion process. The recalcitrant AGR codon was
then triaged for troubleshooting (Appendix A Figure S1) in the parental strain (EcM2.1). First,
the sequence context of the codon was examined for design errors or potential issues, such as
misannotation or a disrupted RBS for an overlapping gene. In most cases, corrected oligos could
be easily designed and tested. If no such obvious redesign was possible, we attempted to replace
AGR with CGN mutations. If attempting to replace AGR with CGN failed to give recombinants,
we tested compensatory, synonymous mutations in a 3 amino acid window around the
recalcitrant AGR. If needed, we finally relaxed synonymous stringency by recombining with oligos
encoding AGR-to-NNN mutations.

After each step in the troubleshooting workflow, we screened 96 clones from 2 successive
CoS-MAGE recombinations using allele specific PCR with primers that hybridize to the wildtype
genotype. Sequences that failed to yield a wild-type amplicon were Sanger sequenced to confirm
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conversion. We also measured doubling time of all clones in LBL to pair sequencing data with
fitness data, and chose the recombined clone with the shortest doubling time. Doubling time was
determined by obtaining a growth curve on a Biotek plate reader (either an Eon or H1), and
analyzed using web-based open source genome resequencing software available on GitHub at
https://github.com/churchlab/millstone. This genotype was then implemented in the complete
strain at the end of strain construction using MAGE, and confirmed by MASC-PCR screening.

AGR codons in non-essential genes with impact on essential genes
In E. coli MG1655, only three AGR codons in non-essential genes overlap with the initial
mRNA and RBS motifs of essential genes, and at least one synonymous CGN codon is predicted
to obey the SRZ for all three cases. As in the troubleshooting pipeline, we attempted to replace
AGR with CGT mutations using MAGE. After 4 cycles of MAGE, cells were plated and 96 clones
were screened. Synonymous codon replacement was possible for genes rffT and mraW, but not for
gene yidD. We then relaxed synonymous stringency by recombining with oligos encoding AGRto-NNN mutations for gene yidD and found multiple alternative solutions including CGA, UGA,
GUG, GCG and TAA. Importantly, the synonymous CGA alternative solutions disrupted less
RBS strength and mRNA folding that CGU (see Appendix A Table S7) further confirming our
rules as useful guidelines.

mRNA folding and RBS strength computations
A custom Python pipeline (available at https://github.com/churchlab/agr_recoding) was
used to compute mRNA folding and RBS strength value for each sequence. mRNA folding was
based on the UNAFold calculator (40) and RBS strength on the Salis calculator (47). The
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parameters for mRNA folding are the temperature (37°C) and the window used which was an
average between -30:+100nt and -15:+100nt around the start site of the gene and was based on
Goodman et al., 2013. The only parameter for RBS strength is the distance between RBS and
promoter and we averaged between 9 and 10 nt after the codon of interest based on Li et al.,
2012. Data visualization was performed through a custom Matlab code.
For in silico predictions on the entire genome, all 3222 AGR in non-phage genes were analyzed
using this custom pipeline and data is presented in Table S7. Phage genes were not analyzed to
reduce the complexity of the genome, inspired by other reduced genome efforts (48).

Whole genome sequencing of strains lacking AGR codons in their essential genes
Sheared genomic DNA was obtained by shearing 130uL of purified genomic DNA in a
Covaris E210. Whole genome library prep was carried out as previously described (56). Briefly,
130 uL of purified genomic DNA was sheared overnight in a Covaris E210 with the following
protocol: Duty cycle 10%, intensity 5, cycles/burst 200, time 780 seconds/sample. The samples
were assayed for shearing on an agarose gel and if the distribution was acceptable (peak
distribution ~400 nt) the samples were size-selected by SPRI/Reverse-SPRI purification as
described in (56). The fragments were then blunted and p5/p7 adaptors were ligated, followed by
fill-in and gap repair (NEB). Each sample was then qPCR quantified using SYBR green and
Kapa Hifi. This was used to determine how many cycles to amplify the resulting library for
barcoding using P5-sol and P7-sol primers. The resulting individual libraries were quantified by
Nanodrop and pooled. The resulting library was quantified by qPCR and an Agilent Tapestation,
and run on MiSeq 2x150. Data was analyzed to confirm AGR conversions and to identify offtarget mutations using Millstone, an web-based open-source genome resequencing tool.
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Seqeunces are available online at https://github.com/churchlab/agr_recoding.

NNN-sequencing and CRISPR
CRISPR/Cas9 was used to deplete the wildtype parental genotype by selectively cutting
chromosomes at unmodified target sites next to the desired AGR codons changes. Candidate sites
were determined using the built-in target site finder in Geneious proximally close to the AGR
codon being targeted. Sites were chosen if they were under 50 bp upstream of the AGR codon
and could be disrupted with synonymous changes. If multiple sites fulfilled these criteria, the site
with the lowest level of sequence similarity to other portions of the genome was chosen. Oligos of
a length of ~130 bp were designed for all 14 genes with an AGR codon in the first 30 nt after the
translation start site. Those oligos incorporated both an NNN random codon at the AGR position
as well as multiple (up to 6) synonymous changes in a CRISPR target site at least 50 nt
downstream of an AGR codon. This modifies the AGR locus at the same time as disrupting the
CRISPR target site, ensuring randomization of the locus after the parental genotype is deleted.
Specifically, we constructed a plasmid containing the SpCas9 protein gene (Plasmid details (DSSPcas, Addgene plasmid 48645): cloDF13 origin, specR, proC promoter, SPcas9, unused
tracrRNA (with native promoter and terminator), J23100 promoter, 1 repeat (added to facilitate
cloning in a spacer onto the same plasmid). We also constructed 14 plasmids containing the guide
RNA directed toward the unmodified sequences (Plasmid details ( PM-!T4Y): p15a origin, chlorR,
J23100 promoter, spacer targeting T4, 1 repeat).
For each of 24 genes, five cycles of MAGE were performed with the specific mutagenesis
oligo at a concentration of 1uM. CRISPR repeat-spacer plasmids carrying guides designed to
target the chosen sites, and were electroporated into each diversified pool after the last
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recombineering cycle. After 1 hour of recovery, both the SpCas9 and repeat-spacer plasmids were
selected for, and passaged in three parallel lineages for each of the 24 AGR codons for 144 hrs.
After 2 hours of selection, and at every 24 hour interval, samples were taken and the cells were
diluted 1/100 in selective media.
Each randomized population was amplified using PCR primers allowing for specific
amplification of strains incorporating the CRISPR-site modifications. The resulting triplicate
libraries for each AGR codon were then pooled and barcoded with P5-sol and P7-sol primers, and
run on a MiSeq 1x50. Data was analyzed using custom Matlab code, available on
https://github.com/churchlab/agr_recoding.
For each gene and each data point, reads were aligned to the reference genome and
frequencies of each codon were computed. In figure 5, the mRNA structure deviation (red line)
and RBS strength deviation (blue line) in arbitrary units were computed based as the product of
the frequencies and the corresponding deviation for each codon.

Supplemental Material

Supplemental Material for CHAPTER 2 can be found in Appendix A.
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Abstract
Recoding, the re-purposing of genetic codons, is a powerful strategy for enhancing
genomes with functions not commonly found in nature. Here, we report computational design,
synthesis, and progress toward assembly of a 3.97 MB, 57-codon Escherichia coli genome in
which all 62,214 instances of seven codons were replaced with synonymous alternatives across all
protein coding genes. We have validated 63% of recoded genes by individually testing 55
segments of 50-kb each. Importantly, 91% of tested essential genes retained functionality with
limited fitness effect. We demonstrate identification and correction of lethal design exceptions,
only 13 of which were found in 2229 genes. This work underscores the feasibility of rewriting
genomes and establishes a framework for large-scale design, assembly, troubleshooting and
phenotypic analysis of synthetic organisms.
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Main Text
The degeneracy of the canonical genetic code allows the same amino acid to be encoded
by multiple synonymous codons (1). While most organisms follow a common 64-codon template
for translation of cellular proteins, deviations from this universal code found in several
prokaryotic and eukaryotic genomes (2–6) have spurred the exploration of synthetic cells with
expanded genetic codes.
Whole-genome synonymous codon replacement provides a mechanism to construct unique
organisms exhibiting genetic isolation and enhanced biological functions. Once a codon is replaced
genome-wide and its cognate tRNA is eliminated, the genomically recoded organism (GRO) can
no longer translate the missing codon (7). Genetic isolation is achieved since DNA acquired from
viruses, plasmids and other cells would be improperly translated, rendering GROs insensitive to
infection and horizontal gene transfer (Appendix B figure S1).
In addition, proteins with novel chemical properties can be explored by reassigning
replaced codons to incorporate nonstandard amino acids (nsAAs) which function as chemical
handles for bioorthogonal reactivity and enable biocontainment of GROs (9–11). Building on
previous work that demonstrated single stop codon replacement (7), we set out to explore the
feasibility of multiple codon replacements genome-wide, with the aim of producing a virusresistant, biocontained bacterium for industrial applications.
We present computational design of an E. coli genome in which all 62,214 instances of
seven different codons (5.4% of all E. coli codons) have been synonymously replaced, and
experimental validation of 2.5 Mb (63%) of this synthetic genome (Figure 3.1). Once completely
assembled, the resulting strain (‘rE.coli-57’) would use only 57 of the canonical 64 codons
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(Appendix B figure S2). While several synthetic genomes have been previously reported (12–
19), a functionally altered genome of this scale has not yet been explored (Figure 3.1C).

Figure 3.1. A 57-codon E. coli genome. (A) The recoded genome was divided into 87
segments of ~50-kb. Codons AGA, AGG, AGC, AGU, UUA, UUG, UAG were computationally
replaced by synonymous alternatives (center). Other codons (e.g. UGC) remain unchanged.
Color-coded histograms represent the abundance of the seven forbidden codons in each segment.
(B) Codon frequencies in non-recoded (wt; E. coli MDS42) versus recoded (rc; rE.coli-57)
genome. Forbidden codons are colored. (C) The scale of DNA editing in genomes constructed by
de novo synthesis. Plot area represents DNA editing as the number of modified bp compared to
the parent genome. For the current work, dark gray represents percent of genome validated in
vivo at time of publication (63%). Wt, wild-type.
Previous work suggests that codon usage alterations can affect gene expression and
cellular fitness in multiple ways (20–26). However, parsing the individual impact of each codon
remains difficult. Moreover, the number of modifications required to replace all instances of seven
codons throughout the genome is far beyond the capabilities of current single-codon editing
strategies (7, 27). Although it is possible to simultaneously edit multiple alleles using MAGE (28)
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or Cas9 (29), these strategies would require extensive screening using numerous oligos and likely
introduce off-target mutations (30). With plummeting costs of DNA synthesis, financial barriers
for synthesizing entire genomes are greatly reduced, allowing for an almost unlimited number of
modifications independent of biological template. Here, we developed computational and
experimental tools to rapidly design and prototype synthetic organisms.

In choosing codons for replacement, UAG (Stop) was selected because it was previously
replaced genome-wide (7). AGG and AGA (Arg) are among the rarest codons in the genome,
minimizing the number of changes required. Other codons (AGC (Ser), AGU (Ser), UUG (Leu),
UUA (Leu)) were chosen such that their anticodon is not recognized as a tRNA identity element
by endogenous aminoacyl-tRNA synthetases. We also considered mischarging of newly introduced
aaRS/tRNA by endogenous aminoacyl-tRNA synthetases upon codon reassignment. Lastly, we
confirmed all chosen codons are recognized by a different tRNA than their synonymous codons, so
that both codons and cognate tRNA could be eliminated (Figure 3.1, Appendix B figure S2S3).
In order to minimize synthesis costs and improve genome stability, we based our 57codon genome on the reduced-genome E. coli MDS42 (31). Our computational tool automated
synonymous replacement of all forbidden codons occurrences in protein-coding genes while
satisfying biological and technical constraints (Appendix B figure S4-S5, Table S1).
Primarily, we preserved amino acid sequences of all coding genes, and adjusted DNA sequences to
meet synthesis requirements (e.g., removing restriction sites, normalizing regions of extreme GC
content and reducing repetitive sequences). Alternative codons were selected to minimize
disruption of biological motifs such as ribosome binding sites (RBS) and mRNA secondary
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structure (7, 30), and the relative codon usage was conserved in order to meet translational
demand (32, 33). If no acceptable synonymous codon was found, the constraints were relaxed
until an appropriate alternative was identified.
Forbidden codons were uniformly distributed throughout the genome, averaging ~17
codon changes per gene. Essential genes (34), which provide a stringent test for successful codon
replacement, contained ~6.3% of all forbidden codons (3,903 of 62,214). Altogether, the recoded
genome required a total of 148,955 changes to remove all instances of forbidden codons and adjust
the primary DNA sequence.

We parsed the recoded genome into 1256 synthesis-compatible overlapping fragments of
2-4-kb. These were used to construct 87 segments of ~50-kb each, which are convenient for yeast
assembly and shuttling. Notably, intermediate 50-kb segments are also easier to troubleshoot than
a full-size recoded genome or 3548 individual genes. Importantly, we estimated that each segment
would contain on average only ~1 potentially lethal recoding exception (7, 30, 35).
Carrying ~40 genes and ~3 essential genes, each segment was then individually tested for
recoded gene functionality (Appendix B figure S4). Each segment was assembled in S.
cerevisiae and electroporated directly into E. coli on a low copy plasmid. Subsequent deletion of
the corresponding chromosomal sequence provided a stringent test for recoded genes functionality
since errors in essential genes would be lethal (Figure 3.2).
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DisserFigure 3.2. Experimental strategy for recoded genome validation. (A) Pipeline
schematics: 1) computational design; 2) de novo synthesis of 2- to 4-kb overlapping recoded
fragments; 3) assembly of 50-kb segment (orange) in S. cerevisiae on a low copy plasmid; 4)
plasmid electroporation in E. coli (wt.seg - non-recoded chromosomal segment); 5) wt.seg is
replaced by kanamycin cassette (Kan) such that cell viability depends solely on recoded gene
expression; 6) λ-integrase-mediated recombination of attP and attB sequences (P- episomal, Bchromosomal); 6a,b) elimination of residual vectors (see (C)); 7) single-copy integrated recoded
segment. attL-attR sites shown in gray. Chromosomal deletions were performed in E. coli TOP10.
(B) PCR analysis of steps 4-7 (L- GeneRuler 1-kb plus ladder, C- TOP10 control). Numbers
correspond to schematics in (A). PCR primers shown in red. (C) Cas9-mediated vector
elimination: residual vector carrying recoded segment is targeted for digestion by Cas9 using attPspecific guide RNA (gRNA).
Thus far, we performed chromosomal deletions for 2229 recoded genes (55 segments),
accounting for 63% of the genome and 53% of essential genes (Appendix B figure S6,
Appendix B Table S4). Encouragingly, 99.5% of recoded genes were found to complement
wild-type without requiring any optimization. Moreover, the majority of chromosomally deleted
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strains exhibited limited fitness impairment (<10% doubling-time increase) (Fig 3.3A,
Appendix B figure S7).

Figure 3.3. Phenotypic analysis of recoded strains. (A) Recoded segments were episomally
expressed in the absence of corresponding wild-type genes. Doubling time shown relative to nonrecoded parent strain (35). (B) Localization of fitness impairment in segment 21. Chromosomal
genes (gray) were deleted to test for functional complementation by recoded genes (orange).
Decrease in doubling time was observed upon deletion of rpmF-accC operon. Essential genes are
framed. (C) Fine-tuning of rpmF-accC operon promoter resulted in increased gene expression and
decrease in doubling time (normalized counts represent mean scaled sequencing depth). Orange:
Initial promoter. Green: Improved promoter. (D) RNA-Seq analysis of 208 recoded genes (blue,
segments 21, 38, 44, 46, 70). Wild type gene expression shown in gray. Differentially expressed
recoded genes shown in red (absolute log2 fold-change >2, adjusted p-value <0.01). Fold-changes
represent the difference between expression of each gene in a given strain and the average
expression of the same gene in all other strains. Inset: P-value distribution of recoded genes.
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Severe fitness impairment (>1.5-fold increase) was observed in only two strains. The
causal genes were mapped by systematically removing wild-type genes, followed by measurement
of strain fitness (Figure 3.3B-C, Appendix B figure S8). We found fitness impairment in
segment 21 was caused by insufficient expression of the recoded fatty acid biosynthesis operon
rpmF-accC. Specifically, codon changes in upstream yceD gene were found to disrupt the operon
promoter. Fitness was improved when yceD codons were altered via MAGE to preserve the
overlapping promoter (Fig 3.3C) (35). In segment 84, analysis suggested three genes caused
impairment of fitness (Appendix B figure S8), including the recoded gene ytfP which contained
a large deletion. Finally, RNA-Seq analysis of 208 recoded genes suggested the majority of genes
exhibit limited change in transcription level (Figure 3.3D, Appendix B figure S9) (35), with
only 28 genes found to be significantly differentially expressed.
When a recoded segment failed to complement wild type genes, it was diagnosed by
making small chromosomal deletions. Notably, only 13 recoded essential genes (‘design
exceptions’) were found that failed to support cell viability due to synonymous codon
replacement. (Corresponding to 11 segments, Appendix B Table S4).
We chose gene accD as a test case to develop our troubleshooting pipeline for design
exceptions (Figure 3.4). First, RBS strength and mRNA folding were analyzed to pinpoint the
cause of expression disruption (22, 23, 26). We further used degenerate oligos to prototype viable
alternative codons (Appendix B figure S10). Based on these insights, a new recoded sequence
was computationally generated (Figure 3.4, Appendix B figure S11) and introduced into the
recoded segment via lambda Red recombineering. Viable clones were selected upon chromosomal
deletion (35).
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To further confirm adequate chromosomal expression, we integrated eleven recoded
segments into the chromosome. We used attP-specific Cas9-mediated DNA cleavage to ablate all
non-integrated plasmids, leaving a single recoded segment copy per cell. For all but one of 11
segments tested, a single copy was found to support cell viability (Appendix B figure S7).
Interestingly, we were unable to achieve a single copy of segment 32. Preliminary analysis
suggested impairment of the recoded pheMST operon (Appendix B figure S12).
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Figure 3.4. Troubleshooting lethal design exceptions. (A) Recoded segment 44 (orange)
did not support cell viability upon deletion of the corresponding chromosomal sequence (Chr∆seg44.0). The causative recoded gene accD was identified by successive chromosomal deletions
(Chr-∆seg44.1-4. ‘X’ – nonviable). Essential genes are framed. (B) λ-recombination was used to
exchange lethal accD sequence (accD.Initial, recoded codons in orange) with an alternative
recoded accD sequence (accD.Improved, alternative codons in blue). mRNA structure and RBS
motif strength were calculated for both sequences. Wt shown in gray. accD nuc- the first position
in each recoded codon. The resulting viable sequence (accD.Viable) carried codons from both
designs. Full sequences are provided in fig. S11. mRNA and RBS scores - ratio between
predicted mRNA folding energy (kcal/mol) (37) or predicted RBS strength (38) of recoded and
non-recoded codon.
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Finally, DNA sequence analysis was performed for all validated segments, exhibiting
some degree of in vivo mutations that are expected during strain engineering (Appendix B
Table S4). Nevertheless, the average mutation rate (1 in 5-kb per codon change) was 90-fold
lower than expected using DNA editing methods (7). Moreover, the infrequent occurrence of
reversions (25 instances in non-essential genes) speaks to the stability of the recoded genome.
It is well appreciated that without proper selection, substantial modifications to codon
usage and tRNA anticodons can lead to genome instability. This could be circumvented by
creating dependence on the recoded state, which also provides stringent biocontainment (9,36).
We previously developed a biocontained strain in which two essential genes, adk and tyrS, were
altered to depend on nsAAs (10). Here, we confirmed that 57-codon versions of adk and tyrS were
functional in vivo and that recoded and nsAA-dependent adk maintained fitness and provided
extremely low escape rates as previously reported (Appendix B figure S13). These results
suggest the final rEcoli-57 strain could support a similar biocontainment strategy.
As we continue toward creating a fully recoded organism, progress described herein
provides crucial insights into the challenges we may encounter. Importantly, rE.coli-57 genetic
code will remain unchanged until both codons and respective tRNAs and release factors are
removed (e.g. tRNAs genes argU, argW, serV, leuX, leuZ, release factor prfA). Only then could it
be tested for novel properties and introduced with up to 4 orthogonal nsAAs.
Taken together, our results demonstrate the feasibility of radically changing the genetic
code and the tractability of large-scale synthetic genome construction. A hierarchical, in vivo
validation approach supported by robust design software brings the estimated total cost of
constructing rEcoli-57 to ~$1M (Appendix B Table S5). Once complete, a genetically isolated
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rEcoli-57 will offer a unique chassis with expanded synthetic functionality broadly applicable for
biotechnology.
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Materials and Methods

Computational Genome Design Procedure and Design Rules
We created a software tool for genome-wide codon replacement in a prokaryotic genome.
While existing software enables codon optimization of individual genes and operons as well as
introduction of manual genome changes (32, 39), no tool currently exists that can perform
genome-wide recoding in an automated fashion.
Several challenges arise when choosing synonymous codons to replace ‘forbidden’ codons.
First, to ensure biological viability, it is important to maintain the fundamental features of the
parent genome, such as GC content and regulatory elements encoded by the primary nucleotide
sequence. Additionally, when forbidden codons fall in overlapping gene regions, these overlaps
must be carefully split in a manner that avoids introducing non-synonymous mutations or
disrupting regulatory features. Finally, the computational design scheme must be compatible with
the experimental tools being used for genome construction.
To address these needs, we developed a rule-based architecture for genome recoding
software, where user-specified rules, encoded in software, serve as constraints that the software
must navigate in finding suitable synonymous codon replacements. The set of rules implemented
for the rE.coli-57 genome design is described in Appendix B Table S1. Notably, while the
implementation described below was customized for this project, the software was written in a
modular manner so that it can be extended to more general applications.
The recoding software requires two major inputs (Appendix B figure S4): 1) a genome
template, in the form of an annotated Genbank file. In the current work, the template was E. coli
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MDS42 genome (GenBank: AP012306.1). 2) A list of codons to be synonymously replaced
throughout the genome, termed “forbidden codons”. Here we replaced seven codons: AGA, AGG,
AGC, AGU, UUG, UUA and UAG. The software then automatically replaces all instances of
forbidden codons, choosing synonymous codons that allow the resulting sequence to best adhere
to biological and technical rules described below. The output is a Genbank file of the final genome
design (Appendix B Data File S1).
The rules guiding the design of rE.coli-57 can be divided into two major categories: 1)
Preserving biologically relevant motifs and 2) Satisfying synthesis and experimental constraints.
Beyond these rules, the software allows users to provide a list of manually-specified
modifications. These might be solutions from empirical validation, or special cases for which we
have not yet implemented generalizable rules. These are listed under ‘miscellaneous design notes’
below. Genome annotations, as shown in the Genbank file, are noted in Appendix B Table S1.
The automated computational design pipeline carries out the following steps (Appendix B
figure S4):

1. Apply forbidden codon replacement in all instances of gene overlaps,
considering biological constraints.
2. Apply

remaining

forbidden

codon

replacement

in

each

gene

independently, considering biological constraints. See discussion of graph
search-based codon selection below.
3. Apply technical rules considering synthesis and assembly constraints.
Modifications are made to satisfy DNA vendor constraints, such as removal of
specific restriction enzyme sites and homopolymer sequences, and balancing of GC
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content. When multiple alternatives exist (e.g. synonymous codon swaps to remove
restriction enzyme site), we chose the alternative that best satisfies design rules
(minimal biological motif disruption).
4. Partition the genome into ~50-kb segments, then partition each segment
into 2 – 4-kb synthesis units. This final step generates the individual fragments
for de novo DNA synthesis.

Graph search-based codon replacement algorithm
For each of the codons we aim to replace, there are multiple choices for synonymous
codon substitutions (See for example Figure 1). The ideal design would be minimally disruptive
with respect to design rules that quantify deviation from the wild-type sequence (e.g. secondary
structure, GC content, RBS motif strength). However, an exhaustive comparison of all possible
codon modifications is computationally expensive, making iteration slow. Even if each gene were
to be handled separately there are about ~17 forbidden codons per gene, and 4 synonymous swaps
per count, resulting in 417 possible sequences to evaluate per gene. Thus, the algorithm seeks to
find a solution that respects each rule within a threshold, rather than seeking a global minimum.
To find a satisfactory solution, the genome-recoding problem is represented as a graph which is
traversed using an algorithm based on depth first search. Nodes in the graph represent a unique
alternative gene sequence. Sibling nodes in the graph differ in the value of a specific codon.
Children of a node are all possible changes to the next downstream codon. Each node is assigned
a score corresponding to each of the rules GC content, secondary structure, and codon rarity
deviation. Each score is a quantitative measure of deviation away from wild-type sequence in the
respective score profile for a 40 base pair window centered at that codon. As long as all scores are
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below the thresholds for their respective profiles, a node will be expanded and pursued. If all
nodes at a level violate the threshold, the algorithm backtracks to an earlier node and chooses a
different branch. If the algorithm cannot find a solution for a particular gene, the threshold
constraints are loosened and the search is restarted. This algorithm ensures that the selected
changes minimize disruption of biologically important motifs. A variant of the same algorithm is
applied at each stage of the pipeline including forbidden codons, replacements and adjustments
for DNA synthesis requirements.

Miscellaneous notes regarding computational genome design
●

The UUG codon, which encodes leucine using tRNALeu was chosen as one of the
seven codons for replacement throughout protein coding genes. However, when the
same codon (UUG) occurs as a translational start codon, it is decoded by tRNAfMet,
and does not need to be replaced. We chose not to replace these start codons so as
to minimize perturbation of gene expression level.

●

For AGR codons in essential genes, we designated manual substitutions.

●

We manually recoded codons overlapping selenocysteine insertion sequence (SECIS)
sites in the following genes: fdhF, fdnG, and fdoG.

Computational updates to resolve design exceptions
Each design exception was identified and characterized as shown in Figure 3.4. In order to
computationally redesign lethal recoded genes, we updated our algorithm in two specific ways: 1)
we refined scoring of mRNA secondary structure and 2) we added a new rule that conserves
predicted internal ribosome pausing motif strengths. These updates to the algorithm were based
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both on MAGE experiments (Appendix B figure S10) as well as results from other recoding
work in our lab.
Specifically, the initial design used mRNA secondary structure score calculated based on a
sliding window of 40 bp around the codon of interest. This simplified heuristic did not take into
account the increased importance of mRNA secondary structure near the RBS and start codon of
the gene (20, 23, 40). We thus updated our algorithm to score mRNA secondary structure as a
skewed interval that is -30 to +100 nucleotides relative to the codon of interest. Notably, for
codons in the first 100 nucleotides we center the window at the start of the gene.
The second update (conserving predicted strength of internal ribosome pausing motifs) is
based on observations suggesting that internal Shine-Delgarno motifs are a significant driver of
translation dynamics (41). In the initial genome design, we did not take into account potential
disruption or unintended introduction of ribosome pausing motifs. In order to improve our codon
selection algorithm, we treated each codon as putatively being part of a ribosomal pausing motif.
Specifically, an AUG start codon was computationally inserted 10 bases after the codon of
interest to simulate an RBS and generate an expression score (a proxy for motif strength). To
calculate the RBS score, we use the ribosome binding site calculator (38). We then compare the
relative change in predicted expression between wild-type and recoded sequence to generate the
final RBS score.

Troubleshooting strategy

Estimated number of design exceptions based on previous recoding studies
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We previously demonstrated that MAGE could be used to successfully replace all instances
of UAG stop codon in the E. coli genome (7, 27, 28). In a separate study, we removed 13 codons
across all essential ribosomal genes (30) and found 0.25% of codons (1 of 405) could not be
changed to the designed replacement.
The current work is a much larger scale recoding endeavor, requiring 62,214 codon changes
to replace the seven forbidden codons across all protein codon genes. Additional changes were
required, including splitting gene overlaps and satisfying synthesis constraints such as removing
restriction enzyme sites and updating GC content. Therefore, previous studies can only be used as
a proxy of the expected error rate based mostly on essential genes. Considering results from
previous studies, and based on the number of essential genes in our genome (~10% of all genes),
we estimated approximately ~60 lethal design exceptions genome-wide ((62,214 replaced codons)
X ( ~10% in essential genes) X (~1% design exceptions}), and thus <1 design exception per 50-kb
segment (~60 lethal design exceptions / 87 segments). The empirical results reported herein for
55 recoded segments are consistent with this estimate.

Localization of lethal recoded genes
A recoded gene was defined as lethal when its wild-type counterpart could not be deleted
from the E. coli chromosome. This suggests the expression of the gene has been disrupted by
recoding, rendering it incapable of complementing the absence of the wild-type gene. We located
lethal genes by iteratively deleting each chromosomal gene corresponding to the recoded segment
using lambda-red recombineering (Figure 4). Most recoded genes (as are wild-type genes) are
not essential, and do not cause lethality if they are mis-expressed. Essential genes, however, will
cause cell death if they are not properly expressed. Once located, a lethal recoded gene is
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addressed using the troubleshooting pipeline below in order to locate the cause of lethality and
identify alternative codons.
First, the gene was Sanger-sequenced with allele-specific primers which prime only on the
recoded, not the wild-type sequence. Then, sequencing results were analyzed to decide on one of
two troubleshooting routes:
1) Sequencing revealed a mutation causing lethality. Specifically, these refer to mutations
that are not included in the computational genome design. See below “Investigation of non-design
mutations”.
2) No mutations were identified in the recoded sequence. Specifically, the desired recoding is
in place but seem to cause lethality. Troubleshooting is then performed as described below for
“Investigation of design exceptions”.
Overall, we found 23 fatal errors in 23 genes (over 17 segments). Thirteen of those were
design exceptions and ten originated from DNA synthesis. All lethal errors are detailed in
Appendix B Table S4.

(1) Investigation of non-design mutations
1.a. Lethal mutations: We found 10 non-design lethal mutations. In six of ten lethal cases,
small deletions were identified. We used oligonucleotide-recombination MAGE

(28) to repair

these directly in the recoded segment vector in E. coli. In four cases (segments 6,75,76,81), large
deletions (>400bp) were observed. These were traced back to synthesis of the DNA fragments.
The missing DNA was reordered and the segment was re-assembled.
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1.b. Non-lethal mutations: we performed next generation sequencing for a representative
number of the synthetic DNA fragments received from our vendors as well as a larger set of the
fully assembled segments.
650-kb of synthesized DNA, corresponding to 13 segments (13 segments * 50-kb each) were
sequenced to assess mutation rate of de novo DNA synthesis. We found the average number of
synthesis-related errors to be 11.7 per 50-kb segment ranging between 1 and 36 mutations per
segment (~1 error per 4.3-kb, detailed in Appendix B Table S4 “Number of Mutations in
Synthesis Fragments”).
In addition, 2 Mb of assembled recoded DNA corresponding to 44 segments (44 segments *
~50-kb each) were sequenced after chromosomal deletion to assess in vivo mutation rate in E.
coli. We found the average number of mutations to be 9.7 per 50-kb segment ranging from 0 to
23 mutations per segment (1 in 5-kb, detailed in Appendix B Table S4 “Number of Mutations
in E. coli After Chromosomal Deletion”). We also found 2 small insertions and deletions
(<100bp) and <1 large deletions (>100bp) on average per segment. For 2 segments (segment 31,
37) we observed 2-kb of non recoded DNA, corresponding to 26 and 10 wild-type codons,
respectively.
Analysis of 200-kb of recoded DNA (corresponding to 4 segments) which were fully
sequenced before and after assembly suggests varying degrees of in vivo accumulation of
mutations (see segments 25, 28, 33, 74 in Appendix B Table S4).
Previous large-scale efforts using MAGE have revealed a ratio of ~1 error per 1 change (7),
equivalent to more than 900 changes per 50-kb segment. However, in our pipeline, only 10 errors
were found in each segment on average, 90-fold fewer mutations per change than expected using
MAGE editing. In addition, laborious and extensive screening would be required to introduce all
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intended changes into a single strain using MAGE, using an amount of oligo DNA (2.7 MB)
similar to that used for synthesis of the entire genome. We address only mutations that are lethal
or significantly impair fitness. Small mutations originating from errors in DNA synthesis or
assembly were addressed using either lambda Red recombineering (deletions <25bp) or resynthesis. Other non-lethal and silent mutations could be corrected in the final strain using
MAGE. Reversions, silent mutations and wild-type synthesis fragments will be corrected in the
final strain using oligo-based recombineering.

(2) Investigation of design exceptions
Overall, we observed 13 design exceptions in 13 different genes (10 different segments) listed
in Appendix B Table S4.

Exploration of alternative codons using MAGE - In case Sanger sequencing yielded no clear
source of error in the target gene compared to our computational design (i.e. no synthesis errors),
the lethality of the recoded gene was assumed to originate in one of the recoded codons.
Appendix B Figure S10 (gene accD, segment 44) illustrates our troubleshooting strategy.
First, we performed MAGE in a naïve strain (EcM2.1(42)) using degenerate oligos to identify new
non-forbidden solutions for all deleterious codons. These oligos were designed as 90-mer MAGE
oligos (28) but included 3 degenerate base-pairs (A,T,C or G) at each recoded codon positions.
We specifically targeted codons toward the 5’ end of the gene due to their prevalent role in gene
expression (22, 23, 26). Multiple oligos were ordered to target all codons in the first 100 bp of the
accD gene. After 3 cycles of MAGE, cells were plated on permissive media (~103 cells). 96 clones
were picked and screened using mAscPCR primers (see below for experimental methods)
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targeting the wild-type sequence. Clones showing no wild-type PCR amplification bands (~10)
were Sanger-sequenced. We then used our computational software to calculate predicated mRNA
folding energy and RBS strength of the resulting viable sequences, in order to gain insight into
codon choice rules.

Introduction of improved recoded genes – We computationally designed new recoded
sequences for all lethal genes with design exceptions (see “Computational updates to resolve
design exceptions”). Improved recoded accD sequence was introduced to replace the lethal accD
sequence by multiple λ-recombineering cycles (see Figure 4, and Methods under ‘Plasmid
transformation, Lambda Red Recombinations, MAGE’). The new cassette was synthesized as a
gBlock© by IDT; 100 ng of double-stranded DNA were used at each transformation cycle. After 3
cycles of lambda Red recombineering, we attempted deletion of the non-recoded accD gene on the
chromosome using a kanamycin cassette. We recovered 2 colonies, which were analyzed by both
mAsPCR (testing for the presence of recoded and non-recoded genes) and PCR of the
chromosomal region (to confirm integration of Kan cassette and deletion of non-recoded accD).
Lastly, the viable recoded accD gene was Sanger-sequenced (see sequence accD.viable Appendix
B figure S11). Interestingly, all viable clones were found to carry a specific accD sequence of
that had the N-terminal end of the improved design and the C-terminal end of the initial (lethal)
design, underscoring the significance of N-terminal optimization for successful synonymous codon
replacement (20, 23). Such recombination events, which are expected due to the high degree of
homology between the two gene versions, effectively shuffle the sequences and increase the search
space of viable recoded codons.
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DNA synthesis
DNA was synthesized by industrial partners Gen9 (Cambridge, MA), SGI-DNA (La Jolla,
CA), Twist Biosciences (San Francisco, CA), Genewiz (Cambridge, MA), and IDT DNA
technologies (Coralville, IA). The synthesis pipeline was developed primarily with the aim of
reducing synthesis cost and turnaround time, considering constraints of synthesis error rate and
QC. Gen9 synthesized the majority of DNA for this work, providing 3,960-kb as fragments
ranging in size from1.2 - 4.2-kb. Additional synthesis was provided by Twist Biosciences (30-kb in
fragments ranging 1.4 - 2.0-kb) IDT (27-kb in fragments ranging 1.0 - 1.7-kb), and Genewiz (26
kb in fragments ranging 12.4 - 3.0-kb). The project costs are detailed in Appendix B Table S5.
An additional 328-kb (SGI-DNA), 36-kb (Twist), and 6-kb (Gen9) were synthesized, but were not
used in the final genome segment syntheses.

PCR amplification of synthetic DNA
All synthetic DNA was PCR amplified and purified prior to assembly. 30µL of PCR
reaction was prepared as follows; 1µL of diluted template DNA (1µL synthetic template DNA
(synDNA) ranging 1 to 5ng/µL, diluted in 9µL TE buffer), 2µL of primer mix (10µM each
primer, mixed in 50µL of TE buffer), 15µL of 2xSeqAmp DNA polymerase (Clontech
Laboratories, Inc., Moutain View, CA), and 15µL of PCR grade water. PCR cycles: 95˚C - 1
minute, 98˚C - 10 seconds, 60˚C - 15 seconds, 68˚C - 2 minutes, 35 cycles. 1% agarose gel was
used to analyze 1µL of PCR product. Optimization of unsuccessful PCR was done using 2x
KAPA-HiFi DNA polymerase (Kapa Biosystems, Wilmington, MA). 30µL of PCR reaction was
as follows; 1µL of diluted template DNA (as above), 2µL of primer mix (as above), 15µL of 2x
KAPA-HiFi, and 12µL of PCR grade water. PCR cycles: 95˚C - 1 minute, 98˚C - 20 seconds,

88

60˚C - 15 seconds, 72˚C - 2 minutes, for 30 or 35 cycles. PCR products were gel purified using
2% E-gel Ex (Thermo Fisher Scientific Inc., Waltham, MA).

Segment assembly in S. cerevisiae
For segment assembly we used GeneArt High-Order Genetic Assembly System (Life
Technologies, Carlsbad, CA) with modifications. The vector pYES1L was modified to include
restriction sites EcoRI and BamHI used for linearization, and a S. cerevisiae uracil selective
marker was added to the vector backbone (termed ‘pYES1L-URA’). Vector digestion was
performed with both enzymes as follows: 5 hours at 37˚C, followed by 20 minutes enzyme
inactivation at 65˚C and 30 minute End Repair Module (New Englands Biolabs, Ipswich, MA)
treatment at 20˚C. Linear vector was purified with a Zymo DNA Clean & Concentrator (Zymo
Research, Irvine, CA) and size verified on DNA gel prior to use. Amplified synthetic fragment
(400 ng of each) were mixed and purified for each assembly reaction (10-15 fragments used for
each assembly), then added with 100 ng of purified linear vector pYES1L-URA. Vector/fragment
DNA mix was concentrated using SAVANT DNA 120 SpeedVac concentrator (Thermo Fisher
Scientific Inc.) to ~10µL in volume.
Transformation of MaV203 competent cells was performed according to manufacturer
instructions. Cells were plated on CM glucose media without tryptophan and incubated at 30˚C
for 3 days. Colony PCR was used to screen for segment assembly; yeast colony was lysed in 15 µL
of 0.02 M NaOH, boiled for 5 minutes at 95˚C and kept on ice for 5 minutes, followed by
dilution with 40 µL ddH2O. 1.5 µL of the mix was used as template for multiplex PCR using
KAPA2G multiplex polymerase (KAPA Biosystems) and the following PCR conditions: 98˚C - 5
minute, 98˚C - 30 seconds, 62˚C - 30 seconds, 72˚C - 30 seconds, 72˚C - 5 minutes (32 cycles).
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Only colonies showing positive PCR were used. For E. coli transformation, cells were lysed in 15
µL 0.02 M NaOH, vortexed with glass beads for 5 minutes and placed on ice. 1.5 µL of the lysis
mix was added to electrocompetent TOP10 cells (Thermo Fisher Scientific Inc.), immediately
electroporated (1.8 kV, 25 µFarads, 200 Ω), and recovered for 1 hour at 37˚C before plating on
spectinomycin selective plates.

E. coli Methods

Strains & Culture
TOP10 electrocompetent E. coli (Thermo Fisher Scientific Inc.) were used for the entire
process

for all segments except segments 19,22,23,43,44,47 that were performed in BW38028

(50). We chose to use readily available TOP10 cells for segment validation, since the recoded
genes introduce novel functionality such that their validation is not limited to any one parental
strain.
EcM2.1 naïve strains were used for troubleshooting (EcM2.1 is a strain optimized for MAGE
-

Escherichia

coli

MG1655

mutS_mut dnaG_Q576A

exoX_mut xonA_mut xseA_mut

1255700::tolQRA Δ(ybhB-bioAB)::(λcI857 N(cro-ea59)::tetR-bla)) (42).
Liquid culture medium consisted of the Lennox formulation of Lysogeny broth (LBL; 1%
w/v bacto tryptone, 0.5% w/v yeast extract, 0.5% w/v sodium chloride) with appropriate
selective agents: spectinomycin (95 µg/mL), chloramphenicol (50 µg/mL), kanamycin (30
µg/mL), carbenicillin (50 µg/mL), zeocin (10 µg/mL). Solid culture medium consisted of LBL
autoclaved with 1.5% w/v Bacto agar (Thermo Fisher Scientific Inc.), containing the same
concentrations of antibiotics as necessary.
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Plasmid transformation, Lambda Red Recombinations, MAGE.
TOP10 and BW38028 (50) cells transformed with pYES1L-URA plasmid were the subject of
all pipeline strain engineering. The average copy number for recoded segment on vector pYES1LURA was found to be 1.8 plasmids/genome.
Knockout of the homologous chromosomal non-recoded segment sequence is achieved by
lambda Red recombineering specifically targeted to the genomic locus. 50 bp homology arms of
the kanamycin cassette deletion are targeted to both sides of the genomic segment, which are
different in sequence than the two sides of the plasmid carrying recoded segment. Therefore, the
cassette specifically replaces the genomic segment.
All cells were transformed with pKD78 plasmid (51) to introduce the lambda Red
recombineering machinery. Recombinase expression was induced for 2hrs in Arabinose (2ug/ml)
followed by DNA transformation, using either double-stranded PCR products or MAGE
oligonucleotides. Notably, all kanamycin cassette deletions were performed with 100 ng doublestranded PCR products. Each recombination was paired with a negative control (deionized water)
to monitor kanamycin selection performance. Other recombineering experiments were carried out
as described previously (28), and total oligo pool was adjusted to a maximum of 5 µM. After 3hrs
of recovery at 34˚C, the cells were plated in permissive media (for MAGE) or selective media
(e.g. kanamycin) and incubated overnight at 34˚C. The amount of cells plated was ~103 for
MAGE experiments, ~107 for plasmid transformations and ~108 for kanamycin cassette deletions.
Resulting strains were then subjected to verification by PCR.

Oligonucleotides, Polymerase Chain Reaction
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A complete table of PCR oligonucleotides and primers can be found in Appendix B Table
S2 and Appendix B Table S3. PCR products used in recombination or for Sanger sequencing
were amplified with Kapa 2G Fast polymerase according to manufacturer’s standard protocols.
Multiplex allele-specific PCR (mascPCR) was used for multiplexed genotyping using the
KAPA2G Fast Multiplex PCR Kit, according to previous methods (27). Primers for mascPCR
were designed using an automated software specially built for this purpose. Sanger sequencing
reactions were carried out through a third party (Genewiz). mascPCR screening was performed
after the pKD78 transformation, kanamycin deletion, attP-zeocin insertion and λ-Integration
steps.

Genome integration of recoded segments
We used λ-integrase for integration of recoded segment plasmid into the E. coli genome
(52). The lambda phage attP site (253bp) was fused to the zeocin resistance marker using
isothermal assembly. This cassette was then introduced on the vector by lambda-red
recombineering. After recombination, cells were plated on selective media (107 cells) and zeocinresistant cells were screened by PCR and mAsPCR. The λ-integrase plasmid (52) was then
transformed into these cells. After transformation, cells were plated on selective media
(Carbenicillin, 107 cells) and Carbenicillin-resistant cells were retrieved. Then, λ-integrase
expression was heat-induced for 6 hours at 42˚C, and cells were plated on spectinomycin and
kanamycin plates for screening.” PCR screening was performed using attP and attB specific
primers (attB-seq-f: CAG GGA TGC AAA ATA GTG TTG AG; attB-seq-r:GA GAA GTC CGC
GTG

AGG;

attP-f:

GCGCTAATGCTCTGTTACAG;

attP-r:
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GAAATCAAATAATGATTTTATTTTGACTGA) as well as allele-specific primers (Table S3)
to identify clones with correct plasmid integration.

Cas9-induced vector elimination
Once integrated, further validation step was taken to ensure no additional copies of the
recoded segments remain in the cell. Before chromosomal integration, all recoded segment
plasmids contain an attP site for λ-integration. Since λ-integration modifies the attP sequence
upon genome integration into attB site, only non-integrated plasmids carry intact attP sequence.
We eliminated residual copies of the plasmid using attP-specific Cas9-targeting (Figure 2C)
(29), such that SpCas9 protein induces double stranded breaks in all episomal (non-integrated)
segment plasmids. Linearized remaining plasmids are then digested, and the resulting strains are
plasmid-free.
Specifically, we constructed a plasmid containing the SpCas9 protein gene as well as a
tracrRNA and a guide RNA directed toward the unmodified attP sequence (Plasmid details (DSSPcas, Addgene plasmid 48645): cloDF13 origin, carb, proC promoter, SPcas9, tracrRNA (with
native promoter and terminator), J23100 promoter, 1 repeat (added to facilitate cloning in a
spacer onto the same plasmid). The guide RNA sequence cloned in the spacer is:
TCAGCTTTTTTATACTAAGT. Plasmid was transformed and cells were plated 3hrs after
transformation for growth at 37°C under selection for SpCas9 plasmid (carbenicillin) (~107 cells).
Resulting cells were PCR-verified for loss of all attP sequence. We confirmed presence of the
integrated vector carrying recoded segment by mAsPCR.

Fitness measurements
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Strain doubling time was calculated as previously described (7). Briefly, cultures were grown
in flat-bottom 96-well plates (150 µL LBL, 34°C, 300 r.p.m.). Kinetic growth (OD600) was
monitored on a Biotek Eon Microplate reader with orbital shaking at 365 cpm at 34°C overnight
and at 5-min intervals. Doubling times were calculated by t= ∆t X ln(2)/m, where ∆t=5 min per
time point and m is the maximum slope of ln(OD600) calculated by linear regression of a sliding
window of 5 contiguous time points (20 min intervals). Analysis was performed using a Matlab®
script (Mathworks, Natick, MA).
The average change decrease in fitness observed for all 44 segments is 15% relative to the
parental non-recoded strain fitness. 75% of segments (33 segments) were observed to have < 20%
decrease in fitness relative to wild-type, and only 4% of segments (2 segments) were observed to
have more than 50% decrease in fitness (segments 21, 84), which we refer to as ‘substantial
decrease’. The average doubling time of TOP10 and BW38028 used in this study is 68 and 45
minutes, respectively.

Investigation of severe fitness impairment
A fitness impairing recoded gene was defined when deletion of the gene resulted in a reduced
doubling time relative to the parent. This suggests the recoded gene was not well expressed. We
located impaired genes by gradually deleting each chromosomal gene using lambda Red
recombineering and by measuring doubling times after each deletion (Figure 3, Appendix B
S8). Once located, a fitness impairing recoded gene is addressed using our troubleshooting
pipeline.
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First, the gene was Sanger-sequenced with allele-specific primers which prime only on the
recoded, not the wild type sequence. Sequencing results were analyzed to decide on one of two
troubleshooting routes:
1) Sequencing revealed a mutation causing fitness impairment. Specifically, these refer to
mutations that are not included in the computational genome design. See “Investigation of nondesign mutations”. Those mutations were fixed using MAGE.
2) No mutations were identified in the sequence compared to computational design. The
fitness impairment of the recoded gene was assumed to originate in the recoded codons.
Figure 3B-C (segment 21) illustrates our troubleshooting strategy. We identified potential
deleterious codons in both the fitness-impairing gene (fabH) and in the promoter of the entire
operon (3 recoded codons located in upstream gene yceD). We performed MAGE (28) in a naïve
strain (EcM2.1 (42)) with oligos corresponding to the original recoded scheme to find fitness
impairing codons. After 3 cycles of MAGE, cells were plated on permissive media (~103 cells). 96
clones were screened with mascPCR primers targeting the wild-type sequence. The doubling time
of clones having incorporated recoded codons was measured (~20). No significant fitness
impairment was observed for codons changed in gene fabH. Thus, the original design changes in
the promoter were identified as the troublesome change. We performed MAGE in a naïve strain
using degenerate MAGE oligos. After 3 cycles of MAGE, cells were plated on permissive media
(103 cells). We were able to identify an alternative recoded design without any forbidden codons.

Biocontainment assay
The most effective biocontainment strategy involving recoded organisms (10) uses 3 genes
that are redesigned to accommodate a non-standard-amino-acid: the tyrosyl-tRNA-synthetase
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(tyrS), the adenylate kinase (adk) and the biphenylalanyl-tRNA syntethase (bipARS).
Confirmation that those redesigned genes are compatible with our recoding strategy is critical for
assaying the biocontainment potential of the recoded strain.
The bipARS gene does not contain any of the seven forbidden codon and thus considered
compatible and can be integrated into the recoded strain. The gene adk, which contains only 1
forbidden codon and 2 additional adjustment mutations, was recoded in the current study and
further validated in a bio-contained strain. The gene tyrS, which contains multiple forbidden
codons, was recoded successfully in the current study, but the recoded tyrS was not yet tested in
the biocontainment strategy.
Strains used in this study have the following background: All strains were based on EcNR2
(Escherichia coli MG1655 ΔmutS::cat Δ(ybhBbioAB)::(λcI857 N(cro-ea59)::tetR-bla)). Strains
C321

(strain

48999

(www.addgene.org/48999))

and

C321.ΔA

(strain

48998

(www.addgene.org/48998)) are available from Addgene (Cambridge, MA). C321.ΔA.adk_d6 and
C321.∆A.adk.d6_tyrS.d8_bipARS.d7 are based on (10).
Using MAGE, the 3 codon changes in adk were included in the biocontained strain
C321.∆A.adk.d6 (escape rate around 10-6) and adk.d6_tyrS.d8_bipARS.d7 (most biocontained
strain with escape rate <10-12). Fitness of the resulting strains (C321.∆A.adk.d6.rc and
C321.∆A.adk.d6.rc_tyrS.d8_bipARS.d7) was evaluated as presented above. Escape frequencies
were measured as previously described (10). Briefly, all strains were grown in permissive
conditions and harvested in late exponential phase. Cells were washed twice in LBL and
resuspended in LBL. Viable cfu was calculated from the mean and standard error of the mean
(s.e.m.) of three technical replicates of tenfold serial dilutions on permissive media. Three
technical replicates were plated on non-permissive media and monitored for 7 days (~107 cells).
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We used two different non-permissive media conditions: SC, LBL with SDS and chloramphenicol;
and SCA, LBL with SDS, chloramphenicol and 0.2% arabinose.

DNA and RNA Sequencing Methods
Genome sequencing: Bacterial genomic DNA was purified from 1 mL overnight cultures
using the Illustra Bacteria GenomicPrep Spin Kit (General Electrics, Fairfield, CT), and libraries
were constructed using the Nextera DNA library Prep (Illumina, Dedham, MA), or the NebNext
library prep (New England Biolabs). Libraries were sequenced using a MiSeq instrument
(Illumina) with PE250 V2 kits (Illumina).

SNP calling: We used two different pipelines to analyze genomes. Breseq (53) which
supports haploid genome analysis, was used for SNP and short indels calling for strains with only
one version of the segment (i.e. recoded or non-recoded wild-type). Breseq was used with default
parameters.

RNAseq methods: RNA was prepared from strains carrying an episomal copy of the recoded
segment and deletion of the chromosomal segment. RNA was stabilized using RNAprotect
(QIAGEN, Hilden, Germany), and extracted with miRNeasy kit (QIAGEN). rRNA content was
reduced using riboZero rRNA Removal Kit (Illumina). RNAseq libraries were constructed using
the Truseq Stranded mRNA Library Kit (Illumina). Libraries were sequenced using a MiSeq
instrument (Illumina) with PE150 V2 kits (Illumina).
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RNAseq analysis: FASTQ files obtained from RNAseq experiments were mapped using
BWA (54) using default parameters, and processed (indexing, sorting) using SAMTOOLs (55) to
generate a bam file for each sample. Custom R scripting was used to analyze the data. The
library GenomicFeatures (Bioconductor) was used to associate reads to genes, and the
Bioconductor library DESeq (56) was used to perform differential expression analysis. Genes with
an absolute log2 fold change higher than 2, and adjusted p-value smaller than 0.01 were classified
as differentially expressed genes. Specifically, partially recoded strains and TOP10 control were
individually analyzed by RNA-Seq. We then compared the expression of each gene using DESeq2
(56) in each sample (recoded or non recoded) to the expression of the same gene in every other
sample (5 independent segments) to get a representative range of gene expression across all
samples. For example, expression level for gene folC in segment 44 was measured in recoded
segment 44 (only recoded copy), in TOP10 (only wild-type copy) and in all other partially
recoded strains (where segment 44 is not recoded, e.g. only wild-type copy of gene folC). Only 28
genes were found to be significantly differentially expressed (27 overexpressed, 1 underexpressed,
>2-fold change, p<0.01). We hypothesized the higher proportion of overexpressed genes is
associated with episomal expression.

Supplemental Material

Supplemental Material for CHAPTER 3 can be found in Appendix B.
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wide-use of nonstandard amino acids in
genomically recoded organisms
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Abstract
Nonstandard amino acids (NSAAs) offer the promise of numerous applications in
industry and medicine. In particular, their incorporation in genomically recoded organisms (GRO)
has potential for expanding biological function with orthogonal chemistry, reporters or novel
activities. As recoded organisms are deployed in research laboratories and eventually in real-life
application, their containment is of primary concern. Here, we demonstrate a method to construct
safe genetically isolated genes that function uniquely within GROs and have limited escape into
the wild. Such genes are also designed so as to accommodate multiple NSAAs to increase their
use to various contexts. We applied this method to antibiotic resistance and dual-selectable
markers and demonstrate that these safe recoded genes are genetically isolated. Additionally we
used the resulting engineered genes to measure crosstalk between NSAAs and evolved tRNAsynthetase. Last, we applied these methods to a bioremediation enzyme and explore new
containment strategies for wide-use of GROs.
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Main text
Genetically modified organisms have tremendous potential for revolutionizing medicine,
bioproduction, bioremediation and energy production (1–4). A powerful approach to expanding
biological function is by incorporating nonstandard amino acids (NSAA) into some proteins so as
to broaden the space for orthogonal chemistry and offer new materials or improved proteins (5–
7). For instance, NSAAs can function as reporters, mimetics for natural posttranslational
modifications, photoresponsive elements, biophysical probes, chemical handles for bioconjugation,
and substrates for novel activities such as chelation or redox (8, 9). However, due to the near
universality of the 64-codon code among natural organisms (10), in-vivo expression of NSAA into
protein is challenging in regular chassis organisms: indeed NSAAs compete with natural amino
acids and over-expression of heterologous tRNA-synthetases to improve their incorporation can
have deleterious effects on strain fitness (11). Codon replacement or recoding is a powerful
solution for generation of synthetic organisms with radical changes to their genetic code and
ability to incorporate a wide-set of NSAAs (12–14).
However, the rapid spread of genetically modified organisms has generated scientific and
general public concern about their safety (15). Numerous containment strategies have been
developed in the past years, including toxin/antitoxin switches (16), auxotrophies (17) or
combination of both systems (18). However, all these strategies suffer from pressure from selective
systems and the possibilities for scavenging of the essential metabolites. Recently, using
genomically recoded organisms (GROs), several groups have developed more effective
containment methods by rendering organisms dependent on nonstandard amino acids (NSAAs),
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thus abolishing the possibilities for metabolite scavenging and lowering escape possibilities by
mutations (19, 20).
Although containment of the organism itself is a critical first step, horizontal gene
transfer (21) and/or inadvertent release of recoded DNA can still occur and result in propagation
of functional genes into the wild. Importantly also, as more GROs are deployed, such as for
bioremediation or for bioproduction in mammalian system, potential for horizontal gene transfer
with wild-type organisms will increase and thus the risks associated with release of the transferred
DNA need to be drastically controlled (22). However, rendering the entire genomic DNA of a
GRO resistant to horizontal gene transfer is a complex task. Development of individual
genetically isolated genes with limited potential for spread in the wild is more tractable and such
genes, functional only in specific GROs and not in other organism, would foster a safer spread of
GROs.
Ideally, such genetically isolated genes should be functional only when expressed in GROs
and with small escape possibilities into the wild so as to prevent functional horizontal gene
transfers. Second, as more and more codons are targeted for replacements (14), those genes should
also be designed to accommodate multiple standard and nonstandard amino acids without
requiring systematic redesign. Last, they should be performing useful functionalities such as
antibiotic resistance, bioremediation or production of relevant compounds for industry or
medicine.
Here, we present a generic method to design and test such genetically isolated genes. We
demonstrate their functionality in GROs with multiple standard and nonstandard amino acids.
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Additionally, we showcase their biocontainment by transferring them to wild-type non-recoded
cells and by proving their loss of function despite their DNA being present in the host cells.
To demonstrate efficient design of genetically isolated genes, we specifically targeted
antibiotic resistance genes due to their broad use in the bioengineering community. However,
although resistance markers are widely used in research laboratories, their spread into the wild is
highly controlled in order to prevent their dissemination across the tree of life (23–25). Thus,
developing safer antibiotic resistance markers for use in GROs would offer a very valuable
alternative to current resistance genes. We thus selected the following resistance markers for
chloramphenicol resistance (cat), Kanamycin (KanR) and Ampicillin (Bla) resistance as well as a
general multidrug efflux pump (tolC).
Genetically isolated genes rely on the use of multiple STOP codons as natural barriers to
translation and thus gene expression in most organisms. Although with one STOP codon,
ribosome rescue mechanisms could provide some protein expression, the presence of multiple
STOP codons in a gene will lead to expression of nonfunctional truncated proteins, even in
presence of the entire DNA sequence. However, in GROs, stop codon can be reassigned using
tRNA/aaRS-synthetase pairs (13) and thus allow incorporation of standard or nonstandard
amino-acids in place of a stop. Thus, ribosome translating a gene containing multiple stop codons
in a GRO would incorporate NSAAs instead of stopping.
For that strategy to work efficiently, multiple things are required: 1) these genes will
function only in a GRO with a stop codon reassigned; 2) the re-assigned stop codons inserted in
the safe genes must be placed at positions accommodating a wide set of standard and
nonstandard amino acids to allow protein folding and function despite the properties of the
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specific amino acid incorporated. Fortunately, a GRO devoted of all the occurrences of the UAG
stop codon has recently been developed (13). We thus based our strategy on the use of the
C321.∆A strain.
Genetically isolated genes need to accommodate multiple NSAAs to avoid redesign for
every application. Thus, using visual inspection, we selected positions supposed to accept multiple
NSAA with the following constraints: 1) away from the catalytic site; 2) not involved in hydrogen
bonds with neighbors; 3) not involved in hydrophobic networks; 4) not too close from other amino
acids to prevent sterical clashes with new NSAA and generally with as few constraints as possible.
Such positions were selected in all the antibiotic genes (4-7 positions in each) (Material and
Methods).
Next, we inserted the redesigned genes into safe genomic locus in the C321.∆A GRO to
assess their functionality (Figure 4.1). We then transformed various tRNA/aaRS-synthetase
pairs (p-acetyl-phenylalanine: pAcF, p-azido-phenylalanine: pAzF, L-3-(2-naphthyl)-Alanine:
NapA, L-4-4’-biphenyl-Alanine: BipA andp-cyano-phenylalanine: pCNF), on the pEvol plasmid
(26) to incorporate multiple standard and nonstandard amino acids instead of the STOP codon.
First, we demonstrated proper functionality of the safe antibiotic resistance genes with
multiple NSAAs and tRNA/aaRS-synthetase pairs (Figure 4.1). Importantly, even though all
the chosen positions were not initially picked as tyrosine residue, all redesigned genes except for
bla.7UAG were functional with the tyrosine tRNA/aaRS-synthetase pair. This speaks to the
flexibility of the design in all three other cases and to the limits in designing such genes. In the
case of bla.7UAG, no incorporation of tyrosine was possible, and due to the high number of stop
codon, we hypothesized at least one position was not permissive enough. Thus, we used MAGE
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(27) to revert codons until we got a functional Bla gene with less UAG codons (Table S2). We
found multiple alternative to be functional and all included either the Leu57 or the Ala86
reverted to their wild-type codon suggesting that these positions were less permissive than
expected. We kept only the most permissive one for the next set of experiments (Appendix C
Figure S1).

Figure 4.1. Genetically isolated genes strategy. A. Schematic of the strains used in the
study. C321.∆A was engineered to carry on its genome a selectable marker containing multiple
UAG codons (Cat.5UAG, Kan.4UAG, TolC.5UAG, Bla.5UAG). Plasmids containing tRNAsynthetases and UAG-tRNA (pEvol plasmid series) were transformed into the different C321.∆A
strains (Mj. TyrRS, Methanocaldococcus jannaschii tyrosine-tRNA-ligase; nsAA-tRNA[Tyr],
UAG-tRNA). B. Crosstalk experiment assay. 32 strains with differents combinations of antibiotic
resistance markers with UAG codons were measured in media with antibiotic and non-standardamino-acids. Growth was monitored in plate readers during 24hrs. C. Crosstalk
experiment results. Each panel represents growth with a different nonstandard amino acid.
Intensity of each square represents the doubling time in a given conditions compared to the
doubling time in non-selective media. X-axis shows the different antibiotic genes (-: no gene, all
antibiotic markers; C: Cat; K: KanR; T: TolC; CK: Cat + KanR; CKT: Cat + KanR + TolC; B:
Bla)
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Next, we also demonstrated expression of multiple genetically isolated genes into a single
strain. Notably, we put the Cat.UAG and Kan.UAG markers together with and without the
TolC.UAG marker and measured growth of that strain under double and triple selection (Figure
4.1). We demonstrate functionalities of the strain and correct expression of antibiotic resistance
markers each including multiple NSAAs. However, due to marker specificity, fitness of the of the
double and triple engineered strains under selection was more limited than in the single genes
case.
Importantly, growth in different combinations of NSAA/synthetase pairs/recoded safe
antibiotic genes shows very critical differences due to NSAA/aaRS-synthetase specificity and
crosstalk as well as the effect of the NSAA shape and size on the antibiotic resistance protein.
Thus, only averages over all the tested genes can give an unbiased vision of the different
synthetases incorporation efficiency, independent of the effect of the NSAA specificity on the
antibiotic protein. As previously observed (28), the pAzF and pCNF synthetases incorporate
multiple NSAAs and offer poor specificity overall (Appendix C Figure S2). On the contrary,
the NapA synthetase seems more much more specific, although pAzF still incorporates very well.
Interestingly, for the 5 NSAA/NSAA-RS pairs tested, the best synthetase is always the
promiscuous pAcFRS and not the synthetase optimized for each of the NSAAs.
Importantly, growth in different combinations of NSAA/synthetase pairs/recoded safe
antibiotic genes shows very critical differences due to NSAA/aaRS-synthetase specificity and
crosstalk as well as the effect of the NSAA shape and size on the antibiotic resistance protein.
Thus, only averages over all the tested genes can give an unbiased vision of the different
synthetases incorporation efficiency, independent of the effect of the NSAA specificity on the
antibiotic protein. As previously observed (28), the pAzF and pCNF synthetases incorporate
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multiple NSAAs and offer poor specificity overall (Appendix C Figure S2). On the contrary,
the NapA synthetase seems more much more specific, although pAzF still incorporates very well.
Interestingly, for the 5 NSAA/NSAA-RS pairs tested, the best synthetase is always the
promiscuous pAcFRS and not the synthetase optimized for each of the NSAAs.

Figure 4.2. Genetic isolation assay. (A) Schematic of the strains used in the conjugation and
genetic isolation. C321.∆A was engineered to carry on its genome an OriT followed by a
selectable marker (Ab1) and by another a selectable marker (Ab2.UAG) containing multiple UAG
codons (Cat.5UAG, Kan.4UAG or TolC.5UAG). These strains were conjugated with different
receiver strains (EcNR1, EcNR1 with a supE44 suppressor and C321 with diverses synthetases).
Resulting strains were then assayed for growth in selective media (corresponding to Ab1 or to
Ab2.UAG) with or without non-standard amino acids. (B) Genetic isolation assay. Cassettes
containing a UAG-resistance marker and a WT-resistance marker were transferred as presented in
(A). Receiver strains are WT E. coli (EcNr1 strain), WT E. coli with a UAG suppressor
(EcNr1.UAG strain) and recoded strains with or without a synthetase (C321 and C321.Tyr-RS).
Conjugation efficiency is measured as the ratio of the number of colonies after plating on selective
agar plates with the isolated antibiotic over the number of colonies after plating on selective agar
plates with the non-isolated antibiotic. (C). Genetic isolation assay. Cassettes containing a UAGresistance marker and a WT-resistance marker were transferred as presented in (A). Receiver
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Figure 4.2 (continued) strains are WT E. coli (EcNr1 strain), and recoded strains (C321)
with or without synthetase (Three pEvol plasmids are tested: Tyr-RS, NapA-RS and BipA-RS).
NSAA are supplemented in the media for NapA and BipA in addition to Arabinose to induce
expresion of the pEvol plasmids. Conjugation efficiency is measured as the ratio of the number of
colonies after plating on selective agar plates with the isolated antibiotic over the number of
colonies after plating on selective agar plates with the non-isolated antibiotic.

Figure 4.2B shows that the conjugated genetically isolated genes are not functional in a
non-recoded E. coli strain (EcNR1 strain). Thus, the mechanism for genetic isolation of the
recoded DNA is functional and the modified genes can be considered as protected from
inadvertant release. Importantly, the recoded genes are also not functional in a non-recoded E.
coli strain with the common glnVE44 suppressor mutation to incorporate glutamine instead of
the UAG stop codon. They are also not functional in a C321.∆A (Appendix C Figure S3)
strain without the proper tRNA and a tRNA-synthetase machinery. However, as expected, they
are functional in C321.∆A strains with the proper NSAA, tRNA and a tRNA-synthetase
machinery (assay performed for NapA and BipA).
Last, in order to evaluate the escape frequency of the isolated genes, we measured their
escape on non-permissive media (Table S3) i.e. media with the correct antibiotic selection but
without the NSAA. In conditions without any synthetase, after 7 days, we observed bleedthrough with the Cat.UAG and the Bla.UAG marker, escape frequencies around 10^-6 for the
Kan.UAG and less than 10^-9 for the TolC.UAG. Importantly, with multiple antibiotic genes and
in cross selection, we observe less than 10^-9 for the triple genetically isolated marker strains.
In order to demonstrate broader applications of the bio-containment method, we applied
a similar reasoning to a bioremediation enzyme. In particular, the worldwide continuous use of
organophosphates and their potential neurotoxicity to humans have triggered the development of
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efficient bioremediation enzymes to tackle their wide dispersal (29). We chose the bacterial
phosphotriesterase (PTE) enzyme from soil bacteria since it has been shown to catalyze the
detoxification and degrade organophosphate pesticides and chemical warfare agents (30–32).
Additionally, PTE is one of the few enzyme for which activity has been shown to dramatically
increase with a NSAA(33). Last, the function of this enzyme can be assayed by a colorimetric
assay based on the detection of the yellow product p-nitrophenol from the degradation of methyl
parathion by PTE in conjunction with the GpdQ protein product (34).
Using the same visual inspection parameters as previously described for the antibiotic
genes, we selected 5 positions eligible to accept multiple NSAA and tested those
individually using the tyrosine synthetase as a first assay of whether the PTE gene would
be amenable to safe biocontainment (Appendix C Figure S4). Surprisingly, we found
that multiple positions were not functional and that only 3 positions out of the five tested
accommodated incorporation of tyrosine at the UAG stop codon position. Among those 3
positions, position 4 was located at the end of the CDS for the enzyme and worked with a
high background and even without presence of the synthetase (Figure 4.3 and
Appendix C Figure S5), demonstrating the truncated enzyme is probably partially
functional. The other 2 positions however, were functional with tyrosine and could be
combined in a functional strain. Response to multiple NSAAs was also observed,
demonstrating that the safe biocontainment strategy could be applied to a bioremediation
enzyme (Figure 4.3). However, position 5, did not show great response to the various
NSAA and would probably need to be optimized further.
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Figure 4.3. Bioremediation assay with multiple NSAAs. 24 strains with differents
combinations of bioremediation enzyme with UAG codons and synthetases were measured in
media with methyl-parathion and non-standard-amino-acids. Growth (resp Methyl parathion
degradation) was monitored using OD600 (resp OD410) in plate readers during 30hrs. Each panel
represents growth with a different nonstandard amino acid. Intensity of each square represents
the OD410 in a given condition compared to OD600. X-axis shows the different bioremediation
enzyme version: PTE_v2, PTE_v4, PTE_v5 and PTE_v2_v5.

Recoded organism with multiple codons removed (14) are under construction and genes
incorporating multiple nonstandard amino acids will very soon be required and introduced in such
organisms. In particular, efficient and specific incorporation of NSAAs is a critical limit to the
field. To assay these properties, we designed genes that could function with different NSAAs and
tested them. In particular, we focused on antibiotic resistance genes due to the easiness of testing
those in-vivo. Notably, by doing so, we also developed a good assay for crosstalk between multiple
NSAAs tRNA-synthetase. The limits in specificity of the synthetase/NSAA pairs is a well-known
phenomenon, but our assay allows a quick read through of synthetase efficiency and could be
used to as a selection tool to optimize theses. Importantly, the tolC dual selectable marker can be
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used in many dual selection schemes (35) that can be particularly useful for selecting for positive
and negative incorporation of NSAAs.
Conversely, if most NSAAs are tolerated, those genes might have a larger chance to
escape in nature. Once again, redesigning protein cores (19) could explicitly prevent such escape,
however in our case, we designed genes to incorporate more NSAAs, and thus it was harder to
predict escape rates. Here, we extensively measured escape rates of those antibiotic genes.
For safety, recombinant DNA and in particular recoded recombinant DNA should be
functional only in our organism. This is true for herbicide/pesticide, antibiotic resistance genes,
toxins, and catabolic enzymes for bioremediation. Our genetically isolated genes include multiple
UAG stop codons in them and we tested whether these genes could be functional in other
organisms and showed that these markers are genetically isolated.
Lastly, we also went a step further by applying our methods to a bioremediation enzyme
and demonstrated our success using a previously developed degradation assay.
Biological containment is a critical issue, as recoded organisms are spreading. With this
study, we have taken biocontainment one-step further, by making recombinant DNA safer.
Escape mechanisms are still possible as long as the UAG stop codon is in-use. In particular,
presence of the UAG stop codon in the wild (36) makes biocontainement strategies relying on this
particular codon difficult. However, as the number of codons replaced in entire organisms
increases, one could imagine multiple stop codons being removed and offering new possibilities for
safe genetic isolation.
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Future Steps
In order to improve and provide a more complete biocontainment strategy, we reasoned
that those safe genes would be better used when incorporated in a strain biocontained itself. We
previously developed a strain (19) depends on the bipA NSAA for function due to its redesigned
essential enzyme: genes adk and tyrS. Importantly, this strain can only grow in presence of the
bipA NSAA with escape rate lower than 6.2*10-11. Conjugation into that strain is also very
limited (19), making it an ideal safe and biocotnained chassis for use in the wild. However, this
strain still contains a large number of antibiotic genes (at least cat and bla) and cannot perform
any useful function. Thus, incorporating a safe genetically isolated bioremediation enzymes as
well as rendering its antibiotic gene safe would provide an ideal system where not only would the
strain be biocontained and protected from conjugation “in” but also where its DNA itself would
be contained (conjugation “out”).
Thus, we performed integration of the safe genetically isolated genes into the
biocontained strain from (19). First, we replaced the cat marker present in the strain by replacing
it with a KanR marker. We then also removed the bla marker present with a deletion oligo using
MAGE. We then integrated the PTE.UAG gene, along with a new cat marker. Then, we used
MAGE to introduce UAG stop codons into the cat and kanR marker present in the strain so as to
recapitulate the design previously tested for cat.5UAG and kanR.4UAG. Once the strain was
constructed, we will test its ability to hydrolyze methyl parathion using the previous assay.
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Material and Methods

General methods for strain culture
All DNA oligonucleotides were purchased with standard purification and desalting from
Integrated DNA Technologies (Table S1). Unless otherwise stated, all cultures were grown in
LB-Lennox medium (LBL , 10 g/L bacto tryptone, 5 g/L sodium chloride, 5 g/L yeast extract)
with pH adjusted to 7.45 using 10 M NaOH. LBL agar plates were LBL plus 15 g/L bacto agar.
Top agar was LBL plus 7.5 g/L bacto agar. The following selective agents were used: carbenicillin
(50 g/mL), chloramphenicol (20 g /mL), kanamycin (30 g/mL), spectinomycin (95 g/mL),
tetracycline (12 g/mL), zeocin (10 g/mL), gentamycin (5 g/mL), SDS (0.005% w/v), Colicin E1
(ColE1; ~10 µg/mL), and 2- deoxygalactose (2-DOG; 0.2%). ColE1 was expressed in strain JC411
and purified as previously described (CJGregg et al.). All other selective agents were obtained
commercially. The following inducers were used at the specified concentrations unless otherwise
indicated: anhydrotetracycline (30 ng/µL), L-arabinose (0.2% w/v). p-acetyl-L-phenylalanine
(pAcF) was purchased from PepTech (# AL624-2) and used at a final concentration of 1 mM. Ophospho-L-serine (Sep) was purchased from Sigma Aldrich (# P0878- 25G) and used at a final
concentration of 2 mM. Strains. All strains were based on C321.ΔA [strain 48998
(www.addgene.org/48998)].

Selectable marker preparation
Selectable

markers

were

prepared

using

primers

described

in

Table

S1

(Markers.UAG.Position-f andMarkers.UAG.Position-r). PCR reactions (50 µL per
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reaction) were performed using Kapa HiFi HotStart ReadyMix according to the manufacturer’s
protocols with annealing at 62 °C. PCR products were purified using the Qiagen PCR purification
kit, eluted in 30 µL of dH2O, quantitated using a NanoDrop™ ND1000 spectrophotometer, and
analyzed on a 1% agarose gel with ethidium bromide staining to confirm that the expected band
was present and pure.
MAGE

and

∆-Red-mediated

recombination

MAGE

(27)

and

∆-Red-mediated

recombination (37) were performed as previously described. Briefly, an overnight culture was
diluted 100-fold into 3 mL LBL plus antibiotics and grown at 30 °C in a rotator drum until midlog growth was achieved (OD600 ~0.4- 0.6). Lambda Red was induced in a shaking water bath
(42 °C, 300 rpm, 15 minutes), then induced culture tubes were cooled rapidly in an ice slurry for
at least two minutes. Electrocompetent cells were prepared at 4 °C by pelleting 1 mL of culture
(centrifuge at 16,000 4 rcf for 20 seconds) and washing the cell pellet twice with 1 mL ice cold
deionized water (dH2O). Electrocompetent pellets were resuspended in 50 µL of dH2O containing
the desired DNA. For MAGE oligos, no more than 5 µM (0.5 µM of each oligo) was used. For
dsDNA PCR products, 50 ng was used. Cells were transferred to 0.1 cm cuvettes, electroporated
(BioRad GenePulser™, 1.78 kV, 200 Ω, 25 µF), and then immediately resuspended in 3 mL LBL
(MAGE and CoS-MAGE) or 1.5 mL LBL (dsDNA). Recovery cultures were grown at 30 °C in a
rotator drum. For continued MAGE cycling, cultures were recovered to mid-log phase before
being induced for the next cycle.
To isolate monoclonal colonies, cultures were recovered for at least 3 hours (MAGE) or 1
hour (dsDNA) before plating on selective media. For tolC and tdk negative selections, cultures
were recovered for at least 7 hours to allow complete protein turnover before exposure to ColE1
and AZT, respectively.
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Positive/Negative selections
Positive selection for tolC: TolC provides robust resistance to SDS (0.005% w/v) in LBL
(both liquid and LBL agar).
Negative selection for tolC: After tolC was removed via λ Red-mediated recombination or
conjugation, cultures were recovered for at least 7 hours prior to ColE1 selection. This was 5
enough time for the recombination to proceed and for complete protein turnover in the
recombinants (i.e. residual TolC protein no longer present). ColE1 selections were performed as
previously described (11). Briefly, pre-selection cultures were grown to mid-log phase (OD600
~0.4), then diluted 100-fold into 150 µL of LBL and LBL + ColE1. Once growth was detected,
monoclonal colonies were isolated on non-selective plates and PCR screened to confirm the loss of
tolC.
Positive selection for tdk: tdk provides robust resistance to 5-FTU in LBL (both liquid
and LBL agar).
Negative selection for tdk: After tdk was removed via λ Red-mediated recombination or
conjugation, cultures were recovered for at least 7 hours prior to AZT selection. Briefly, preselection cultures were grown to mid-log phase (OD600 ~0.4), then diluted 100-fold into 150 µL of
LBL and LBL + AZT. Once growth was detected, monoclonal colonies were isolated on
nonselective plates and PCR screened to confirm the loss of tdk.

Selectable marker strain construction
All strains were based on C321.ΔA [strain 48998 (www.addgene.org/48998)](13). To
avoid marker redundancy and to reduce random mutation effects, we created the starting strain
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C321.∆A.mutSfix.tolCfix.∆bla:zeo by further modifying C321.∆A to introduce the following
changes: 1) the mutS gene and tolC were reinserted into the C321.∆A strain in their original locus
and 2) the carbenicillin-resistance marker bla was swapped for zeocin resistance marker in the
lambda red insertion locus (DBla-zeo-f and DBla-zeo-r primers were used to amplify the zeocin
resistance marker cassette).
For

insertion

of

the

UAG-Cat, -KanR and -Bla

markers

(resp

UAG-TolC),

C321.ΔA.mutSfix.tolCfix.∆Bla:zeo was then engineered to lose it wild-type TolC marker (resp its
tdk marker). A new TolC (resp tdk) marker were then inserted at the Safe Insertion Site (SIR)
using λ Red-mediated recombination. Another round of λ Red-mediated recombination followed
by negative selection for was then used to insert the UAG-Cat, -KanR, -Bla and -TolC markers.
Strains with multiple markers were engineered by consecutive insertion of TolC (tdk) followed by
negative selection and insertion of the UAG-Marker using λ Red-mediated recombination. At the
end of the construction, TolC (resp tdk) markers were inserted at their wild-type locus for the
antibiotic resistance assay.

Genotyping
After λ Red-mediated recombination or conjugation, colony PCR was used to confirm the
presence or absence of selectable markers at desired positions. Colony PCR (10 µL per reaction)
was performed using Kapa 2G Fast HotStart ReadyMix according to the manufacturer’s protocols
with annealing at 56 °C. Results were analyzed on a 1% agarose gel with ethidium bromide
staining. Sanger sequencing was performed by Genewiz.
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Fitness analysis
To assess fitness, strains were grown in flat-bottom 96-well plates (150 L LBL , 34 °C,
300 rpm). Kinetic growth (OD600) was monitored on a Biotek Eon plate reader at 5-minute
intervals. Doubling times were calculated by tdouble = c*ln(2)/m, where c = 5 minutes per time
point and m is the maximum slope of ln(OD600). Since some strains achieved lower maximum
cell densities, slope was calculated based on the linear regression of ln(OD600) through 5
contiguous time points (20 minutes) rather than between two pre-determined OD600 values.
Growth curves were measured in quadruplate (2 technical and 2 biological replica).

Antibiotic growth assay expression
To assess re-growth phenotypes from long-term NSAA expression, overnight cultures
were first grown in LBL supplemented with spectinomycin to maintain the pEVOL plasmids.
These cultures were passaged into LBL containing spectinomycin for 3 hours. Then the expression
cultures were passaged into identical expression conditions with arabinose (to induce pEVOL),
either of the nonstandard amino acid tested and either of the antibiotics measured. Growth with
shaking at 34°C was monitored using a Biotek Eon plate reader with OD600 readings every 5
minutes.

Escape assay
All strains were grown in spectinomycin to maintain the pEVOL plasmids and harvested
in late exponential phase. Viable cfu was calculated from tenfold serial dilutions on permissive
media. Two technical replicates were plated on non-permissive media and monitored for 7 days
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(~107 cells). Colonies were monitored and counted daily and escape frequency represent the ratio
between non-permissive media and permissive media colonies. Number of cells plated was
adjusted based on the observed frequency.

Plasmids
NSAA incorporation: Plasmids and strains for NSAA incorporation: all plasmids used
for NSAA incorporation are based on the pEVOL collection(26). The pEVOL plasmid were
maintained using spectinomycin resistance. One copy of NSAA-RS and tRNA were constitutively
expressed, and the second copy of NSAA-RS was under araBAD-inducible control (0.2% Larabinose).
Bioremediation: A similar plasmid was constructed for the bioremediation assay.
Specifically, the PTE and the GpdQ genes were cloned into a pEvol backbone with
chloramphenicol resistance. The whole operon PTE-GpdQ was under araBAD-inducible control
(0.2% L-arabinose). Primers used to construct this plasmids were (PTE)-GpdQ-f and (PSupt-NotRNA)-Gpdq-r to amplify the GpdQ gene; (Gpdq)-PSupt-No-tRNA-f and (PTE)-pSupT-aaRS-r
to amplify the pEvol backbone and (GpdQ)PTE-r and (pSupt-aaRS)PTE-f to amplify the PTE
gene. Assembled plasmids were sequenced-verified using Sanger sequencing of their parts.
Both plasmids were transformed into the derivative of the C321.∆A.∆Bla:zeo strains for
characterization.

Bioremediation Assay
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The assay is based on the formation of a yellow product (p-nitrophenol) from the
degradation

of

methyl-parathion.

Methyl-parathion

was

purchased

from

VWR

INTERNATIONAL INC. All strains were grown overnight in spectinomycin and chloramphenicol
to maintain the pEVOL plasmids form NSAA expression and bioremediation genes. These
cultures were passaged into LBL media arabinose (to induce the pEVOL plasmids), either in
presence of the nonstandard amino acid tested and with or without methyl parathion (at a
concentration of 1mM). Growth with shaking at 34°C was monitored using a Biotek Eon plate
reader with OD600 (to measure growth) and OD410 (to measure hydrolysis of methyl parathion
of p-nitrophenol) readings every 5 minutes. Final degradation was measured after 30hrs and
computed as the ratio between the turbidity measured at 600 nm of each well to provide a
measure of specific activity.

Bioremediation and BipA-dependent strain
The starting strain for this study was strain C321.∆A.Dep from (19). This strain has been
engineered to depend on the NSAA bipA. First, the chloramphenicol marker present in this strain
(at the tdk locus) was replaced by a kanamycin resistance cassette (Primers pEvol-Kan-f and tdkKan-r). Second, the PTE and GpdQ gene were inserted along with a chloramphenicol marker
(Primers SIR7-8-Ara-f and SIR-7-8-(PTE)-Cm-r). Then, this strain was assayed for its
bioremediation abilities.
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As presented in all the previous chapters, building a 57-codon genome and developing
tools to use such a strain is a daunting task, both in terms of the general scale of the project
(more than 4MB of DNA to synthesize and assemble) and due to the unprecedented amount of
modifications made to a functional genome (62,214 codon changes made). Although the
applications of such a strain seem very attractive (1, 2), when I started my PhD, only the UAG
stop codon had been successfully replaced (3) and no sense codon had been considered genomewide. Thus, exploration of the feasibility of a 57-codon organism seemed very radical. A crucial
point in developing such organism was the need for genome design rules and better knowledge of
the consequences of synonymous codon replacements. Therefore, the first part of my work focused
on understanding the difficulties in synonymously replacing the AGA and AGG codons (Chapter
2) and has truly given me the tools to understand the limits and rules to sense codon
replacement.
The rest of my work tackled the validation and troubleshooting of our much larger codon
replacement effort, oriented toward constructing a full 57-codon genome for E. coli. Although the
plummeting cost of DNA synthesis has made it possible to synthesize full-organism genomes,
synthesis does not select for function and a proper validation scheme had to be put in place in
order to assemble viable genomes (Chapter 3).
Last, I focused another part of my efforts on trying to develop safe genes to increase
containment of the recoded genes (Chapter 4). Such a strategy could for example be applied to
our rE.coli-57 final strain once it is constructed.
However, these efforts are not yet complete and many more steps have to be
accomplished before the final organism can be fully constructed. Below, I present some of the
critical aspect of that construction.
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Plan for completion of the testing of the 57-codon
genome
Where are we as of today?
To date, we have synthesized the entire 3.98 Mb genome de novo and tested more than
80% of the genome, including 63% of essential genes (Figure 5.1). Two main limitations appear
before we attempt construction of the full strain: lethality and fitness impairments associated
with recoded design for a limited number of segments.

Figure 5.1. Status of the segments as of this writing. Bands from inner to outer represent:
Synthesis (green, pipeline stage 2, 87 (100%) segments); Segment delivery (blue, pipeline stage 4,
73 (88%) segments); Successful WT deletion (orange, pipeline stage 5, 52 (63%) segments);
Integration as single copy (yellow, pipeline stage 7, 11 (13%) segments).
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What are the main limitations to building a complete functional
strain?
Lethality of the recoded segment can originate in synthesis errors or in recoding design
exceptions (Figure 5.2). All current identified errors are listed in Table 5.1.

Small deletion or
mutation
8

Design exception
29

Unsolved, 25

Large deletion
(>30nt)
8

Evolution-Solved, 1

GetK-Solved, 1
MAGE-Solved, 2

Figure 5.2. Synthesis errors and design exceptions as of this writing. Synthesis errors
comprise deletions and mutations that are not yet resolved. Design exceptions comprise all codon
issues, as presented in Chapter 3. 1 has been solved using getK (accD case). 1 has been solved by
strain passaging (tadA case). 2 have been solved using a MAGE-based strategy (rplI and rplJ in
segment 79). The rest are under troubleshooting.

Synthesis errors
So far, in 16 segments we identified lethal synthesis errors of various sizes in essential
genes. Based on this number, we expect around 20 of those errors to be lethal in the entire design.
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The small deletions (<30 bp) were repaired using oligo-based MAGE homology directed
replacements (4), whereas larger deletions (including absence of entire DNA fragments) required
re-synthesis and re-assembly. Successful reassembly was performed for three segments so far
(segment 53, 73 and 76) and the rest is currently underway. Due to the high success rate in
repairing those errors, we do not expect major issues in solving them for the remaining segments.

Design exceptions
As far as design exception are considered, this work is much larger in scale of recoding
than what we had previously attempted, all protein coding genes were recoded which required
complex refactoring, such as splitting gene overlap, GC content changes and other genome
refactoring. Therefore, previous studies (3, 5, 6) can only be used as a proxy of the expected error
rate based mostly on essential genes. Considering those results, and based on the number of
essential genes in our genome (~10% of all genes), we initially estimated approximately ~60 lethal
design flaws genome-wide (62,214 replaced codons x ~10% in essential genes x ~1% design flaws),
and <1 design flaws per 50-kb segment (~60 lethal design flaws / 87 segments). Our empirical
results for the 73 recoded segments tested so far are consistent with this estimate (Chapter 3 and
13 design exceptions errors for 55 segments, updated to 27 design exceptions for 73 segments as of
today).
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Table 5.1. All identified genes with errors (design or mutation) in the segment
troubleshooting pipeline.

Seg

Gene

Sequence

Reason for
troubleshooting

mRNA
Folding
deviation

Max
Internal
RBS
deviation

(1= Reference)

(1= Reference,
log transform)

Solved

seg00

ribF

Perfect

Fitness impairment

1.04

4.13

No

seg00

ileS

Perfect

Ribosome pausing

1.03

4.34

No

seg00

ispH

Perfect

mRNA folding

1.08

2.49

No

1.12

3.48

No

1.15

3.95

No

mRNA folding, pausing
disruption
mRNA folding, pausing
disruption

seg04

cdsA

Perfect

seg04

accA

Perfect

seg06

phoA

Large
deletion (last
genebyte
missing)

Deletion from synthesis

NA

NA

No

seg07

ipsA

5 nt deletion

Deletion from synthesis

1.06

4.72

No

seg07

dxs

1 mutation
L245P

Not the mutation, most
likely a design exception

1.04

2.41

No

seg08

dnaX

Perfect

Ribosome pausing

1.04

5.49

No

seg10

cysS

9 nt deletion

Deletion from synthesis

NA

NA

Yes

seg13

sucB

1 mutation
P49S

mRNA folding

1.4

4.57

No

seg13

sucA

Perfect

mRNA folding

1.14

4.2

No

seg17

SerS

8 nt deletion

Deletion from synthesis

NA

NA

Yes

seg18

msbA

Perfect

Ribosome pausing

1.01

4.72

No

seg18

lpxK

Perfect

mRNA folding

1.18

2.58

No

seg21

holB

1 nt deletion
(C21)

Deletion from synthesis

NA

NA

Yes

seg22

lolE

9 nt deletion

Deletion from passaging

NA

NA

Yes

seg32

pheS

Perfect

mRNA folding

1.19

2.18

No

seg32

pheM

Perfect

mRNA folding

1.23

1.43

No

seg34

gapA

12 nt deletion

Deletion

NA

NA

Yes

seg36

pgsA

Perfect

Ribosome pausing

1.56

5.31

No

seg42

gyrA

Perfect

mRNA folding

1.1

2.56

No

seg42

nrdA

Perfect

Internal pausing

1

6.92

No

seg42

nrdB

1 mutation

Internal pausing

1

4.38

No

seg44

accD

Perfect

mRNA folding, pausing
disruption

1.08

5.85

Yes
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Table 5.1 (continued).

seg45

ligA

Large deletion
of genebyte
45_009 (4kb)

Deletion from synthesis

NA

NA

No

seg45

zipA

Large deletion
of genebyte
45_009 (4kb)

Deletion from synthesis

NA

NA

No

seg49

tadA

Perfect

mRNA folding and start
codon

1.08

2.03

Yes

seg53

pyrG

Deletion

Deletion from synthesis

NA

NA

Yes

seg57

metK

Deletion from synthesis

NA

NA

No

seg71

rpmB

23 nt deletion

Deletion from synthesis

NA

NA

No

seg71

dut

Perfect

mRNA folding

1.03

4.74

No

seg72

gyrB

C2288A
(Synonymous)

1.1

4.46

No

seg72

yidC

mRNA folding, pausing
disruption
mRNA folding, pausing
disruption

1.07

3.79

No

seg73

rrlC
rRNA

Deletion from synthesis

NA

NA

Yes

seg75

ubiD

Deletion from synthesis

NA

NA

No

seg76

polA

Deletion from synthesis

1.06

4.86

Yes

seg79

rplJ

Perfect

mRNA folding

1.09

2.01

Yes

seg79

rplL

Perfect

mRNA folding

1.05

2.17

Yes

seg80

lexA

Perfect

Ribosome pausing

1.05

6.88

No

seg81

ssb

500 nt
deletion

Deletion from synthesis

NA

NA

No

seg86

dnaC

Perfect

mRNA Folding, RBS
messed up, internal
pausing

1.08

6.85

No

seg86

dnaT

Perfect

Internal RBS pausing

1.03

5.16

No

G44A
Large
deletion (last
genebyte
missing)
600 nt
deletion
400 nt
deletion

The strategy to work on those errors is the following: each segment will be
individually investigated to localize the causative gene by partial chromosomal deletions
as well as MAGE to rapidly prototype viable alternative codon (Similar strategy as
presented in Chapter 3). We will also use our previous and current work and the work of
others to analyze ribosome pausing disruptions and and mRNA folding energy deviation
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to pinpoint the most probable cause of gene expression disruption (6–9). Interestingly,
using an updated version of our design software, we were able to resolve one design
exception. Thus, that same redesign strategy will be deployed for all remaining
exceptions.
In case of failure, all design exceptions in recoding will be worked on using a combination of
combinatorial and experimental insights to bolster our troubleshooting efforts. Specifically, we
will perform MAGE in a naïve strain using oligos with either the initial design and/or degenerate
codons to identify troublesome codons as well as new non-forbidden solutions for all deleterious
codons. Such a strategy has already be deployed for multiple genes and has contributed to derisk
multiple genes as well as localize the troublesome codons in segment 79. Introduction of a better
recoding design is underway.

Fitness exceptions and accumulated mutations
A primary concern to final strain construction is the fitness limitations that could occur
in each recoded segment, along with accumulated mutations amounting to a final insurmountable
fitness hit and/or reintroduction of forbidden codons. First, considering the number of
modifications that we are implementing genome-wide, we expect that the final strain will likely be
less fit than non-recoded E. coli. A similar trend was observed for single codon recoding where
the final strain showed ~60% decreased fitness relative to parent (3). Notably, in previous work
we were able to assemble the final recoded genome and are working to improve its fitness by
systematically ranking all possible targets and trying to revert the most deleterious mutations.
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Second, most of the recoded segments tested thus far did not show high levels of fitness
impairment. The average change in fitness observed for all 47 segments is 15% relative to
parental nonrecoded strain. 75% of segments (28 segs) were observed to have <15% decrease in
fitness relative to wt, and only 4% of segments (2 segments) were observed to have more than
50% decrease in fitness (seg 21, 84). We believe most segments could thus be successfully
combined with acceptable fitness impairment.
Third, using our stepwise approach we manage to detect fitness impairments early in the
process (single segments) and are actively locating and troubleshooting sources of impaired fitness
in order to minimize cumulative effect in the most deleterious cases. Thus, in cases where severe
fitness impairments arise upon assembly of multiple segments, we will work to locate and correct
the impairment using alternative recoding, as currently done for single segments.

Genome Engineering Software Improvements

The initial version of our genome design software GetK incorporated rules based on our
initial experiences with genome recoding (3, 8) and, beyond remapping codons to be eliminated,
also handled such operations as refactoring gene overlaps, preservation of required binding sites
(such as initial RBSes), and avoiding difficult-to-synthesize sequences. However, since the rE.coli57 design and testing, multiple updates have been performed on the GetK software. Notably,
additional rules based on our replacement of AGR codons in essential genes (Chapter 2) that
established the importance of preserving 5’-mRNA folding energy and internal RBS sites in
recoded sequences. We expect to add further rules to GetK derived from additional data coming
from our research, including large scale experiments to study codons’ impact on fitness.
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Especially, middle of genes as well as the impact of conservation will play a critical role in
improving this rule-based algorithm.

Possible Plans for hierarchical assembly
Hierarchical assembly will be the core of our work for completion of the final RC57
genome. As of today, we envision multiple strategies to mitigate the risks and find the
fastest/more adequate one.
A first approach is based on the λ-integrase tools we have been developing in our
laboratory in the past years (10). This method would allow for genomic integration as well as
swift combination of segments. Additionally, doing the segments in groups of 2, then 4, then 8,
then 16, would allow for precise tracking of the fitness impairments, deleterious mutations and
other recoding effects that are difficult to anticipate otherwise. An important drawback of this
method is the necessity to reengineer the receiving site (attB) at each step.
Another approach will intend to leverage our previous efforts using Cas9 in combination
with recombineering. Specifically, we could test delivery from a plasmid using λ-Red
recombineering associated with the CRISPR/Cas system, a system developed by multiple other
research laboratories (11, 12). In our system, CRISPR/Cas and λ-Red could be used to integrate
50-kb segments into the genome at their wild-type locus. The general idea behind this method
would be to use the ability of the CRISPR/Cas9 system to cut the genome in order to improve
recombination efficiency and selection. The wild type region containing a deletion marker
(kanamycin in our case) would need to be engineered to contain larger homology sequences to the
recoded segments. Then, we would engineer a guide plasmid to contain a SPACER/REPEAT
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array targeting sequences inside the marker. When recombined in a strain containing Cas9, the
SPACER array would direct Cas9 toward creating double stranded breaks in multiple specific
regions on the marker, leaving a gap in the chromosome, separated by homology region with the
recoded segment. Λ-Red recombineering would then mediate the integration of the recoded
fragment into the genome since it would be the only source of repair DNA in the cell. So far,
testing of this strategy is underway.

Final adjustments to complete the strain
Initial strain charaterization

First, once the final strain will be completed, we will have it fully sequenced and
phenotypically characterized. Sequencing will undoubtedly reveal mutations and reversions to
forbidden codons that might be deleterious in future engineering stages. Therefore, we intend to
1) remove all de novo introduced forbidden codons using MAGE 2) improve the final strain
fitness using a following approach to the one currently developed for our first recoded organism.
Once we will have assembled the strain with all 7 codons removed, our plan to reassign
the function of seven codons follows four major steps: (1) remove all known instances of these
codons throughout the genome, (2) inactivate the translation factors associated with these codons
(prfA, argU, argW, serV, leuX, and leuZ), (3) introduce new translation factors derived from
distantly related organisms to assign new function (e.g., nsAAs) to these codons, and (4) reintroduce these seven codons into desired genes so as to introduce nsAAs into desired genes.
Step 1 intentionally makes no functional change to how codons are translated. By
deleting translation factors in step 2, any instances of these codons will be subjected to ribosome
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stalling, which can result in premature termination or near-cognate suppression. However, since
all known instances of these codons will have been already removed, there will be no known
positions where near-cognate suppression would be a relevant concern. Notably, translation
accuracy would remain a concern because engineered orthogonal tRNA/aminoacyl-tRNA
synthetase systems are typically not as active or as accurate as natural ones (see below for a more
detailed discussion about this principle.
While there is no precedent for simultaneously reassigning more than two codons in E.
coli, at least nine orthogonal aaRS/tRNA pairs have been established primarily for UAG
reassignment(13), (1), which could potentially be repurposed for reassigning our target sense
codons. Encouragingly, preliminary studies have established precedent for using M. jannaschii
TyrRS (14) or M. barkeri PylRS (15, 16) to reassign Arg AGG (one of our target codons), M.
barkeri PylRS (17) to reassign Ser AGU (another target codon), or selenocysteine machinery (18)
to reassign 58 out of 64 codons. It is also possible to generate mutually orthogonal aaRS/tRNA
pairs from a single starting pair (19).

Strain characterization, and demonstration of biocontainment and
viral resistance
After initial testing of rE.coli-57, we will characterize rE.coli-57 growth on a variety of
different media and NSAA sources and its response to a variety of stresses, both phenotypically
and by means of RNA-seq.
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A primary concern immediately before performing more experiement on the rE.coli-57
strain is to recapitulate and test the biocontainment previously established (20).
Once this is performed, we will probably test resistance to a variety of phages as was
performed for C321.DA (3). Our expectation is that biocontainment will function as well as it did
in C321.DA. However, rE.coli-57 should show greater resistance to a larger set of phages, since
the absence of six additional codons in addition to UAG will disable a larger set of phage genes.
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General conclusion
We are at the beginning of a remarkable transformation in the fields of microbiology and
genome engineering. Cloning, followed by a wide array of technique for genome editing have
already radically transformed the way scientists perform biology in microbes and in higher
organisms. Large-scale DNA synthesis and new genome manipulation techniques will allow for a
whole new scale of changes to be performed on genomes. Critically, rule-based and smaller scale
investigations will need to be performed before many large-scale projects can be attempted. Only
then, and under strict scrutiny from ethics committee and policy-makers, will genome synthesis
become a truly powerful tool with a large number of applications in science, medicine and
industry
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Appendix A Supplemental information for
chapter 1
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113, E5588–97 (2016).

This appendix includes:
Appendix A Figures. S1 to S13.
Appendix A Tables.
Figures have been renamed to match with the Chapter 2 numerotation.
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Supplementary figures

Appendix A Figure S1. Strategy for replacing each “set” of AGR codons in all of the
essential genes of Escherichia coli (EcM2.1). Here the AGR codons are marked with open
triangles (various colors). To start, a dual-selectable tolC cassette (double green line) is
recombined into the genome using lambda red in a multiplexed recombination along with several
oligos targeting nearby (<500-kb), downstream AGR loci (various colored lines). Upon selection
for tolC insertion clones, correctly chosen AGR codons are also observed (filled in triangles) at a
higher frequency due to strong linkage between recombination events at tolC and other nearby
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Appendix A Figure S1 (continued) (<500-kb), downstream AGR loci. Next, a second
recombination is carried out using the same AGR conversion oligo pool, but now paired with
another oligo to disrupt the tolC ORF with a premature stop, after which the tolC counterselection is applied, again enriching the population for AGR conversions. A third, multiplexed
recombination then fixes the tolC ORF, again targeting AGR loci. After applying the tolC
selection clones are assayed by MASC-PCR. Assuming most conversions in a given set had been
made, the selectable marker would then be removed using a repair oligo in a singleplexed or
multiplexed recombination (depending on need). The tolC counter-selection is then leveraged to
both leave a scarless chromosome and free up the tolC cassette for use elsewhere in the genome.
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Appendix A Figure S2. Schematic of 3 different failures cases for recalcitrant
AGRà CGU mutations. For each case, the top row is the initial sequence, the middle row is
the AGRàCGU mutation and the third row of primary DNA sequence is the optimized solution
converged on in troubleshooting. Green boxes below the DNA sequence indicates amino acid
sequence in the same order (top is initial, middle results from AGRàCGU, bottom results from
troubleshot solution). A. C-terminal overlap cases of AGR’s at ends of essential genes with
downstream ORF’s. (i) Genes ftsI and murE overlap with each other. An AGAàCGU mutation
in ftsI would introduce a non-conservative Asp3Val mutation in murE. The amino acid sequence
of murE was preserved by using an AGAàCGA mutation. (ii) Genes holB and tmk overlap with
each other. An AGAàCGU mutation in holB would introduce a non-conservative Stop214Cys
mutation in tmk. The amino acid sequence of tmk was preserved by using an AGAàCGC
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Appendix A Figure S2 (continued) mutation and adding 3 nucleotides. B. C-terminal
overlap cases of AGR’s at ends of essential genes with the RBS of a downstream gene. (i) Gene
secE overlaps with the RBS for downstream essential gene nusG. An AGGàCGU mutation
would diminish the RBS strength by 97% (47). RBS strength is preserved by using an
AGGàGAG mutation. (ii) Gene dnaT overlaps with the RBS for downstream essential gene
dnaC. An AGGàCGU mutation would diminish the RBS strength by 77% (47). RBS strength is
preserved by using an AGGàCGA mutation. (ii) Gene folC overlaps with the RBS for
downstream gene dedD, shown to be essential in our strain. An AGGAGAàCGUCGU mutation
would diminish the RBS strength by 99% (47). RBS strength is preserved by using an
AGGàCGGCGA mutation.
C. N-terminal RBS-like motifs causing recalcitrant AGR
conversions at the beginning of essential genes. (i) Gene dnaT has an internal RBS-like motif. An
AGGàCGU mutation would increase the RBS strength 26 times (47). RBS strength is better
preserved by using an AGAàCGU mutation combined with additional wobble mutations. (ii)
Gene prfB has an internal RBS-like motif. This RBS-like motif is involved in a downstream
planned frameshift in prfB (39). Only by removing the frameshift was AGGàCGU mutation
possible (leaving a poor RBS-like site). To maintain the frameshift, AGGàCGG mutation and
additional wobble was required. In that case, local RBS strength was maintained (fourth row).
(iii) Gene ssb has an internal RBS-like motif. An AGGàCGU mutation would diminish the RBS
strength by 94%. RBS strength is preserved by using an AGAàCGA mutation combined with
additional wobble mutations.
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Appendix A Figure S3. Ribosomal pausing data drawn from previous work (Li et al.,
2012) for genes ssb, dnaT and prfB. Green line represent ribosome profiling data for each
gene. Orange line is the average for all genes with an AGR codon within the first 30 nucleotides
of the annotated start codon. Region between the two vertical red lines indicates zones of interest
(centered 12bp after the AGR codon). Interestingly, prfB and ssb show a peak after the AGR
codon, where no peak is observed for dnaT. Based on predictions from the Salis calculator (47),
replacing AGR with CGU in those 3 cases is believed to disrupt ribosomal pausing (prfB and ssb)
or to introduce ribosomal pausing (dnaT).
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Appendix A Figure S4. mRNA folding predictions for the 4 recalcitrant AGRà CGU
mutations explained by mRNA folding variations. mRNA folding prediction of 100
nucleotides upstream and 30 nt downstream of the start codon using UNAfold (40). Both the
shape of the mRNA folding and the folding energy value have to be taken into account to

146

Appendix A Figure S4 (continued) understand failure of the AGRàCGU conversion. ‘AGR’
depicts the predicted, wild-type mRNA, ‘CGU’ is the mRNA folding prediction with an
AGRàCGU mutation (generally not observed) and ‘Optimized’ correspond to the mRNA folding
prediction of the AGR replacement solution found after in vivo troubleshooting. Under each
structure, the predicted free energy of folding of the visualized structure is listed in kcal/mol.
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Appendix A Figure S5. mRNA folding predictions for the gene rnpA. For folding
predictions, we used 30 nucleotides upstream and100 nucleotides downstream of the rnpA start
site using UNAfold (40). a) The wild-type rnpA sequence, with AGG (in blue box); b) The wildtype rnpA sequence with AGGàCGU in blue box (not observed); c) The wild-type rnpA
sequence with AGGàCGG in blue box (observed with no growth rate defect); and d) The wildtype rnpA sequence with AGGàCTG in blue box and one complementary mutation CCCàCCA
to maintain the mRNA loop (in blue box) (observed, also with no growth rate defect).
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Appendix A Figure S6. G15A ArgU does not affect expression and aminoacylation
levels in WT and recoded E. coli strains. Northern blot Acid-Urea PAGE was performed on
WT and G15A argU tRNA in wild-type E. coli (WT-WT and WT-G15A), and in the final
strains C123a and b (501 and 503) at several growth conditions. Aminoacylation levels are
comparable to wild-type for all conditions and combinations, suggesting no effect on charging
levels despite the mutation sweeping into the population.
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Appendix A Figure S7. Number of reads for each codon and for each gene in the
CRAM experiment at time point 24hrs. CRAM (Crispr-Assisted MAGE) was used to
explore codon preference for several N-terminal AGR codons. The left y-axis (Number of reads)
indicates abundance of a particular codon. The x-axis indicates the 64 possible codons ranked
from AAA to TTT in alphabetical order. Experimental time point 24hrs is presented. Diversity
was assayed by Illumina sequencing. Genes bcsB and chpS are non-essential and thus serve as
controls for AGR codons that are not under essential gene pressure.
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Appendix A Figure S8. Number of reads for each codon and for each gene in the
CRAM experiment at time point 96hrs. CRAM (Crispr-Assisted MAGE) was used to
explore codon preference for several N-terminal AGR codons. The left y-axis (Number of reads)
indicates abundance of a particular codon. The x-axis indicates the 64 possible codons ranked
from AAA to TTT in alphabetical order. Experimental time point 96hrs is presented. Diversity
was assayed by Illumina sequencing. Genes bcsB and chpS are non-essential and thus serve as
controls for AGR codons that are not under essential gene pressure.

5

10

15

20

25

151

200

180

Predicted troublesome codons for each recoding strategy
CGT Only
mRNA Folding Preservation
RBS Strength Preservation
mRNA Folding+RBS Strength Preservation

Number of troublesome codons

160

140

120

100

80

60

40

20

0

mRNA Folding Deviation

RBS Strength Deviation

Appendix A Figure S9. Number of predicted recalcitrant AGR codons for each AGR
replacement strategy. 4 possible genomes replacing all 3222 AGRs have been designed using 4
replacement strategies. First AGRs were changed to CGU genome-wide (green bars). Second,
AGR synonyms were chosen to minimize local mRNA folding deviation near the start of genes
(orange bars). Third, AGR synonyms were chosen to reduce RBS strength deviation (blue bars).
Finally, AGR synonyms were chosen to minimize both (purple bars). These genomes were then
scored
using
a
custom
software
available
on
Github
(https://github.com/churchlab/agr_recoding), and compared. Every deviation outside of the Safe
Replacement Zone is predicted to be a recalcitrant codon.
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Appendix A Figure S10. Representational graph of the fully recoded genome relative
to MG1655. The outer ring contains the set grouping that each AGR codon (vertical line) is in.
Each line contains information on troubleshooting (red if it required troubleshooting, green if
not), and relative recombination frequency is represented by the position of the dot. Each internal
ring represents the mutations that accumulated during strain construction. The target set of
AGR codons for each ring is highlighted. The internal rings with black radial lines represent the
mutations accumulated while the 13 recalcitrant codons were mutated to their optimized codon
replacements.
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Supplementary tables

Tables for this study can be found online at this address:
http://www.pnas.org/content/early/2016/09/01/1605856113.full?sid=c560552c-7f5941d1-b0b8-6ce755a29dda
Appendix A Table S1. Full list and positions, oligo ID, and pool ID (position in the genome)
Appendix A Table S2. Summary of CRAM results
Appendix A Table S3. Kinetic data for argU mutations found in our strain
Appendix A Table S4. Curated summary of mutations found in the final constructed strain,
C123a (non-synonymous and high impact mutations only)
Appendix A Table S5. MAGE oligos used for converting 123 AGR codons in essential genes.
Appendix A Table S6. List of recalcitrant AGRàCGU conversions.
Appendix A Table S7. mRNA folding deviation and RBS strength deviation for all AGR
codon genome wide.

154
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chapter 2

This chapter is reproduced with permission from its initial publication:

Ostrov N,

Landon M, Guell M, Kuznetsov G, Teramoto J, Cervantes N, Zhou M, Singh K, Napolitano MG,
Moosburner M, Shrock E, Pruitt BW, Conway N, Goodman DB, Gardner C, Tyree G, Gonzales
A, Wanner BL, Norville J, Lajoie M, Church G. Design, synthesis, and testing toward a 57-

codon genome. Science. 353, 819–822 (2016).

This appendix includes:
Appendix B Figures. S1 to S13
Appendix B Tables S1 to S2
Appendix B Tables S3-S4 and S5 for this study and Data File S1 can be found online
at this address:
http://www.sciencemag.org/cgi/pmidlookup?view=long&pmid=27540174
Table S3 – MASC primers used for analysis of recoded segments.
Table S4 – Excel file: Segment Information Table.
Table S5 – Excel file: Cost Summary Table.
Data File S1– Genbank file: rEcoli-57 Genome.
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Supplementary figures

Appendix B Figure S1. Predicted viral resistance of recoded genomes. For a panel of
coliphages, percent of phage genes that are predicted to be properly translated in recoded E. coli
strain with increasing number of unassigned missing codons (i.e. no cognate translation). 1 codon
= UAG only. 3 codon = UAG, AGG, AGA. 7 codons = UAG, AGG, AGA, AGC, AGU, UUG,
UUA (current work). Gene translation percentage was computed as: ((Total number of genes in
given viral genome) - (number of viral genes that contained forbidden codons)) / (Total number
of genes in given viral genome). NCBI IDs for the different coliphages are the following ones:
'NC_005833.1'; 'NC_005859.1'; 'NC_000866.4'; 'NC_001416.1'; 'NC_005856.1'; 'NC_003287';
'NC_001604.1'
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Appendix B Figure S2. Genealogy of recoded E. coli strains. Lineage of genomically
recoded E. coli strains and their computational and biological parents. Commonly used laboratory
strains are shown in green. Non-E. coli strain from which orthogonal tRNA was imported is
shown in brown. Previously published recoded strains are shown in blue (rE.coli-63 corresponds
to published strain C321). Strains constructed in the current study are shown in black. The final
rE.coli-57 and its bio-contained counterpart rE.coli-57C have yet to be completed and are shown
in gray. aaRS aminoacyl-tRNA synthetase.
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Appendix B Figure S3. Serine, Arginine, Leucine and Stop codon frequency is shown
for E. coli MDS42 (dark color) and the computationally designed rE.coli-57 genome
(light color, frequency labeled).
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Appendix B Figure S4. Overview of the computational pipeline for recoded genome
design. The software accepts as input a genome template (GenBank file) and a list of codons to
be replaced. User-defined rules, both biological and technical (A-G), are then applied to generate
a new recoded genome (Genbank file). Synthesis-compatible 2–4-kb sequences are generated.
Rules A-G are schematized in figure S5 and further explained in Table S1.
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Appendix B Figure S5. Rules and guidelines for computational design. See Table S1
for complete list of rules and guidelines.
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Appendix B Figure S6. Current status of rE.coli-57 genome construction. The genome
was parsed into 87 segments, each ~50-kb in size. All recoded segments were de novo synthesized
(green). A total of 55 segments were tested in vivo thus far (blue), of which 44 were successfully
validated for all gene functionality on low copy plasmids (red), and 10 segments were further
successfully reduced to single copy of all recoded genes (yellow) (See Appendix B Table S4 for
all segment information).
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Appendix B Figure S7. Fitness of partially recoded strains. (A) Doubling time was
measured before and after removal of the wild-type chromosomal sequence in strains carrying a
recoded segment on low copy plasmid. (see steps 4 and 5 in Figure 2A). (B) Doubling time was
measured before and after removal of the wild-type sequence, and after chromosomal integration
(see steps 4, 5, 6 and 7 in Figure 2A). Relative Doubling time - fold change between modified
and parental strain (i.e. intact genome and no recoded segments).
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Appendix B Figure S8. Troubleshooting fitness impairment in segment 84. Complete
deletion of the chromosomal segment 84 remained viable, but showed significant decrease in cell
fitness (see bar graph “All”; 182.9 minutes). Specifically, fitness decrease corresponded with
deletion of genes purA and ytfP. We found interruption of the sequence downstream of the gene
chpB further causes fitness decrease. The recoded genes are shown in orange; the homologous
wild-type chromosomal genes are shown in gray. Blue bars show doubling time of the partially
deleted strain. Further investigation of the underlying mechanism is underway.
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Appendix B Figure S9. Transcriptional landscape of recoded segment 43. Expression
levels of all genes within segment 43 are shown. Genes were analyzed in non recoded strain
(TOP10) and after chromosomal deletion. RNA was prepared independently for the different
strains, and sequenced on an Illumina MiSeq using PE150 V2 kits (Illumina). For analysis of
differential expression, counts were aggregated corresponding to genes using Genomic Features
(Bioconductor). Counts obtained per gene were normalized at the genome-wide level using
DESeq2 package (Bioconductor)(56). (A) Expression levels for recoded (green) and non recoded
(purple) genes are shown. (B) P-value and fold changes for all recoded genes. None of the genes in
segment 43 was found to be significantly differentially expressed (i.e absolute log2 fold-change
>2 and adjusted p-value <0.01).
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Appendix B Fig S10. Exploring viable alternatives for accD recoding. In order to locate
the recalcitrant codon(s) in the recoded gene accD, we used MAGE(28) in a naive non-recoded
strain. We specifically targeted the N-terminal end of the gene that is the most probable loci for
gene expression disruption (22, 23, 26). The first five forbidden codons of gene accD (nucleotide
positions 4, 25, 52, 85, 100) were targeted by two oligonucleotides carrying degenerate bases at
the recoded positions. (N represents base pairs A,T,C or G). WT represents non-recoded accD
sequence (black), sequences 1-5 are viable genotypes resulting from MAGE experiment (forbidden
codons shown in black), accD.Initial represents lethal recoded accD (yellow), accD.Improved
represents an alternative computationally generated accD sequence. Predicted mRNA folding
energy scores for each sequences are shown on the right. Predicted RBS strength scores for each
codon are shown below (bars for each position are in the following order: WT (black); sequence 15 (gray); accD.Initial (yellow); accD.Improved (blue)). mRNA score represents the ratio between
the predicted mRNA folding energy (kcal/mol) of the recoded sequence and the wild-type
sequence. RBS score represents the ratio between the predicted RBS strength of the recoded
sequence and the wild-type sequence for each codon. RBS strength is a calculated score used as a
proxy for ribosome pausing (see ‘Computational updates to resolve design exceptions’).
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Appendix B Figure S11. Sequence alignment of the different versions of the gene
accD in segment 44. WT corresponds to non recoded sequence. accD.Initial corresponds to
lethal recoded design. accD.Improved corresponds to recoded accD sequence generated by an
improved algorithm. accD.Viable corresponds to the genotype of the viable clones obtained after
recombineering of accD.Improved to replace accD.Initial (see Figure 4).

167

Appendix B Figure S12. Troubleshooting of segment 32. Once integrated, we could not
eliminated additional plasmid copies. The problem was localized to regulator gene pheM and
genes pheT and pheS which code for the phenylalanyl-tRNA synthetase. Specifically, attempts to
eliminate wild-type pheTS operon from the chromosome resulted in slower growth. Additionally,
if pheT and pheS have already been deleted, removal of pheM seems to cause significant
additional impairment. However, deletion of pheM without pheST results in very minor decrease
in fitness. Interestingly, sequencing analysis also showed that complete wild-type segment deletion
caused a significant increase in copy number of the vector carrying the recoded segment (e.g. up
to 16 copies). Recoded genes are shown in yellow; wild-type chromosomal genes are shown in
gray. Essential genes are framed. Blue bars represent the doubling time of the partially deleted
strain. All strains contain the full recoded segment (~50-kb), deletions are performed on the non
recoded chromosome segment only.
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Appendix B Figure S13. Compatibility of 57-codon adk gene with biocontainment. In
order to verify rE.coli-57 compatability with biocontainment, we applied seven-codon replacement
for the essential gene adk in two different bio-contained strains (C321.∆A.adk_d6 and
C321.∆A.adk_d6.tyrS_d8). (A) Bio-contained strains modified with 57-codon adk maintained
similar fitness as their non-modified parents. Light gray - non modified biocontainment
strains(10); Dark gray - bio-contained strains with 57-codon adk. (B) Escape rate of bio-contained
strains with or without 57-codon adk. SC media: SDS + Chloramphenicol. SCA media: SDS +
Chloramphenicol + Arabinose.
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Supplementary tables
Appendix B Table S1. Genome design rules. Genbank annotations are shown in Appendix
B Data File S1.
Category

Fig
S5.#

Rule

Motivation

Implementation

Biological

A

Fix gene overlaps:
Perform
minimal
synonymous
codon
swaps
required
to
properly recode both
overlapping genes.

Forbidden codons may fall in the
overlapping region of two genes.
Sometimes it may be possible to
remove
forbidden
codons
through
synonymous
swaps
alone. In other cases, in order to
avoid
introducing
nonsynonymous
mutations
or
disrupting regulatory motifs such
as ribosome binding sites (RBS),
it is necessary to separate the
genes first so that codons in each
gene
can
be
replaced
independently.

Use
synonymous
codon
swaps
(Genbank
annotation:
adj_base_ov)
to
avoid
introducing
non-synonymous
changes
in
overlapping genes.
Use computational
RBS motif strength
prediction (38) to
maintain RBS motif.
In
short
gene
overlaps, attempt to
minimize editing, for
example reduce 4
nucleotide
overlap
to 1 nucleotide (see
figure S5Ai).

If necessary - separate
by
duplicating
overlapping
regions
(202 instances)

If minimal overlap
fix does not preserve
RBS motif, separate
the
overlap
by
copying
the
overlapping
sequence and 15-20
base pairs upstream,
to preserve native
RBS (see figure
S5Aii)
Genbank
annotation:
fix_overlap.
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B

Reduce
homology
between
duplicated
regions through nondisruptive shuffling of
copied region

To separate overlapping genes
we duplicate the sequence,
creating two tandem paralogous
regions. These two paralogs have
the potential to recombine
spontaneously which could cause
a disruptive change in either the
upstream or downstream gene.
We attempt to prevent this
spontaneous recombination by
shuffling the codons of the
upstream
paralog,
thus
maintaining
the
native
nucleotide sequence of the Nterminus of the downstream gene
and 15-20 bases upstream. This
region
has
shown
to
be
important for mRNA folding and
translation
initiation
(23)https://paperpile.com/c/TT
4Um1/rx91

Perform
synonymous codon
swaps
in
copied
regions to reduce
homology
while
maintaining
regulatory
motifs.
(Genbank
annotation:
adj_base_ov)

Preserve
5-prime
mRNA
secondary
structure of genes

Gene expression is affected by
mRNA secondary structure (6,
22,
23,
26)https://paperpile.com/c/TT4
Um1/0THL+rx91+Qsru+O5xo

Use
thermodynamicsbased
secondary
structure prediction
(37) to compare
mRNA free energy
(∆G) of wild-type
and
recoded
sequence. Minimize
∆G change across 40
bp windows centered
at modified codons.

Preserve GC content

Related to DNA stability,
mRNA secondary structure.

Maintain
GC
content
when
choosing
among
alternative codons.
Minimize
∆GC
across 40 base pair
windows centered at
modified codons.

Rebalance

Preserve codon usage bias for

Ensure selection of

codon
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C
Synthesis

usage

remaining 57 codons in order to
preserve expression dynamics
that are dependent on aa-tRNA
availability.

alternate codons is
consistent
with
global distribution
of codon choice;
both for recoding
and
heterologous
expression.

Remove
repetitive
(REP) sequences (132
instances)

We found REP regions to be
over-enriched in DNA fragments
that failed the repetitiveness
metric for commercial synthesis
and/or failed during synthesis.
Hypothesizing that these REP
elements
were
used
as
transcriptional terminators, we
replaced REP sequences with
synthetic
transcriptional
terminators.

Replace each REP
sequence
with
unique
terminator
sequence
drawn
from
orthogonal
set(57). Note that
not all REPs were
deleted as some were
tolerated for DNA
synthesis.

Genbank
annotation:
rep_to_term.
D

Remove
restriction
sites
needed
for
synthesis (AarI: 972
instances, BsaI: 182
instances, BsmBI: 954
instances)

DNA
synthesis
constraint.

vendor

Disruption
of
restriction
enzyme
motifs
using
synonymous codon
swaps.
(Genbank
annotation:
adj_base_RE )
Preserve functional
RNA (e.g. rRNA)
secondary structure
when necessary(58).
If outside of coding
regions,
change
single nucleotides to
avoid
disrupting
annotated
regulatory
motifs.
(Genbank
annotation:
adj_base_RNA)
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E

Remove homopolymer
runs (158 instances)

DNA
synthesis
vendor
constraint: remove sequence of
more than 8 consecutive A, C, T
or more than 5 consecutive G

In coding sequence,
we
performed
synonymous codon
swaps. In intergenic
sequence,
minimal
nucleotide changes
were performed that
avoid
disrupting
annotated
regulatory
motifs.
(Genbank
annotation:
adj_base _hp)

NA

Rebalance GC content
extremes

DNA
synthesis
vendor
constraint: 0.30 < GC < 0.75.

If coding sequence
contains
very
high/low
GC
content,
use
synonymous codon
swaps to normalize
GC
content.
(Genbank
annotation:
adj_base_GC)
If
intergenic
sequences contains
high/low
GC
content,
introduce
minimal nucleotide
changes to avoid
disrupting annotated
regulatory
motifs.
(Genbank
annotation:
adj_base_GC)

F

Partition genome into
87 50-kb “segments”
at operon boundaries

We make sure to avoid splitting
operons so that segments remain
modular and can be redesigned
independent of each other. (See
Manuscript and Suppl. Methods
for choice of segment size).

Allow
±5-kb
variability
in
segment size to find
partitioning
that
keeps whole operons
together.
Genbank
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annotation: segment.
G

Partition
each
“segment” into ~15
synthesis-compatible
fragments of 2 to 4kb
with
50
bp
overlaps
between
adjacent fragments

We used 2 to 4-kb as the
primary synthesis unit, as offered
by vendors. 50 bp overlaps
enable
homologousrecombination-based assembly in
S. cerevisiae.

Choose partitioning
to
minimize
secondary structure
at 50 base pair
overlaps
to
maximize
success
rate
in
yeast
assembly.
Genbank
annotation:
synthesis_frag.
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Appendix B Table S2. Primers used for PCR of kanamycin cassette for chromosomal
deletion.

Cassette

Forward primer

Reverse primer

KanDeletion-seg0

GAA AAA AAT ATC ACC AAA TAA AAA
ACG CCT TAG TAA GTA TTT TTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

TGC ATA TAT TCC CCA AAT CGA CAC ACG
GAT ATC AGG GCT ATC TCC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg1

CAA TTG ACC GCA GCC GGA AAA CGG
TAA AAG CAC CTT TAT ATT GTG CTG ATC CTT
CAA CTC AGC AAA AGT TC

ATA GTC AGG AAT AGT CTT ATT TAC TTT
AAG CAT ATT GAT GTC CAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg2

AAA TAC GCG CCA GGT GAA TTT CCC
TCT GGC GCG TAG AGT ACG GGA CTG ATC CTT
CAA CTC AGC AAA AGT TC

TCA CCG GGC ATT GTG TCG TTT ATG CGC
AGC GCG TGC GCT GAC TTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg3

TAC ACC GAG AAA GCC GAT GGG GTG
ATT TTC CAG ACT GCG GTT TAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

CGT CTG AAC TGC CGC CCG GAA GTA ACG
ATG CTG GAA CTG GTG TAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg4

AAA TCA AAA AAT TAC CTG CTT TAT
TCT GGT GAT AAA ATT CAC GAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAC TCT TTC AAC GAG CAA TTG TAT ATT
GTT ATG TAA GCA AGT GCT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg5

TGC GAT TTA ATG TTC TCC ATA ATG
AGC AAA ATT CTG ACC GGT GTA CTG ATC CTT
CAA CTC AGC AAA AGT TC

CCT ACA GAT TCT TGC GCC ATT CGT AGG
CCG GAT AAG GCG TTC ACG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg6

TGC GAA CGT TAC GGC GTC TGA CCT
ACA TGT TCA TGC CGG ATG CGG CTG ATC CTT
CAA CTC AGC AAA AGT TC

GTG TAT GGA AAA ATC AGA AAA ACT CAG
CAA ATC CTG ATG ACT TTC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg7

GAA AGC CGG ACG TAA CCG CAC CGA
AGT GGC GGC CTG ACG TCC GGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTG TCA CTC TAA TGA TAA TTA TTT GTT
AAA TAA TTG TTT TAT TTC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg8

GGG AGT GCT GAA GGA GTC TGG GCG
GGC AAT TGG TAT AAC CAA TGT CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAA CGA TAC CAC CAA CAG GCG ATT GCC
TCA AGA AAG GCA CCT GGG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg9

TCA TCT GCA CTT TCC GCA AAT TAT CTC
GCC ATT AAC CGT TTC AGC CTG ATC CTT CAA
CTC AGC AAA AGT TC

ATC CGG TAC CCA TTG TAG GCC TGA TAA
GAT GCG TCA AGC ATC GCA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg10

GCC TAC AAC CGG TGC CGC ATC CGG
CAA TTG GTG CAC AAT GCC TGA CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAG CGC CAT GCA AGT GCT GGA TAG GCT
TAA GGC GCT GTT TTA AGC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg11

ATT TTC GCC AGA CGC CGC CGC AGG
TGA CAG CGT CCG ACA GTT AAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAG ACA CGA CTT TGT AGA AAT TGT TTT
ACA AAA ATG GCG ATG CAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg12

AAT CGG CTT TCG AAA GTG GGC TAT
CAT CCC ACC CCG CGC CGC AGA CTG ATC CTT
CAA CTC AGC AAA AGT TC

GTG AAC GCC TTA TCC GGC CTA CAA AAT
CGC TTA AAT TCA ATA TAT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg13

AAT TGC CTG ATG CGC TAC GCT TAT
CAG GCC TAC GAG GAT GGT GCA CTG ATC CTT
CAA CTC AGC AAA AGT TC

TAA GGT AAC TTT AGT GAC ATT TAT GTT
TAA AAT GTG TGA GTT ATA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg14

CGT CTC TTT TTA TCT TTA ATT GCC AAC
CGA AAC TAA TTT CAG CCT CTG ATC CTT CAA
CTC AGC AAA AGT TC

GTT TAT GCC GGA TGC GGC GTG AAC GCC
TTA TCC GGC CTA CAA ACC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG
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KanDeletion-seg15

CGC TTA TCA GGC CTA CAT TTT CTC
CGC AAT ATA TTG AAT TTG CGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

GGC TAA ATC ATT CAC ATC ATC AAT TTC
ATC CTT ACT TTC ATT CGA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg16

CCG TAA CAG TGT AAT AAC AAT GTG
ACG CAG AGC ACA AAT TAT ATT CTG ATC CTT
CAA CTC AGC AAA AGT TC

CTA AGC CTT CGA TCT CAA AAG CAT TAT
CAG ACT GAT ACG CTA TTA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg17

CGA TCG CTC TGA AAG CGT TCT ACG
ATA ATA ATG ATA TCC TTT CAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAA ACG GGT CAG ATC TGC CAG AGT CAG
CGT CAC CGA CCA CAA TAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg18

GGA CTG ATA TTC CCG CTG CTG GCG
CGT AAA GCG AAT AGT AAA TAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

ACT CGC CTG AGA AAA CAG GGG TAA ATT
CCC CGA ATG GCG GCG CTA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg19

AAG ATA ACT AAA GCA CTG GCT TGA
TAA ATA ACC GAA TGG CGG CAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AGA AAA ATA ACC CGA TAA TGG TAG ATC
TCC CTC TTT ATC CTG AAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg20

CAG TCT TAT GAA TAT CGC AAT CGG
CGA ATA CCT CTG GTC GTA GAG CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTT TGC AGT AAA AAA TTG TCC ACG GAG
GTG TGG AGA AAA AAC AAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg21

ATA TAA AAA ATA TTT CGG TGT AGT
CCT TTC GTC ATG TAA AAC GTT CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAA TCG TTT TGC TGC CGT ATA TAT CGC
CAT TAT TCC CAT TTC TGC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg22

TGT CAT GTA AAC CAA ACA GAG AAT
GTC TTT TCA GCG CAT TCG CAG CTG ATC CTT
CAA CTC AGC AAA AGT TC

ACG TGA TCT GTT CGG TCG CTA ATC CAT
TCG GCG CTC CTG CGG GAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg23

CTG ATT TAC TGA GGG TCA AAT AAA
TAT AGC GGC AGG AAA AAA GCG CTG ATC CTT
CAA CTC AGC AAA AGT TC

TAC AGT GAC TTC ATA AAA ATT ATG AGA
TTT TTC ACG GTG CTG TAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg24

ATT TGC CGT GTG GTT AGT CGC TTT
ACA TCG GTA AGG GTA GGG ATT CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTT TTT GCG CCG ACA TCA TAA CGG TTC
TGG CAA ATA TTC TGA AAT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg25

CTT GCG TAC TAG TTA ACT AGT TCG
ATG ATT AAT TGT CAA CAG CTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

GCT GAA CTG TTA ATA CAA TTT GCG TGC
CAA TTT TTT ATC TTT TTG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg26

ATC CTG GCA TGT TGC TGT TGA TTC
TTC AAT CAG ATC TTT ATA AAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAT CGC TGA CAG AAA CCG ATA TTG ACA
TCC TCC ACG CCC TGA AGG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg27

CCG AAA TGA TTC AGG CGA CAG CCT
GAA CGT AGC AGG GAT CCA CGT CTG ATC CTT
CAA CTC AGC AAA AGT TC

ACC ATT GCC TGC GCA ATG GTG TTT TTG
TTT TTA TCT GCT TTA TAC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg28

GGG GCT TTT ATC GTC TTT GCT TTA
CCG CCA GGG CGT CGG CCT CAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

TCC AGC AAA AAT TCT TCC CGA TCG TCA
TTA CCA GCT GAC GTG ATA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg29

TGG CAT TTC CGC GTC TGT TTA TTG
TTG CCC GGC GTA TGG AGT AAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAT GTT AAG TAG TGA TTC GTG CCG GGG
CGA TGT CTC GTT TTA CCC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg30

CAC CTT AGA ACG CCG GAT AAA GAC
TGA TAA TTG TCT TCG ACG GTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

CTG GGC GGT GGC GGT GAA CGC TAT GCC
TGT GGT GTA ATT AAG TAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg31

TCG CAA CTT GAG CAA GCA CCA CCG
CAA GGT ACG CTG GCC TCT TAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAC AAC TCA GGC AAC ACG CAA ACG ATT
TAC TCG TCG TAT TTC AAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg32

ATA GTA AGT GAC TGG GGT GAA CGA

TGC CTT TGA CGA TCT ATT GCT ATA AAT
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ACG TAG CCG CAG CAC ATG CAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAG TGA TCT TTT TTC TTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg33

ATC ATG ATT AGC AAA ACT TAA CCA
TTT TAA AAT AAA TAA ACA ATT CTG ATC CTT
CAA CTC AGC AAA AGT TC

TGA ACT TAA GTC TCA GAC CTA TTT GGC
CGG TAA TCC CTC TCG AAT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg34

TGG GTC TGT TAC AGG TTG ATG GAA
GGC GGG GCG CAA AAA GAG CAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

CTT TGG GGA TTG ACT TCT CTT TAG GGT
AAT TAA TAG CCG TTA ACT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg35

ATG CAA TGA ATA AAA AGT TAT ATC
ACT TTT TCT CAT AAA ACA GTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

CGT ACA GCG CGC TTA CCA TAC AAA CTC
CCT TTA AAA TGG CCG ATG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg36

GCA ATC TTC TCT TTT CTG AAT TTG CCA
CCT ATC ATA GAC AGG TGC CTG ATC CTT CAA
CTC AGC AAA AGT TC

AGC AAT GGC GTG AGC ACA GGT ATC TTT
CTC TGT TGG CCG TAT TGT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg37

TAA TAA GCT AAC CCG CAT TGA GTT
AAC CAA TAA CGG ATT CCA TAC CTG ATC CTT
CAA CTC AGC AAA AGT TC

ATA ACC TCA CAT TAT CCC TGA ATT AAA
AGT GGT AAT AAT AAA ACA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg38

ACA ATA TTT AAT ATA GTG TCT CCA
CAT GCG ATA TTT CTT AAA TAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

GTG AAA AGG GGT TAG ATA GTA CCA AAT
GGG AAA ATG TTA AGT AAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg39

GAT AAA CCA TCA GCT GAT AGT TTA
CCT GAA GAA TAT AGA GAA GTA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAT CAC TTT TGC CGA GGT AAC AGC GTC
ATA ACA ACA ATT AAA GCC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg40

CTT TTT AAA ATT CGT TCT TCC ATG CCC
GGT AAC GCT CCA GAA AAC CTG ATC CTT CAA
CTC AGC AAA AGT TC

GGG TAT GGA GCT ATG GGT ATT TTC TGT
ACC CAA TGC TTT TAA CAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg41

AGA ACC AGA TTG ATG CAT TGA GCT
TTC ATC CTA TGA AAT TAA TTG CTG ATC CTT
CAA CTC AGC AAA AGT TC

TCT CCC TTG TTT GAA TTG AAA AGT CCA
GGC TGC AAA GTC TGG GCT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg42

TTT TTA CGG GCA CAG CCA AAC TTT
ACC GTG CCC TAA TAC GAC AAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

GAG GTA ATT CAG GCG TAA TCA ACA ACC
CTT GTC TAT AGT TAG TGA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg43

ACC AAA CTG ATT AGA CAT TCT CGT
TCT CCA TTT GCG TAA AAC CTG CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTC AAC CGC TAT ACC TGC TAT CTT CAA
CTT CAG GAC AAT AAT GCA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg44

TGA CGA CAA CAG TAA CAT TCA ACG
TTA AAT ATG TTA ATA AGA CGT CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAA ATC AGG GAT TGT ACC GAT GAT TTA
TAG TTT CAA GTT GGC ACT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg45

TTG CAA TAC AAT TCT TAC GCC TGT
AGG ATT AGT AAG AAG ACT TAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTG CCG CCG CTG GCG GAA GCA TAA AAA
AAT GGC GCC GAT GGG CGC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg46

CCG GTT ATC CGC ATC AAG AAG TAA
TTC TTG CCG CAG TGA AAA ATG CTG ATC CTT
CAA CTC AGC AAA AGT TC

CTT GAC TTG CTT CAC TGT AGC GGC AAG
GTA CGA GCC AAT CGT GGA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg47

TTC AGT ATA AAA GGG CAT GAT AAT
TTA CAT TAA CTC CTT TTT TTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

AGT CGA TAG TAA CCC GCC CTT CGG GGA
TAG CAA GCA TTT TTT GCA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg48

GCC GCG GCA TTA TAC AGA GCG TAA
CCG ATT GCA TCT ACC CCT TTT CTG ATC CTT
CAA CTC AGC AAA AGT TC

CTA TTA ACT GTA ATA TTT GAG CGG CAC
GCG CTG CCG CTC ATC ACA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg49

CCT CCT GTA GGG TTT TTA TTA ACA
ACG GCT TAT TCT AAT TAT TTT CTG ATC CTT

GCT GCA TCC AGA AAG TAA CAA TAG CGA
ACA GAC AAA AAG AAT ACG TTA TTA GAA AAA CTC
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CAA CTC AGC AAA AGT TC

ATC GAG CAT CAA ATG

KanDeletion-seg50

CAA CCC CGT CCT GTA CGG GGT TTG
TTT TTT GGA GGC CAC GTT TTG CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAA ATC GCC GGA ATT TCC CGT GAT ATA
AGG GCT GAG AGC AAA TCG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg51

TTC AGG CGT TTT TTC GCT ATC TTT
GAC AAA AAA TAT CAA CTT TCT CTG ATC CTT
CAA CTC AGC AAA AGT TC

GCG GTG AAT AAT GTC GAT GAT GTC GAA
ATG ACA CGT CGA CAC GGC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg52

TTT ATT GTT ATT AAA GAG ATT TTT
AAG CTA AAG ATG AAT TTC GTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

ACG GTT CTG GCC TGG GGA CTT GTA GGC
CTG ATA AGA CGC GTC AAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg53

TTG TAG GCC GCA CGC CAC ATC CGA
CAT TCA GCG CCT GAT GCG ACG CTG ATC CTT
CAA CTC AGC AAA AGT TC

GAA CAA GAA AAA TTC CGC TTT CGT TAT
GAA CAA TAA TTT ACG TAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg54

AAT GGC GGC GAA AAT CAG CAT AAA
ACG GCT GGT CAT GGT CGT ACC CTG ATC CTT
CAA CTC AGC AAA AGT TC

TAT CTA CCC CTC TAT TGG TGG GTT AGT
GGT TGC AAA CCT TAC GTG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg55

ATC ACA AAG GAA ATA TGC CTG AGC
AGC AGT CAG AGA CAT AAC TGG CTG ATC CTT
CAA CTC AGC AAA AGT TC

CTC GAT TCT GCT GTG GCT TTT GCG GCT
AGT GTA TCA GAA TCG CTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg56

TAT GGT CAC TCA TTT GAT CCA TTA
TGC CTT ATT GTG CCG TGA CTA CTG ATC CTT
CAA CTC AGC AAA AGT TC

CGA TAG TCG TTA ACT GTT TTA CAC TTA
ATA AAA TAA TTT GAG GTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg57

CCC GCT GAC GAA GGC AAA CCC ATA
GAC ATG TCG TCA GAC ATA GCG CTG ATC CTT
CAA CTC AGC AAA AGT TC

AGA GCT TCC GGC TCT GCA TGA TGA TGT
CCT TAT ATT TGG CAT TCC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg58

ATT TAT TCC CCT CGC GTC CCG CCC GTT
GTT ACT CTT CCT TGT TCA CTG ATC CTT CAA
CTC AGC AAA AGT TC

TTA CTG CAA TTG CTG CTG CTT TGT AAA
GCA CCG CGG CCT TTT TTG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg59

GGA GAA AGC CTC GTG TAT ACT CCT
CAC CCT TAT AAA AGT CCC TTT CTG ATC CTT
CAA CTC AGC AAA AGT TC

GAT TAT GGC GAG CAA GGC CAG ATA AAC
GCC AGG TTT TGG GGA TCG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg60

AAC AAC CCG TAG GCC GGA CAA GAT
GCG CCA GCA TCG CAT CCG GCA CTG ATC CTT
CAA CTC AGC AAA AGT TC

TAA AGA AAC CAG GGT GTC ATC GTC TGC
GTC GCA TGT TAA GGT CAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg61

ATG GCG ATG AGT GTT TCC ATT GCT
GTT CTC TTT TAT ACT GTG GGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAA CAA TGC CTC TTA AGG TTT TCT TAA
GGT TCT TCT GAA AGT GAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg62

CTG AAA TCG TTC TCA ATC AAC GTC
ATT TGT ACA TTT TGT GCG CTT CTG ATC CTT
CAA CTC AGC AAA AGT TC

TGC TGA TGC GCA AAG TCC GTC AGC AGT
TTG CAG TGC AAT AAA GGT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg63

TGA CGA CGC GGA GAA CCG GAA GCT
AAA TAC AGA GAA GTC ATA GAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

GGG TTG AGC TGG CTA GAT TAG CCA GCC
AAT CTT TTG TAT GTC TGT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg64

TTC CAT GCT GAA AAG CCC GTT TTC
AGG ATA CTC AAA TGG AAA CGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

ACT GAA CGG TCC CCT CGC CCC TTT GGG
GAG AGG GTT AGG GTG AGG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg65

CAT CCG GCG ATG CTG GCG CGT TGA
ATT TTA CAT CCC GTA CGT TCC CTG ATC CTT
CAA CTC AGC AAA AGT TC

ATC TAA AAA GAT GAT CTT AAT AAA TCT
ATT AAG AAT GAG ATG GAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg66

TAA GTA AAG GAG TGA AAC AGT TTC
ATA AGT AAA ATA TCC AGT GTG CTG ATC CTT
CAA CTC AGC AAA AGT TC

GCT ATA AAG GAA CGC GCT TTG TCA GCT
TTG TAG GCG AAC AAT AAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG
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KanDeletion-seg67

TTG AAC TGC TGG CCT GGC AGA AGA
AAT TTA AAG TTA AAA AAT AAC CTG ATC CTT
CAA CTC AGC AAA AGT TC

GAC TCG GCA TGT TTG GGA TTA TTA AGC
TGA CAA TTC ATA CGA TTA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg68

CAT TCG TCA TCA ATT TGA ACA ACA
CAA TAC TGA CCC ACA TTC CCG CTG ATC CTT
CAA CTC AGC AAA AGT TC

GTA ACG CTA AAG TCT CTT TTC AAA CTT
GCA TTT TTG TAA ATT TGT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg69

ACC ACA GCA AAG GGA AAA AGT GTG
GGG AAA GAG TGT GCA TGA AGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTT TTC AAC TAT CTC TGT AAC CCT TGC
CCG TAA ATT CGT GAT AGC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg70

ACG TGA CTG GCG AAA TCT TCG CCA
GTC GGT AAC AGC TTT ACG ACA CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTT ATT GTC GGC AGT GCC AGA AGT AAT
TCA TGC GCG CCG GAT GGC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg71

AGG CGC TGA TGG CGA AGT TAG CGT
AGC GTT TAT GCC GGA TGG TAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

AGC ATC GTT CTC CCA TGG AGC TGA TGA
CGA TGC TGC GGT GAC GTG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg72

CCG CTG GCG ACG CGG ATG TCG CAT
CAG GGG CAG CCC GTT TAA GCG CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAG CAC CTT AAT TAT CGT CGC ATT CAG
AAC AGT CTG GAT GCG ATG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg73

CGT CTA AAC ATA ATA TCC CTT TAT
GGT GCA AAG AAA GAA TTA ACG CTG ATC CTT
CAA CTC AGC AAA AGT TC

ATT CTT TGA CCG AGC TAG TTA TGG CGC
GGA GTA TTA GTT ACG CTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg74

AAT TAT TTG TCG TTA TGA TTT AAA
TGT TTT GTT TTA CAC TCT GTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

GGG TGA AAC AGT CAG TTT CCG CTA AGA
TTG CAT GCC GGA TAA GCC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg75

CGC TAT TAC AGC AAT ATT TTT CGT
GAT GAA CGT GCC GGA AAG CGA CTG ATC CTT
CAA CTC AGC AAA AGT TC

TAC ATT TCA TAG TGA TGC TCC TTA CTC
TTG AGA CAG ACA CGT TAG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg76

ATC AGA TTC ACC GAT ATC GCC TCT
TTT ATT GTG GGA TTG ACC CTG CTG ATC CTT
CAA CTC AGC AAA AGT TC

GTG AAC ATA ATA AAT GAA AAA AGA AAA
CGC CAC TAC ACG CAT TTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg77

GCA GGA CTT ATT CAT TTC GTG AAT
TTT ATT ATT TTA TTT ATA AAC CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAA TCA GGG AAG ATG AAA AAA CTT CAG
GAT GGT AAG AAA AAG AAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg78

ATG GTT AGT TTA TAT TTG CAG TCC
GGT TTG CTT TGC ATA CCG GAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

CGT ATT AGC TTT TCG GAT TAT ACG CCC
TCA ACA GAG CCT GTC TCA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg79

ACC AGA ACC TGG CTC ATC AGT GAT
TTT CTT TGT CAT AAT CAT TGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAC TTT TAT TAA CTC AGC ATT ATT TTT
AAA CAT CAA ACC ACT TAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg80

CCG TAA AAG TTT CGG TGG AAT GAG
ATC TTG CGA TTT TGT TAA TAA CTG ATC CTT
CAA CTC AGC AAA AGT TC

AGA AAC ACA GTT AAA AAT TGC AAA AGA
TTT TTT AGA CCT GGA GAA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg81

AAT AAA TGC GTG AAA AAC TTT ACT
TGC AAT AGA ACT TGA TAC TTC CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAC CCT AAC CCT CTC CCC AGA GGG GCG
AGG GGA CCG ATT GTG CTC TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg82

CAC CCC AAT GGG GAG AGG GAG AAA
ACG AGC GCA ATA TTC AAT ATC CTG ATC CTT
CAA CTC AGC AAA AGT TC

CAT TGT AAA CAT TAA ATG TTT ATC TTT
TCA TGA TAT CAA CTT GCG TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg83

TTT CTG TAA GTG AGA ACT TGA GGT
TTT TTA TTA ACA CAT CAG GAT CTG ATC CTT
CAA CTC AGC AAA AGT TC

AAT CAC CGT TTG CTT AAA AAT GGA TTC
TAC CAT CGC TTT TTC AGA TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg84

AAC AGA CTG ATC GAG GTC ATT TTT

AAT AAG TTC TTC TGG CGT AAT AAC CCT
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GAG TGC AAA AAG TGC TGT AAC CTG ATC CTT
CAA CTC AGC AAA AGT TC

GAA CGC CGG GCT TCG GTT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg85

GAA TAA GGT GTG TTT ATT TAT CGC
GGG CAT AAA AAA ACC CTT ACT CTG ATC CTT
CAA CTC AGC AAA AGT TC

TTT TTT TAT TTC TAC TGA TAA GAA TTA
CAA GGC ACA TCA CGT TAT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG

KanDeletion-seg86

GTG ATG AAG ATC ACG TCA GAA AAT
TGT TAC ATT ACT ATG TTA CGC CTG ATC CTT
CAA CTC AGC AAA AGT TC

ATC CAC ACA GAG ACA TAT TGC CCG TTG
CAG TCA GAA TGA AAA GCT TTA TTA GAA AAA CTC
ATC GAG CAT CAA ATG
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Appendix C Supplemental information for
chapter 4

This appendix contains the supplemental figure and tables for chapter 4, a work in
progress by Matthieu Landon, Marc Lajoie, Joanne Ho, Dan Mandell, Lucas Brown, George
Church. A manuscript presenting the results is in preparation.

This Appendix includes:
Gene sequences for the antibiotic markers.
Appendix C Figures. S1 to S5
Appendix C Tables S1 to S3
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Gene sequences
Redesigned antibiotic gene for NSAA incorporation:
Marked codons are replaced by UAG in the Ab.UAG design.
Cat.5TAG
> atg gag aaa aaa atc act gga tat acc acc gtt gat ata tcc caa tgg cat cgt aaa gaa cat ttt gag gca ttt cag tca gtt gct caa tgt
acc tat aac cag acc gtt cag ctg gat att acg gcc ttt tta aag acc gta aag aaa aat aag cac aag ttt tat ccg gcc ttt att cac att ctt
gcc cgc ctg atg aat gct cat ccg gaa ttt cgt atg gca atg aaa gac ggt gag ctg gtg ata tgg gat agt gtt cac cct tgt tac acc gtt
ttc cat gag caa act gaa acg ttt tca tcg ctc tgg agt gaa tac cac gac gat ttc cgg cag ttt cta cac ata tat tcg caa gat gtg gcg tgt
tac ggt gaa aac ctg gcc tat ttc cct aaa ggg ttt att gag aat atg ttt ttc gtc tca gcc aat ccc tgg gtg agt ttc acc agt ttt gat tta
aac gtg gcc aat atg gac aac ttc ttc gcc ccc gtt ttc acc atg ggc aaa tat tat acg caa ggc gac aag gtg ctg atg ccg ctg gcg att
cag gtt cat cat gcc gtc tgt gat ggc ttc cat gtc ggc aga atg ctt aat gaa tta caa cag tac tgc gat gag tgg cag ggc ggg gcg taa

KanR.4TAG
atg agc cat att caa cgg gaa acg tcg agg ccg cga tta aat tcc aac atg gat gct gat tta tat ggg tat aaa tgg gct cgc gat aat gtc
ggg caa tca ggt gcg aca atc tat cgc ttg tat ggg aag ccc gat gcg cca gag ttg ttt ctg aaa cat ggc aaa ggt agc gtt gcc aat gat
gtt aca gat gag atg gtc aga cta aac tgg ctg acg gaa ttt atg cct ctt ccg acc atc aag cat ttt atc cgt act cct gat gat gca tgg tta
ctc acc act gcg atc ccc gga aaa aca gca ttc cag gta tta gaa gaa tat cct gat tca ggt gaa aat att gtt gat gcg ctg gca gtg ttc
ctg cgc cgg ttg cat tcg att cct gtt tgt aat tgt cct ttt aac agc gat cgc gta ttt cgt ctc gct cag gcg caa tca cga atg aat aac ggt
ttg gtt gat gcg agt gat ttt gat gac gag cgt aat ggc tgg cct gtt gaa caa gtc tgg aaa gaa atg cat aaa ctt ttg cca ttc tca ccg
gat tca gtc gtc act cat ggt gat ttc tca ctt gat aac ctt att ttt gac gag ggg aaa tta ata ggt tgt att gat gtt gga cga gtc gga atc
gca gac cga tac cag gat ctt gcc atc cta tgg aac tgc ctc ggt gag ttt tct cct tca tta cag aaa cgg ctt ttt caa aaa tat ggt att gat
aat cct gat atg aat aaa ttg cag ttt cat ttg atg ctc gat gag ttt ttc taa

TolC.4TAG
atg aag aaa ttg ctc ccc att ctt atc ggc ctg agc ctt tct ggg ttc agt tcg ttg agc cag gcc gag aac ctg atg caa gtt tat cag caa
gca cgc ctt agt aac ccg gaa ttg cgt aag tct gcc gcc gat cgt gat gct gcc ttt gaa aaa att aat gaa gcg cgc agt cca tta ctg cca
cag cta ggt tta ggt gca gat tac acc tat agc aac ggc tac cgc gac gcg aac ggc atc aac tct aac gcg acc agt gcg tcc ttg cag tta
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act caa tcc att ttt gat atg tcg aaa tgg cgt gcg tta acg ctg cag gaa aaa gca gca ggg att cag gac gtc acg tat cag acc gat cag
caa acc ttg atc ctc aac acc gcg acc gct tat ttc aac gtg ttg aat gct att gac gtt ctt tcc tat aca cag gca caa aaa gaa gcg atc
tac cgt caa tta gat caa acc acc caa cgt ttt aac gtg ggc ctg gta gcg atc acc gac gtg cag aac gcc cgc gca cag tac gat acc gtg
ctg gcg aac gaa gtg acc gca cgt aat aac ctt gat aac gcg gta gag cag ctg cgc cag atc acc ggt aac tac tat ccg gaa ctg gct gcg
ctg aat gtc gaa aac ttt aaa acc gac aaa cca cag ccg gtt aac gcg ctg ctg aaa gaa gcc gaa aaa cgc aac ctg tcg ctg tta cag gca
cgc ttg agc cag gac ctg gcg cgc gag caa att cgc cag gcg cag gat ggt cac tta ccg act ctg gat tta acg gct tct acc ggg att tct
gac acc tct tat agc ggt tcg aaa acc cgt ggt gcc gct ggt acc cag tat gac gat agc aat atg ggc cag aac aaa gtt ggc ctg agc ttc
tcg ctg ccg att tat cag ggc gga atg gtt aac tcg cag gtg aaa cag gca cag tac aac ttt gtc ggt gcc agc gag caa ctg gaa agt gcc
cat cgt agc gtc gtg cag acc gtg cgt tcc tcc ttc aac aac att aat gca tct atc agt agc att aac gcc tac aaa caa gcc gta gtt tcc gct
caa agc tca tta gac gcg atg gaa gcg ggc tac tcg gtc ggt acg cgt acc att gtt gat gtg ttg gat gcg acc acc acg ttg tac aac gcc
aag caa gag ctg gcg aat gcg cgt tat aac tac ctg att aat cag ctg aat att aag tca gct ctg ggt acg ttg aac gag cag gat ctg ctg
gca ctg aac aat gcg ctg agc aaa ccg gtt tcc act aat ccg gaa aac gtt gca ccg caa acg ccg gaa cag aat gct att gct gat ggt tat
gcg cct gat agc ccg gca cca gtc gtt cag caa aca tcc gca cgc act acc acc agt aac ggt cat aac cct ttc cgt aac tga

Bla.7UAG
atg agt att caa cat ttc cgt gtc gcc ctt att ccc ttt ttt gcg gca ttt tgc ctt cct gtt ttt gct cac cca gaa acg ctg gtg aaa gta aaa
gat gct gaa gat cag ttg ggt gca cga gtg ggt tac atc gaa ctg gat ctc aac agc ggt aag atc ctt gag agt ttt cgc ccc gaa gaa cgt
ttt cca atg atg agc act ttt aaa gtt ctg cta tgt ggc gcg gta tta tcc cgt att gac gcc ggg caa gag caa ctc ggt cgc cgc ata cac tat
tct cag aat gac ttg gtt gag tac tca cca gtc aca gaa aag cat ctt acg gat ggc atg aca gta aga gaa tta tgc agt gct gcc ata acc
atg agt gat aac act gcg gcc aac tta ctt ctg aca acg atc gga gga ccg aag gag cta acc gct ttt ttg cac aac atg ggg gat cat gta
act cgc ctt gat cgt tgg gaa ccg gag ctg aat gaa gcc ata cca aac gac gag cgt gac acc acg atg cct gta gca atg gca aca acg ttg
cgc aaa cta tta act ggc gaa cta ctt act cta gct tcc cgg caa caa tta ata gac tgg atg gag gcg gat aaa gtt gca gga cca ctt ctg
cgc tcg gcc ctt ccg gct ggc tgg ttt att gct gat aaa tct gga gcc ggt gag cgt ggg tct cgc ggt atc att gca gca ctg ggg cca gat
ggt aag ccc tcc cgt atc gta gtt atc tac acg acg ggg agt cag gca act atg gat gaa cga aat aga cag atc gct gag ata ggt gcc tca
ctg att aag cat tgg taa

PTE_Gene-V1
atg caa acg aga agg gtt gtg ctc aag tct gcg gcc gcc gca gga act ctg ctc ggc ggc ctg gct ggg tgc gcg agc gtg gct gga tcg atc
ggc aca ggc gat cgg atc aat acc gtg cgc ggt cct atc aca atc tct gaa gcg ggt ttc aca ctg act cac gag cac atc tgc ggc agc tcg
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gca gga ttc ttg cgt gct tgg cca gag ttc ttc ggt agc cgc aaa gct cta gcg gaa aag gct gtg aga gga ttg cgc cgc gcc aga tag gct
ggc gtg cga acg att gtc gat gtg tcg act ttc gat atc ggt cgc gac gtc agt tta ttg gcc gag gtt tcg cgg gct gcc gac gtt cat atc gtg
gcg gcg acc ggc ttg tgg ttc gac ccg cca ctt tcg atg cga ttg agg agt gta gag gaa ctc aca cag ttc ttc ctg cgt gag att caa tat
ggc atc gaa gac acc gga att agg gcg ggc att atc aag gtc gcg acc aca ggc aag gcg acc ccc ttt cag gag tta gtg tta aag gcg gcc
gcc cgg gcc agc ttg gcc acc ggt gtt ccg gta acc act cac acg gca gca agt cag cgc gat ggt gag cag cag gcc gcc att ttt gag tcc
gaa ggc ttg agc ccc tca cgg gtt tgt att ggt cac agc gat gat act gac gat ttg agc tat ctc acc gcc ctc gct gcg cgc gga tac ctc
atc ggt cta gac cac atc ccg cac agt gcg att ggt cta gaa gat aat gcg agt gca tca gcc ctc ctg ggc atc cgt tcg tgg caa aca cgg
gct ctc ttg atc aag gcg ctc atc gac caa ggc tac atg aaa caa atc ctc gtt tcg aat gac tgg ctg ttc ggg ttt tcg agc tat gtc acc aac
atc atg gac gtg atg gat cgc gtg aac ccc gac ggg atg gcc ttc att cca ctg aga gtg atc cca ttc cta cga gag aag ggc gtc cca cag
gaa acg ctg gca ggc atc act gtg act aac ccg gcg cgg ttc ttg tca ccg acc ttg cgg gcg tca tga

>PTE_Gene-V2
atg caa acg aga agg gtt gtg ctc aag tct gcg gcc gcc gca gga act ctg ctc ggc ggc ctg gct ggg tgc gcg agc gtg gct gga tcg atc
ggc aca ggc gat cgg atc aat acc gtg cgc ggt cct atc aca atc tct gaa gcg ggt ttc aca ctg act cac gag cac atc tgc ggc agc tcg
gca gga ttc ttg cgt gct tgg cca gag ttc ttc ggt agc cgc aaa gct cta gcg gaa aag gct gtg aga gga ttg cgc cgc gcc aga gcg gct
ggc gtg cga acg att gtc gat gtg tcg act ttc gat atc ggt cgc gac gtc agt tta ttg gcc gag gtt tcg cgg gct gcc gac gtt cat atc gtg
gcg gcg acc ggc ttg tgg ttc gac ccg cca ctt tcg atg cga ttg agg agt gta gag gaa ctc aca cag ttc ttc ctg cgt gag att caa tag
ggc atc gaa gac acc gga att agg gcg ggc att atc aag gtc gcg acc aca ggc aag gcg acc ccc ttt cag gag tta gtg tta aag gcg gcc
gcc cgg gcc agc ttg gcc acc ggt gtt ccg gta acc act cac acg gca gca agt cag cgc gat ggt gag cag cag gcc gcc att ttt gag tcc
gaa ggc ttg agc ccc tca cgg gtt tgt att ggt cac agc gat gat act gac gat ttg agc tat ctc acc gcc ctc gct gcg cgc gga tac ctc
atc ggt cta gac cac atc ccg cac agt gcg att ggt cta gaa gat aat gcg agt gca tca gcc ctc ctg ggc atc cgt tcg tgg caa aca cgg
gct ctc ttg atc aag gcg ctc atc gac caa ggc tac atg aaa caa atc ctc gtt tcg aat gac tgg ctg ttc ggg ttt tcg agc tat gtc acc aac
atc atg gac gtg atg gat cgc gtg aac ccc gac ggg atg gcc ttc att cca ctg aga gtg atc cca ttc cta cga gag aag ggc gtc cca cag
gaa acg ctg gca ggc atc act gtg act aac ccg gcg cgg ttc ttg tca ccg acc ttg cgg gcg tca tga

>PTE_Gene-V3
atg caa acg aga agg gtt gtg ctc aag tct gcg gcc gcc gca gga act ctg ctc ggc ggc ctg gct ggg tgc gcg agc gtg gct gga tcg atc
ggc aca ggc gat cgg atc aat acc gtg cgc ggt cct atc aca atc tct gaa gcg ggt ttc aca ctg act cac gag cac atc tgc ggc agc tcg
gca gga ttc ttg cgt gct tgg cca gag ttc ttc ggt agc cgc aaa gct cta gcg gaa aag gct gtg aga gga ttg cgc cgc gcc aga gcg gct
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ggc gtg cga acg att gtc gat gtg tcg act ttc gat atc ggt cgc gac gtc agt tta ttg gcc gag gtt tcg cgg gct gcc gac gtt cat atc gtg
gcg gcg acc ggc ttg tgg ttc gac ccg cca ctt tcg atg cga ttg agg agt gta gag gaa ctc aca cag ttc ttc ctg cgt gag att caa tat
ggc atc gaa gac acc gga att agg gcg ggc att atc aag gtc gcg acc aca ggc aag gcg acc ccc ttt cag gag tta gtg tta aag gcg gcc
gcc cgg gcc agc ttg gcc acc ggt gtt ccg gta acc act cac acg gca gca agt cag cgc gat ggt gag cag cag gcc gcc att ttt gag tcc
gaa ggc ttg agc ccc tca cgg gtt tgt att ggt cac agc gat gat act gac gat ttg agc tat ctc acc gcc ctc gct gcg cgc gga tac ctc
atc ggt cta gac cac atc ccg cac agt gcg att ggt cta gaa gat aat tag agt gca tca gcc ctc ctg ggc atc cgt tcg tgg caa aca cgg
gct ctc ttg atc aag gcg ctc atc gac caa ggc tac atg aaa caa atc ctc gtt tcg aat gac tgg ctg ttc ggg ttt tcg agc tat gtc acc aac
atc atg gac gtg atg gat cgc gtg aac ccc gac ggg atg gcc ttc att cca ctg aga gtg atc cca ttc cta cga gag aag ggc gtc cca cag
gaa acg ctg gca ggc atc act gtg act aac ccg gcg cgg ttc ttg tca ccg acc ttg cgg gcg tca tga

>PTE_Gene-V4
atg caa acg aga agg gtt gtg ctc aag tct gcg gcc gcc gca gga act ctg ctc ggc ggc ctg gct ggg tgc gcg agc gtg gct gga tcg atc
ggc aca ggc gat cgg atc aat acc gtg cgc ggt cct atc aca atc tct gaa gcg ggt ttc aca ctg act cac gag cac atc tgc ggc agc tcg
gca gga ttc ttg cgt gct tgg cca gag ttc ttc ggt agc cgc aaa gct cta gcg gaa aag gct gtg aga gga ttg cgc cgc gcc aga gcg gct
ggc gtg cga acg att gtc gat gtg tcg act ttc gat atc ggt cgc gac gtc agt tta ttg gcc gag gtt tcg cgg gct gcc gac gtt cat atc gtg
gcg gcg acc ggc ttg tgg ttc gac ccg cca ctt tcg atg cga ttg agg agt gta gag gaa ctc aca cag ttc ttc ctg cgt gag att caa tat
ggc atc gaa gac acc gga att agg gcg ggc att atc aag gtc gcg acc aca ggc aag gcg acc ccc ttt cag gag tta gtg tta aag gcg gcc
gcc cgg gcc agc ttg gcc acc ggt gtt ccg gta acc act cac acg gca gca agt cag cgc gat ggt gag cag cag gcc gcc att ttt gag tcc
gaa ggc ttg agc ccc tca cgg gtt tgt att ggt cac agc gat gat act gac gat ttg agc tat ctc acc gcc ctc gct gcg cgc gga tac ctc
atc ggt cta gac cac atc ccg cac agt gcg att ggt cta gaa gat aat gcg agt gca tca gcc ctc ctg ggc atc cgt tcg tgg caa aca cgg
gct ctc ttg atc aag gcg ctc atc gac caa ggc tac atg aaa caa atc ctc gtt tcg aat gac tgg ctg ttc ggg ttt tcg agc tat gtc acc aac
atc atg gac gtg atg gat tag gtg aac ccc gac ggg atg gcc ttc att cca ctg aga gtg atc cca ttc cta cga gag aag ggc gtc cca cag
gaa acg ctg gca ggc atc act gtg act aac ccg gcg cgg ttc ttg tca ccg acc ttg cgg gcg tca tga

>PTE_Gene-V5
atg caa acg aga agg gtt gtg ctc aag tct gcg gcc gcc gca gga act ctg ctc ggc ggc ctg gct ggg tgc gcg agc gtg gct gga tcg atc
ggc aca ggc gat cgg atc aat acc gtg cgc ggt cct atc aca atc tct gaa gcg ggt ttc aca ctg act cac gag cac atc tgc ggc agc tcg
gca gga ttc ttg cgt gct tgg cca gag ttc ttc ggt agc cgc aaa gct cta gcg gaa aag gct gtg aga gga ttg cgc cgc gcc aga gcg gct
ggc gtg cga acg att gtc gat gtg tcg act ttc gat atc ggt cgc gac gtc agt tta ttg gcc gag gtt tcg cgg gct gcc gac gtt cat atc gtg
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gcg gcg acc ggc ttg tgg ttc gac ccg cca ctt tcg atg cga ttg agg agt gta gag gaa ctc aca cag ttc ttc ctg cgt gag att caa tat
ggc atc gaa gac acc gga att agg gcg ggc att atc aag gtc gcg acc aca ggc aag gcg acc ccc ttt cag gag tta gtg tta aag gcg gcc
gcc cgg gcc agc ttg gcc acc ggt gtt ccg gta acc act cac acg gca gca agt cag cgc gat ggt gag cag cag gcc gcc att ttt gag tcc
gaa ggc ttg agc ccc tca cgg gtt tgt att ggt cac agc gat gat act gac gat ttg agc tag ctc acc gcc ctc gct gcg cgc gga tac ctc
atc ggt cta gac cac atc ccg cac agt gcg att ggt cta gaa gat aat gcg agt gca tca gcc ctc ctg ggc atc cgt tcg tgg caa aca cgg
gct ctc ttg atc aag gcg ctc atc gac caa ggc tac atg aaa caa atc ctc gtt tcg aat gac tgg ctg ttc ggg ttt tcg agc tat gtc acc aac
atc atg gac gtg atg gat cgc gtg aac ccc gac ggg atg gcc ttc att cca ctg aga gtg atc cca ttc cta cga gag aag ggc gtc cca cag
gaa acg ctg gca ggc atc act gtg act aac ccg gcg cgg ttc ttg tca ccg acc ttg cgg gcg tca tga

>PTE_Gene-V2-V5
atg caa acg aga agg gtt gtg ctc aag tct gcg gcc gcc gca gga act ctg ctc ggc ggc ctg gct ggg tgc gcg agc gtg gct gga tcg atc
ggc aca ggc gat cgg atc aat acc gtg cgc ggt cct atc aca atc tct gaa gcg ggt ttc aca ctg act cac gag cac atc tgc ggc agc tcg
gca gga ttc ttg cgt gct tgg cca gag ttc ttc ggt agc cgc aaa gct cta gcg gaa aag gct gtg aga gga ttg cgc cgc gcc aga gcg gct
ggc gtg cga acg att gtc gat gtg tcg act ttc gat atc ggt cgc gac gtc agt tta ttg gcc gag gtt tcg cgg gct gcc gac gtt cat atc gtg
gcg gcg acc ggc ttg tgg ttc gac ccg cca ctt tcg atg cga ttg agg agt gta gag gaa ctc aca cag ttc ttc ctg cgt gag att caa tag
ggc atc gaa gac acc gga att agg gcg ggc att atc aag gtc gcg acc aca ggc aag gcg acc ccc ttt cag gag tta gtg tta aag gcg gcc
gcc cgg gcc agc ttg gcc acc ggt gtt ccg gta acc act cac acg gca gca agt cag cgc gat ggt gag cag cag gcc gcc att ttt gag tcc
gaa ggc ttg agc ccc tca cgg gtt tgt att ggt cac agc gat gat act gac gat ttg agc tag ctc acc gcc ctc gct gcg cgc gga tac ctc
atc ggt cta gac cac atc ccg cac agt gcg att ggt cta gaa gat aat gcg agt gca tca gcc ctc ctg ggc atc cgt tcg tgg caa aca cgg
gct ctc ttg atc aag gcg ctc atc gac caa ggc tac atg aaa caa atc ctc gtt tcg aat gac tgg ctg ttc ggg ttt tcg agc tat gtc acc aac
atc atg gac gtg atg gat cgc gtg aac ccc gac ggg atg gcc ttc att cca ctg aga gtg atc cca ttc cta cga gag aag ggc gtc cca cag
gaa acg ctg gca ggc atc act gtg act aac ccg gcg cgg ttc ttg tca ccg acc ttg cgg gcg tca tga

>GpdQ Klebsiella pneumoniae strain MTCC 4030 glyceraldehyde phosphate dehydrogenase (gpdQ) gene,
complete cds
atg cgg tta gcg cac att tcc gat acc cat ttc cgc agc cgc ggc gag aag ctg tac ggc ttt atc gac gtc aat gcc gcc aac gcc gac gtg
gtc tcc cag ctt aac gcg ctg cgc gag cgc ccg gac gcg gtg gtg gtg agc ggg gat atc gtc aac tgc ggc cgc ccg gag gag tat cag gtg
gcc cgc cag atc ctc ggc agc ctg aac tat ccg ctg tat ctg atc ccc ggc aac cac gac gac aaa gcc cat ttt ctc gag cat ctt cat ccg
ctg tgc ccg cag ctg ggc aac gat ccg caa aat atg cgc tat gcg gtg gat gac ttc gcc acc cgc ctg ctg ttt atc gac tcc agt cat gcc
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ggc acg tca aaa ggc tgg ctg acc gac gag acc atc agc tgg ctg gag gcg caa ctg ttc gag ggc ggc gac aaa ccg gca acg atc ttt atg
cac cac ccg ccg ctg ccg ctg ggc aat gcg cag atg gac ccg atc gcc tgc gaa aac ggc cac cgt ctg ctg gcg ctg gtg gag cgt ttc ccg
tcg ctg acg cgc atc ttc tgc ggc cac aac cac agc ctg acc atg acc cag tat cgc cag gcg ctg atc tcc acc att ccc ggc acc gtc cat
cag gta ccg tac tgc cac gaa gac acc cgg ccc tat tac gac ctc tcc ccg gcc tcg tgc ctg atg cac cgt cag gtc ggt gag cag tgg gtg
agc tac cag cac tcg ctg gcc cac tac gcc ggg ccg tgg ctg tac gac gaa aac atc agt tgc cca acg gaa gag cgc taa ccg cca tgc tca
gtc tgc aaa aca tca gta aac gtt tcg acg gca aac cgg cgc tca gcg ccc tgt cgc tgg ata ttc acg aag gct ga
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Appendix C Figure S1. Crosstalk experiment results for 3 different Bla genes designs
with TAG reverted. Each panel represents growth with a different non standard amino acid.
X-axis shows the different versions of the Bla gene (cf Table S1 for details about Bla#1, Bla#9
and Bla#32). Intensity of each square represents the doubling time in a given conditions

compared to the doubling time in non-selective media.
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Appendix C Figure S2. Average of all growth rates for the 4 antibiotic resistance
genes with the 10 different NSAA and the 8 different synthetases. Growth is taken
relative to growth in non-antibiotic media.
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Appendix C Figure S3. Genetic isolation assay: genetically isolated genes are not
functional in WT E. coli. Cassettes containing a UAG-resistance marker and a WT-resistance
marker were transferred as presented in Figure 4.2.A. Conjugation efficiency is measured as the
ratio of the number of colonies after plating on selective agar plates with the isolated antibiotic
over the number of colonies after plating on selective agar plates with the non-isolated antibiotic.
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Appendix C Figure S4. Bioremediation assay. PTE gene expression is measured as the
ratio between OD410 to measure degradation of methyl-parathion into the yellow p-nitrophenol
and OD600 (y-axis). Plasmid containing different version of the PTE genes with UAG stop
codons were transformed into a C321 strain with the pEvol-tyrRS plasmid. Experiment is
performed in presence and in absence of methyl-parathion.
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Appendix C Figure S5. Bioremediation assay. PTE gene expression is measured as the
ratio between OD410 to measure degradation of methyl-parathion into the yellow p-nitrophenol
and OD600 (y-axis). Plasmid containing different version of the PTE genes with UAG stop
codons were transformed into a C321 strain with the pEvol-tyrRS plasmid and with an empty
pEvol backbone (NoSyn). Experiment is performed in presence of methyl-parathion.
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Supplementary Tables
Supplementary Table 1. Primers used in this study.
cat.5TAG.21
E-f

tttgcgtagggatttccttcccgcgcatcaataaaaatggcgctgaaaaaGctgatccactagttctagagc

kan.4TAG.21
E-f

tttgcgtagggatttccttcccgcgcatcaataaaaatggcgctgaaaaaCCTGTGACGGAAGATCACTTCG

tolC.4TAG.2
1E-f

tttgcgtagggatttccttcccgcgcatcaataaaaatggcgctgaaaaaTTGAGGCACATTAACGCC

bla.7TAG.21
E-f

tttgcgtagggatttccttcccgcgcatcaataaaaatggcgctgaaaaaCAGTTCCTGGATATCCGGATG

cat.5TAG.7.8
-f

ttacgggctaattacaggcagaaatgcgtgatgtgtgccacacttgttgaGctgatccactagttctagagc

kan.4TAG.7.
8-f

ttacgggctaattacaggcagaaatgcgtgatgtgtgccacacttgttgaCCTGTGACGGAAGATCACTTCG

tolC.4TAG.7.
8-f

ttacgggctaattacaggcagaaatgcgtgatgtgtgccacacttgttgaTTGAGGCACATTAACGCC

bla.7TAG.7.8
-f

ttacgggctaattacaggcagaaatgcgtgatgtgtgccacacttgttgaCAGTTCCTGGATATCCGGATG

cat.5TAG.22.
23b-f

gagagcattgattctaagtgtcatatgaaagtaccaattgatatatatcaGctgatccactagttctagagc

kan.4TAG.22
.23b-f

gagagcattgattctaagtgtcatatgaaagtaccaattgatatatatcaCCTGTGACGGAAGATCACTTCG

tolC.4TAG.2
2.23b-f

gagagcattgattctaagtgtcatatgaaagtaccaattgatatatatcaTTGAGGCACATTAACGCC

bla.7TAG.22.
23b-f

gagagcattgattctaagtgtcatatgaaagtaccaattgatatatatcaCAGTTCCTGGATATCCGGATG

cat.5TAG.21
E-r

acgcattgcccgatgccgcaaaggcataaaaagtcgatggcgttgaatatCtaaagggaacaaaagctgggt

kan.4TAG.21
E-r

acgcattgcccgatgccgcaaaggcataaaaagtcgatggcgttgaatatAACCAGCAATAGACATAAGCGG

tolC.4TAG.2
1E-r

acgcattgcccgatgccgcaaaggcataaaaagtcgatggcgttgaatatTCTAGGGCGGCGGATT

bla.7TAG.21
E-r

acgcattgcccgatgccgcaaaggcataaaaagtcgatggcgttgaatatTTACCAATGCTTAATCAGTGAG

cat.5TAG.7.8

ccagcgggctaactttcctcgccggaagagtggttaacaaaatagtaacgCtaaagggaacaaaagctgggt
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-r
kan.4TAG.7.
8-r

ccagcgggctaactttcctcgccggaagagtggttaacaaaatagtaacgAACCAGCAATAGACATAAGCGG

tolC.4TAG.7.
8-r

ccagcgggctaactttcctcgccggaagagtggttaacaaaatagtaacgTCTAGGGCGGCGGATT

bla.7TAG.7.8
-r

ccagcgggctaactttcctcgccggaagagtggttaacaaaatagtaacgTTACCAATGCTTAATCAGTGAG

cat.5TAG.22.
23b-r

atgaattaacatgataaacgtaataattcattaatcagggttattttgttCtaaagggaacaaaagctgggt

kan.4TAG.22
.23b-r

atgaattaacatgataaacgtaataattcattaatcagggttattttgttAACCAGCAATAGACATAAGCGG

tolC.4TAG.2
2.23b-r

atgaattaacatgataaacgtaataattcattaatcagggttattttgttTCTAGGGCGGCGGATT

bla.7TAG.22.
23b-r

atgaattaacatgataaacgtaataattcattaatcagggttattttgttTTACCAATGCTTAATCAGTGAG

SIR-21E-tdkf

atttccttcccgcgcatcaataaaaatggcgctgaaaaaCTGTTGAGCTGAAAAACTGAC

SIR-21E-tdkr

gatgccgcaaaggcataaaaagtcgatggcgttgaatatCTGCCGAGAAGGGTATATAGC

SIR-7-8-tdk-f

ttacaggcagaaatgcgtgatgtgtgccacacttgttgaCTGTTGAGCTGAAAAACTGAC

SIR-7-8-tdk-r

actttcctcgccggaagagtggttaacaaaatagtaacgCTGCCGAGAAGGGTATATAGC

SIR7-8advance-Catf

caaatttgctactggtccgatgggtgcaatggtctgaaGCTGATCCACTAGTTCTAGAGC

SIR7-8advance-Catr

cacacatcacgcatttctgcctgtaattagcccgtaaCTAAAGGGAACAAAAGCTGGGT

SIR7-8advance-Kanf

caaatttgctactggtccgatgggtgcaatggtctgaaCCTGTGACGGAAGATCACTTCG

SIR7-8advance-Kanr

cacacatcacgcatttctgcctgtaattagcccgtaaAACCAGCAATAGACATAAGCGG

SIR7-8advanceTolC-f

caaatttgctactggtccgatgggtgcaatggtctgaaTTGAGGCACATTAACGCC

SIR7-8advanceTolC-r

cacacatcacgcatttctgcctgtaattagcccgtaaTCTAGGGCGGCGGATT
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SIR7-8advance-Bla-f

caaatttgctactggtccgatgggtgcaatggtctgaaCAGTTCCTGGATATCCGGATG

SIR7-8advance-Blar

cacacatcacgcatttctgcctgtaattagcccgtaaTTACCAATGCTTAATCAGTGAG

glnV44 oligo

GGTATCGCCAAGCGGTAAGGCACCGGATTCTaATTCCGGCATTCCGAGGTTCGAATCCTCGT
ACCCCAGccaATTTATTCAAGACGCTTA

glnV44_ver1
50_f

ggtaaggcaccggattctg

glnV44_ver1
50_fm

ggtaaggcaccggattcta

glnV44_ver1
50_r

aacctcggaatgccgga

Gln_fprimse
q-m13f

gtaaaacgacggcagggcgaaattg

Gln_fprimse
q

ggcgaaattggtagacgca

Gln_rprimse
q

cgtcgcatccgacattgaa

mutS_null_
mut-2*

a*c*cccatgagtgcaatagaaaatttcgacgcccatacgcccatgatgcagcagtgatagtcgctgaaagcccagcatcccgagatcctgc

mutS_null_r
evert-2*

a*c*cccatgagtgcaatagaaaatttcgacgcccatacgcccatgatgcagcagtatctcaggctgaaagcccagcatcccgagatcctgc

mutS2_ascPCR_
wt-f

ccatgatgcagcagtatctcag

mutS2_ascPCR_
mut-f

ccatgatgcagcagtgatagtc

mutS2_ascPCR-r

aggttgtcctgacgctcctg

(GpdQ)PTEr

TCCTCCTGTTAGCCCAAAAAAAGGCTGGAAGGATCCAGATGGCGTCATGACGCCCGCAAG

(PTE)GpdQf

TCCTTCCAGCCTTTTTTTGGGCTAACAGGAGGAATTAGATCTATGCGGTTAGCGCACATT

(PSupt-NotRNA)-

TAATTTTTTTAAGGCAGTTATTGGTGCCCTGGGATGGTCGACTTAGCGCTCTTCCGTTGG
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Gpdq-r
(Gpdq)PSupt-NotRNA-f

ACATCAGTTGCCCAACGGAAGAGCGCTAAGTCGACCATCCCAGGGCACCAATAACTGCCT

(PTE)pSupT
-aaRS-r

CCGCAGACTTGAGCACAACCCTTCTCGTTTGCATAGATCTAATTCCTCCTGTTAGCCCAA

(pSuptaaRS)PTE-f

CCATACCCGTTTTTTTGGGCTAACAGGAGGAATTAGATCTATGCAAACGAGAAGGGTTGT

Dbla-zeo-f

agtggacataaccctgataaatgcttcaataatattgaaaaaggaagagtGGTGTTGACAATTAATCATCGGC

Dbla-zeo-r

CATTATTTGCCGACTACCTTGGTGATCTCGCCTTTCACGTAGTGGACAAAAGCTTGCAAATT
AAAGCCTTCG

SIR7-8-Ara-f

ttacgggctaattacaggcagaaatgcgtgatgtgtgccacacttgttgaACTCCCGCCATTCAGAGAAG

SIR7-8(PTE)-Cm-r

ccagcgggctaactttcctcgccggaagagtggttaacaaaatagtaacgCtgaacaggagggacagct

pEvol-Kan-f

TCAGGCGTAGCACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAAcCTGTGACGGAA
GATCACTTCG

tdk-Kan-r

gagaagggtatatagcccggaagaagtgcgtaaaacgaactgacaAACCAGCAATAGACATAAGCGG

pEvolEndtRNA-f

CAGCTCAGGGTCGAATTTGC
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Supplementary Table 2. Sequencing analysis for 32 Bla TAG revertant clones grown
on Tyrosine.

Clones TAG1

TAG2

TAG3

TAG4

TAG5

TAG6

TAG7

1

WT

WT

TAG

TAG

TAG

TAG

TAG

2

WT

WT

TAG

TAG

TAG

TAG

TAG

3

WT

TAG

TAG

TAG

GCT

TAG

TAG

4

WT

WT

TAG

TAG

TAG

TAG

TAG

5

WT

TAG

TAG

TAG

GCT

TAG

TAG

6

WT

NA

TAG

TAG

TAG

TAG

TAG

7

WT

WT + C249T

TAG

TAG

TAG

TAG

TAG

8

WT

TAG

TAG

TAG

GCT

TAG

TAG

9

WT

TAG

TAG

TAG

GCT

TAG

TAG

10

WT

TAG

TAG

TAG

GCT

TAG

TAG

11

WT

TAG

TAG

TAG

GCT

TAG

TAG

12

WT

TAG

TAG

TAG

GCT

TAG

TAG

13

WT

WT + C249T

TAG

TAG

TAG

TAG

TAG

14

TAG

WT

TAG

CTA

TAG

TAG

TAG

15

TAG

WT + G244A
(I-> V)

TAG

TAG

TAG

TAG

TAG

16

WT

TAG

TAG

TAG

GCT

TAG

TAG

17

WT

TAG

TAG

TAG

GCT

TAG

TAG

18

WT

TAG

TAG

TAG

GCT

TAG

TAG

19

WT

TAG

TAG

TAG

TAG

TAG

TAG +C666T
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(A->V)

20

WT

TAG

TAG

TAG

GCT

TAG

TAG

21

TAG

WT + G244A
(I-> V)

TAG

TAG

TAG

TAG

TAG

22

WT

WT + G244A
(I-> V)

TAG

TAG

TAG

TAG

TAG

23

TAG

WT

TAG

TAG

GCT

TAG

GCT

24

WT + C178T
(P->S)

TAG

TAG

TAG

TAG

TAG

TAG

25

WT

TAG

TAG

TAG

GCT

TAG

TAG

26

WT

TAG

TAG

TAG

GCT

TAG

TAG

27

WT

TAG

TAG

TAG

GCT

TAG

TAG

28

WT

WT

TAG

TAG

TAG

TAG

TAG

29

WT

TAG

TAG

TAG

GCT

TAG

TAG

30

WT

TAG

TAG

TAG

GCT

TAG

TAG

31

WT

TAG

TAG

TAG

GCT

TAG

TAG

32

TAG

WT

TAG

TAG

GCT

TAG

TAG

5/32

19/32

All

31/32

13/32

All

31/32

Conserved

Conserved

Conserved

Conserved

Conserved

Conserved

Conserved

Total
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Supplementary Table 3. Escape rates on selective plates.

AbR gene

Cat

Day

Day 1

Day 3

Day 5

Day 7

Parent Strain

<10^-8

<10^-8

<10^-8

<10^-8

pAcFRS

Growth

Growth

Growth

Growth

pAzfRS

<10^-8

<10^-8

Bleed-Through

Bleed-Through

NapARS

<10^-8

Bleed-Through

Bleed-Through

Bleed-Through

BipARS

<10^-8

Bleed-Through

Bleed-Through

Bleed-Through

pCNFRS

<10^-8

3.04E-02

Bleed-Through

Bleed-Through

AzoFRS

3.27E-06

4.90E-06

3.86E-04

Bleed-Through

No Synthetase

<10^-8

<10^-8

7.44E-04

Bleed-Through

AbR gene

Kan

Parent Strain

<10^-8

7.18E-08

2.16E-07

5.03E-07

pAcFRS

Growth

Growth

Growth

Growth

pAzfRS

1.36E-06

1.60E-04

2.64E-03

4.07E-03

NapARS

5.27E-06

2.96E-04

1.57E-03

1.99E-03

BipARS

1.06E-05

2.07E-04

2.24E-03

2.87E-03

pCNFRS

3.04E-02

1.33E-04

Bleed-Through

Bleed-Through

AzoFRS

3.87E-04

1.75E-05

2.39E-05

2.74E-05

No Synthetase

7.52E-04

4.79E-05

5.59E-05

6.21E-05

AbR gene

TolC

Parent Strain

<10^-9

<10^-9

<10^-9

<10^-9

pAcFRS

Growth

Growth

Growth

Growth
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pAzfRS

7.51E-07

Bleed-Through

Bleed-Through

Bleed-Through

NapARS

<10^-9

1.95E-03

1.18E-02

2.17E-02

BipARS

3.88E-07

1.25E-02

Bleed-Through

Bleed-Through

pCNFRS

1.52E-06

Bleed-Through

Bleed-Through

Bleed-Through

AzoFRS

5.85E-07

2.15E-05

3.95E-05

4.33E-05

No Synthetase

<10^-9

<10^-9

<10^-9

<10^-9

AbR gene

Bla

Parent Strain

<10^-9

<10^-9

<10^-9

<10^-9

pAcFRS

2.22E-06

7.70E-06

1.29E-05

Bleed-Through

pAzfRS

6.65E-07

Bleed-Through

Bleed-Through

Bleed-Through

NapARS

1.34E-05

Bleed-Through

Bleed-Through

Bleed-Through

BipARS

1.64E-04

Bleed-Through

Bleed-Through

Bleed-Through

pCNFRS

8.50E-07

Bleed-Through

Bleed-Through

Bleed-Through

AzoFRS

1.39E-06

Bleed-Through

Bleed-Through

Bleed-Through

No Synthetase

1.54E-05

Bleed-Through

Bleed-Through

Bleed-Through

AbR gene

Cat/Kan

Parent Strain

<10^-9

<10^-9

<10^-9

<10^-9

pAcFRS

Growth

Growth

Growth

Growth

pAzfRS

<10^-9

1.26E-06

6.91E-05

Bleed-Through

NapARS

<10^-9

1.73E-06

1.09E-05

1.22E-05

BipARS

Growth

Growth

Growth

Growth

pCNFRS

Growth

5.03E-04

1.09E-03

Growth

AzoFRS

5.00E-08

1.40E-06

1.42E-05

1.79E-05

No Synthetase

3.08E-07

4.26E-07

4.83E-07

5.45E-07
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AbR gene

Cat/Kan/TolC

Parent Strain

<10^-9

<10^-9

<10^-9

<10^-9

pAcFRS

3.92E-07

3.74E-06

Bleed-Through

Bleed-Through

pAzfRS

<10^-9

<10^-9

<10^-9

<10^-9

NapARS

<10^-9

<10^-9

4.82E-08

4.82E-08

BipARS

<10^-9

6.79E-08

2.53E-06

4.62E-06

pCNFRS

<10^-9

6.58E-08

7.24E-07

1.05E-06

AzoFRS

<10^-9

1.30E-07

4.35E-07

6.74E-07

No Synthetase

<10^-9

6.07E-09

6.07E-09

6.07E-09
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Appendix D Sequence-Specific
Thermodynamic Properties of Nucleic Acids
Influence Both Transcriptional Pausing and
Backtracking in Yeast.

This project is rather disjoint from the rest of my PhD Dissertation topic. However, it
has played a critical role in my development as a scientist. For instance, this is how I learned how
to code properly in MATLAB©, a skill that proved very useful in the AGR codon replacement
story presented in Chapter 2. This project is the result of a long random walk based on an idea
from Martin Lukačišin when we were both performing our rotation in the Paulsson Lab. Over the
4 years of my PhD and with great help and support from Rishi Jajoo, it became its own story.
After many digressions and explorations, we decided to wrap it up as is in order to put the main
conclusions out. After submission to multiple journals and it finally got accepted into Plos One.
Although this is probably not the shiniest project that I have performed over the course of my
PhD, I am proud to incorporate it in my dissertation.

This chapter is reproduced with permission from its initial publication: SequenceSpecific Thermodynamic Properties of Nucleic Acids Influence Both Transcriptional
Pausing and Backtracking in Yeast. Martin Lukačišin, Matthieu Landon, and Rishi Jajoo,
Plos One (2016).
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Abstract
RNA Polymerase II pauses and backtracks during transcription, with many consequences
for gene expression and cellular physiology. Here, we show that the energy required to melt
double-stranded nucleic acids in the transcription bubble predicts pausing in Saccharomyces
cerevisiae far more accurately than nucleosome roadblocks do. In addition, the same energy
difference also determines when the RNA polymerase backtracks instead of continuing to move
forward. This data-driven model corroborates - in a genome wide and quantitative manner previous evidence that sequence-dependent thermodynamic features of nucleic acids influence
both transcriptional pausing and backtracking.
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Main Text
Introduction:
RNA polymerase II (RNAP) transcribes intermittently, pausing and backtracking along
DNA before continuing to transcribe (1,2). Transcriptional pausing is a critical feature of gene
regulation (3), and it is involved in RNA splicing (4), transcription fidelity (5) and transcription
termination (6) and has been implicated in genome instability (7). Recently however, a new
technique for determining RNAP occupancy across the genome (NET-seq: Nascent Elongating
Transcript sequencing) has revealed that RNAP pauses and backtracks reproducibly at over 105
specific locations in the Saccharomyces cerevisiae genome (8). The causes and functions of these
pausing and backtracking events are not yet fully understood.

Several factors have been demonstrated to have an influence on RNAP pausing and
backtracking. Nucleosomes have been shown to elicit RNAP pausing in single-molecule studies (9)
and also show correlation with high-throughput pausing data (8). Similarly, transcription factors
bound to DNA act as roadblocks to RNA polymerase (10). Interaction between nucleic acids and
the residues from RNAP influence both RNAP pausing (5,11) and backtracking (12), as does the
the structure of the nascent RNA (13,14). Last but not least, the basepairing strength of the
nucleic acids inside the transcription bubble has been shown to be a determinant of
transcriptional pausing experimentally (15,16) and this dependence has been further explored
using thermodynamic (17) and kinetic models (18).
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It is difficult, however, to quantitatively disentangle the contribution of these factors to
the wide-spread RNAP pausing. In the present study, we made use of publically available
genome-wide datasets of RNAP pausing and backtracking (8) and nucleosome positions (19) to
compare the explanatory power of basepairing thermodynamics of nucleic acids and known
nucleosome positions on the reported pervasive RNAP pausing and backtracking (8). To this end
we also built a simple, data-driven quantitative model of how basepairing of nucleic acids affects
RNAP pausing during forward movement, pausing during backtracking and the incidence of
backtracks.

Results:
Currently mapped nucleosomes explain much less pausing than nucleotide
sequence
In the elongation phase of transcription, RNAP transcribes intermittently and RNAP
pausing is often followed by backtracking, moving the 3' end of the nascent RNA out of the
RNAP active site (2,8,12). The elongation factor TFIIS, encoded by the gene DST1 in S.
cerevisiae, then stimulates RNAP to cleave the backtracked 3' stretch of the nascent RNA,
allowing transcription to restart from an upstream point. NET-seq allows genome-wide, singlebase detection of both the initial sites of polymerase pausing and the subsequent sites of nascent
transcript cleavage: when performed on WT cells, the predominant state of the recovered
polymerase is the backtracked, post-cleaved state; in dst1Δ strains, the 3' end of nascent
transcripts is left intact, and NET-seq reveals the site where RNAP paused initially (8).
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Because nucleosomes wound on DNA have previously been investigated as “roadblocks”
that cause RNAP pausing (8,20–22), we tested whether measured nucleosome positions could
predict the sites where RNAP paused. Specifically, nucleosomes are thought to impede
polymerases during downstream movement (8), so we used a single base-pair map of nucleosome
positions (19) and aligned it against RNAP pause locations from dst1Δ NET-seq data (8).

As previously observed (8), RNAP pausing increases near nucleosomes (Appendix D
Figure 1A). To better quantify how well nucleosome positions explained RNAP pausing, we
used the Area Under the Receiver Operating Characteristic curve (AUC, which takes the values
1.0 for perfect prediction and 0.5 for uninformed guessing): we fitted the pause frequency near
nucleosomes to predict RNAP pausing and found an AUC value of 0.54 (Appendix D Figure
1B), indicating that the mapped nucleosomes only explain a small fraction of pausing in yeast.
As this pattern is fit to the data, it is likely the upper bound for predictive power of known
nucleosome location on RNAP pausing. It is worth noting that this result is consistent both with
nucleosomes not having a strong influence on RNAP pausing as well as with nucleosomes being a
strong inducer of pausing but most pauses not being caused by the currently mapped
nucleosomes. Most importantly, the low frequency of nucleosomes relative to the number of
pauses accounts for their low predictive power. Because the same RNAP pause sites are seen in
different cells and in different biological replicates (8), it is unlikely that nucleosomes without
strong positional preference could cause a major fraction of RNAP pausing either.
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Figure 1
A

B
1

True Positive Rate
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0
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0
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0
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1
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Appendix D Figure 1. Mapped nucleosome positions explain only a small portion of
RNAP pausing. A. Frequency of pauses as detected via NET-seq in dst1Δ yeast strains as a
function of distance from the nearest annotated nucleosome. The trendline represent a 61 basepair running average. B. Receiver operating characteristic curves and AUC values for predictions
based on nucleosome positions, a single-base position weight matrix and a nearest-neighbor
position weight matrix.
Next, to examine how pausing was influenced by sequence, we constructed a position
weight matrix (PWM) from the sequences surrounding pause sites to predict pausing. We found
that nucleotide sequence could predict pausing with an AUC of 0.83, far more than the
nucleosome positions could (Appendix D Figure 1B). The explanatory power of the sequence
increased further when accounting for possible nearest neighbor nucleotide interactions, to AUC
of 0.87 (Appendix D Figure 1B; see Materials and Methods). Since, however, using PWM on
its own as a predictor offers little biological insight into the mechanism of pausing, we sought to
rationalize the sequence dependence of RNAP pausing.

Dependence of pausing on nucleotide sequence can be rationalized in terms of
basepairing energy
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We reasoned that pausing could depend on sequence if RNAP thermodynamically favored
its current position more than a downstream position, based on the differences in basepairing
strength for both the DNA:DNA duplex of the genome and the RNA:DNA duplex formed inside
RNAP, as suggested in previous studies (15–18,23). We noted that even though RNA:DNA
basepairing is slightly more energetically favorable on average than DNA:DNA basepairing, there
are many sequences for which the opposite is true, allowing specific sequences to prefer
RNA:DNA or DNA:DNA basepairing. We used melting energies from a nearest neighbor model
based on experimental data (24,25)( Appendix D Table S1 and S2) to calculate the average
basepairing energy around all pause sites for both DNA:DNA and RNA:DNA basepairing
(Appendix D Figure 2A-2C).

In the dst1Δ dataset - which captures pausing when polymerases are moving downstream
- we found that the sequences directly upstream of pause sites have more stable RNA:DNA
basepairing than DNA:DNA basepairing. These are the nucleotides which would form the
RNA:DNA hybrid inside RNAP. Further, in the sequence directly downstream of pause sites,
RNA:DNA basepairing is weaker than DNA:DNA basepairing. These are the DNA:DNA base
pairs that would need to be melted for the polymerase to continue moving downstream.
Therefore, we suggest that the polymerase is found at these locations in NET-seq data because it
thermodynamically favors this position over continuing forward movement. For the WT dataset,
where the polymerase is assumed to be backtracking, the opposite pattern is observed (Fig. 2C).
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Appendix D Figure 2. RNA:DNA and DNA:DNA basepairing energy change near
pause sites. A. Average basepairing energy for RNA:DNA and DNA:DNA duplexes, around
initial transcriptional arrest sites in a dst1Δ strain. B. The difference between RNA:DNA and
DNA:DNA basepairing around dst1Δ pause site plotted as a running sum over the presumed
length of RNA:DNA hybrid (8 nt). The expectation for random sites in transcriptome is plotted
at the p=10-3 level (gray area). C.-D. Same as (A) and (B), respectively, but for sites of
transcriptional arrest as determined from NET-seq in WT strains where RNAP is likely to be
pausing while backtracking.
If the difference in RNA:DNA and DNA:DNA basepairing strength is summed over the
presumed length of RNA:DNA hybrid of 8 bp ((26); see also (5,12,15); for simplicity, we assumed
the length of RNA:DNA hybrid to be constant), a clear pattern emerges for both dst1Δ and WT
datasets (Appendix D Figure 2B-2D). Based on the direction of RNA polymerase movement,
the polymerase pauses at sites when the RNA:DNA basepairing changes from favorable to
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unfavorable compared to DNA:DNA basepairing, after accounting for the average difference
between RNA:DNA and DNA:DNA basepairing strength. Importantly, the change in basepairing
energies around pause sites for dst1Δ and WT datasets looks similar if the change in direction of
RNAP movement is accounted for (Appendix D Figure 3A-3B).

Appendix D Figure 3. Change in the difference between RNA:DNA and DNA:DNA
basepairing strength is a good predictor of RNAP pausing. A. The transcription
elongation complex (TEC) contains an RNA:DNA hybrid that takes the place of a DNA:DNA
duplex as the polymerase transcribes; we define the TEC stability as the difference between the
energy required to melt these two structures. B. Assuming 8 nt long RNA:DNA hybrid, the
average TEC stability is plotted around dst1Δ and WT pause site. Note that WT data is plotted
on an inverted and shifted secondary axis, in order to account for RNAP moving upstream during
backtracking. C. The frequency of RNAP pausing for the highly expressed genes (see Materials
and Methods) as a function of TEC stability energy difference (ΔTEC, as defined in B). Inset:
Logarithmic probability axis assuming logistic fit. D. Receiver operating characteristic curves and
AUC values for transcription pause sites using different models. The curves for position weight
matrix (PWM) models are those for nearest-neighbor PWMs to ensure fair comparison with the
energy model which also considers nearest neighbor interactions.
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Simple thermodynamic basepairing energy model predicts pausing better than
nucleosome positions
In order to rationalize this observation, we devised a simple proxy for transcription
elongation complex (TEC) stability: we compute the difference between the stability of
RNA:DNA hybrid and the stability of the same sequence if in DNA:DNA duplex (Appendix D
Figure 3A). We used the difference between the TEC stability several bases upstream and
downstream of each position (ΔTEC in Appendix D Figure 3D, see Materials and Methods) to
predict the probability of RNAP pausing at each position in the genome without fitting any
parameters. The inferred TEC energy difference correlated extremely well with the likelihood of
pauses in both the dst1Δ and WT NET-seq data (Appendix D Figure 3C). The AUC for this
model based only on the calculated basepairing energy was much higher than for the nucleosome
model for both dst1Δ and WT datasets and captures a sizable portion of pausing explained by
sequence variation as quantified by the nearest neighbor-based PWM (Appendix D Figure
3D).

The incidence of backtracks depends on nucleotide basepairing
Having determined a feature of DNA sequence that can predict RNAP pausing during
forward movement (dst1Δ) as well as during backtracking (WT), we next asked whether this
sequence feature could also predict the propensity of RNAP to enter into backtracking after an
initial pause. This is of biological interest since RNAP backtracking not only increases
transcriptional fidelity (1), but long backtracking excursions also promote genome instability (27).
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Since the dst1Δ NET-seq dataset shows the positions of initial pauses, and the WT NETseq dataset shows the sites where the cleavage of 3’ end of backtracked RNA by TFIIS occurred
(8), comparing the pause sites in these two datasets offers the opportunity to classify the pauses
in dst1Δ dataset as non-backtracking or backtracking. Those that have a corresponding pause in
the WT dataset that is 0-1 nt upstream were considered non-backtracking (63.9% of total dst1Δ
pauses), and those that have the closest pause between 2 and 15 nucleotides upstream were
considered backtracking (35.7% of total dst1Δ pauses, Appendix D Figure 4A). We found that
pauses with higher ΔTEC were more likely to exhibit backtracking (Appendix D Figure 4B).
This correlation between higher ΔTEC and backtracking was far more predictive than between
nucleosome positions and backtracking (Appendix D Figure 4C). Therefore, sequences with
higher TEC stability differences not only cause more RNAP pauses, but also cause backtracking
more often after the initial pause.

Appendix D Figure 4. Energy barrier from basepairing positively correlates with
long backtracks. A. After an initial pause, RNAP often backtracks. Pause sites from WT data
were considered as not/short backtracking if there was a corresponding pause site in the dst1Δ
NET-seq dataset 0 or 1 bases downstream and as long backtracking if the closest dst1Δ pause site
was 2 to 15 bases downstream. WT pauses without downstream dst1Δ pause sites were not
included. B. The frequency of long backtracks is plotted against magnitude of the energy barrier
as defined for dst1Δ in Fig. 3C. C. Receiver operating characteristic curves and AUC values of
predicting long backtracking in WT data from dst1Δ pause sites is shown for the energy model
and for nucleosomes.
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Thermodynamic basepairing energy model is not confined to S. cerevisiae
As all DNA-dependent RNA polymerases have RNA:DNA duplexes, our energy model
should also predict polymerase pausing in other contexts. Indeed, our TEC stability model also
predicted transcriptional pausing in E. coli from bacterial NET-seq (28) with an AUC of 0.68
(Appendix D Figure S2). This indicates that in addition to effects unique to each species,
changes in TEC stability due to underlying DNA sequence are a universal cause of RNA
polymerase pausing during transcription.

Discussion
In the present study we find that RNAP pauses at specific and ubiquitous DNA
sequences for thermodynamic reasons. RNAP essentially operates as a Brownian ratchet (29). As
it transcribes and moves downstream, DNA:DNA base pairs ahead of the polymerase are broken
and replaced with RNA:DNA base pairs inside of the transcription elongation complex (TEC).
Upon further downstream movement, the RNA:DNA base pairs are broken as the nascent RNA
exits from RNAP and the DNA:DNA duplex reforms. Since both RNA:DNA and DNA:DNA
basepairing energies are sequence-specific, the propensity of RNA polymerase for forward
movement is likely to be influenced by changes in thermodynamic stability due to the nucleotide
sequence. By analyzing the pause sites uncovered in NET-seq datasets, we found that RNAP
pauses where its current position in the yeast genome is thermodynamically favoured over the
position further in its direction of movement. We find this to be the case both for RNAP pausing
while the polymerase transcribes and moves downstream, as well as for RNAP pausing while the
polymerase backtracks and thus moves in the upstream direction.
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The similarity of basepairing energy profiles around pauses in WT and dst1Δ suggests,
that the underlying physical mechanism of RNAP pausing due to nucleotide sequence is the same
irrespective of whether the polymerase moves forward (dst1Δ dataset) or backwards (WT
dataset). It also provides further evidence that NET-seq of WT yeast strain captures the RNAP
in the backtracked, post-cleavage state and thus that the restart of transcription after TFIIS
cleavage is the rate limiting step during proofreading, as originally inferred only from the relative
shifts between WT and dst1Δ NET-seq data (8).
It is intriguing to think that the RNA:DNA basepairing strength ahead of the actual
position of RNA:DNA hybrid should influence the propensity of RNA polymerase to stall as it
does in our model, especially in the case of initial RNAP pausing while moving in 5’ to 3’
direction. The only way for the RNAPII in a dst1Δ yeast strain to directly sample the RNA:DNA
basepairing strength of this downstream stretch is to synthesize RNA over this region and then
perform 3’→5’ cleavage using its intrinsic exonuclease activity even in the absence of TFIIS (30).
Alternatively, the basepairing strength might reflect an allosteric effect of the downstream DNA
duplex being more difficult to unwind. The dependence of pausing on RNA:DNA basepairing
strength is less surprising for pausing during backtracking, since RNAP in this case moves over a
stretch of RNA already synthesized, and thus directly probes the differences in RNA:DNA
basepairing over a given region.
The role of RNA:DNA hybrid strength in transcriptional processivity is well established
(15,16,31). However, here we find that in order to predict transcriptional pausing, the stability of
the RNA:DNA hybrid compared to the stability of DNA:DNA duplex of the same sequence has to
be considered. Such thermodynamic predictions are far more accurate than nucleosome positions

214

at predicting where RNAP will pause. Moreover, the strength of the energy barrier causing the
initial arrest of RNAP can predict how likely RNAP is to backtrack.
RNA polymerase II has an estimated error rate of less than 10-5, much less than what
would be expected by simple Watson-Crick basepairing (32,33). RNAP achieves its additional
fidelity using proofreading mechanisms including RNAP pausing and backtracking - incorporation
of an incorrect RNA base triggers backtracking, followed by 3’ end cleavage and resynthesis of
RNA. Error recognition followed by backtracking is reported to be based both on kinetic
discrimination (5,32) - an incorrect base decreases the rate of addition of the next nucleotide - as
well as on thermodynamic discrimination (1) - a mis-incorporated base has a low base-pairing
energy, destabilizing the transcription elongation complex and biasing RNAP toward pausing and
backtracking. We reason that the RNAP backtracking during the proofreading of a
transcriptional error might depend on thermodynamics of nucleotide basepairing in the same way
as the reproducible RNAP backtracking as measured by NET-seq. The quantitative nature of our
model enables us to compare the ΔTEC energy, by which RNAP needs to be destabilized during
the forward movement in order to elicit a long backtrack, to the magnitude of thermodynamic
destabilization of RNA:DNA hybrid by incorporation of an incorrect RNA base (Appendix D
Figure S2).
Such

rough

comparison

suggests

that

RNAP

indeed

can

discriminate

against

transcriptional errors thermodynamically; the level of discrimination is on the same order of
magnitude as the reported increase in fidelity due to TFIIS-dependent proofreading (34). Thus, in
addition to kinetic discrimination of errors due to misalignment of nascent transcript,
thermodynamic discrimination based on destabilisation of TEC most likely contributes
considerably to RNAP fidelity. Consequently, the reproducible, ubiquitous pausing of RNAP
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throughout the genome even in the absence of errors might be a trade-off for the high fidelity of
RNAP.
Our results indicate that changes in the stability of the transcription elongation complex
(TEC) based on sequence dependence of nucleotide basepairing is a more salient predictor of
pausing than nucleosome positions. In addition, this measure is a good predictor of not only RNA
polymerase pausing, but also of RNAP backtracking and we find a quantitative dependence
between those features. However, the predictive power of our model is not total, meaning that
other sequence-specific phenomena also play a role in transcriptional pausing and backtracking.
Testing the predictions of our model and uncovering new sequence dependent determinants could
be for example achieved by performing NET-seq on systematically recoded genes and genomes.
Such iterations between computational predictions and experimental testing will paint a more
complete picture of RNAP transcription, pausing and backtracking.
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Materials and Methods

Alignment
Sequencing

data

from

Churchman

et

al.

(8)

was

downloaded

from

http://www.ncbi.nlm.nih.gov/geo/ via GEO accession number GSE25107. Sequences were
converted from .sra to fastq format with sratoolkit and were aligned to the SacCer3 transcriptome
data (UCSC) with topHat2 and allowing only up to 3 mismatches for each alignment. Non-unique
alignments were excluded. A custom python script was used to map the beginning of each read to
positions in the genome to generate bedgraph files (see included files). Custom MATLAB® script
was then used for analysis and is available as a supplement at IST Austria Data Repository,
http://dx.doi.org/10.15479/AT:ISTA:45.

Pause calling
Locations in coding regions with read counts greater than 4 standard deviations above
the local (201 bp) mean were identified as pauses. Analysis was also performed with a cutoff of 2
or 6 standard deviations with no significant changes in the qualitative conclusions. See also Table
S3.

Gene sequences considered
To decrease the influence of false negatives in calculating the predictive power (a pause
site cannot be found unless the region is transcribed), only the data for highly expressed genes
were used, as determined by dividing the total NET-seq reads for the gene by the gene length; we
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took the genes with a higher than average density of reads, meaning we perform the analysis on
~25% of the entire dataset. As no selection on genes enriched for nucleosomes was performed, to
ensure a fair comparison with nucleosome model, we computed the AUC for the nucleosomes on
the reduced and on the total datasets and observed little difference; if all genes are considered,
the AUC of the nucleosome model for dst1Δ is 0.54, and the AUC of the TEC energy model is
0.63 for the WT dataset and 0.60 for the dst1Δ dataset. For the backtracking analysis shown in
Fig. 4, all genes were considered; however, only such dst1Δ pause sites, for which there exists a
corresponding pause site in WT dataset 0-15 nt upstream, were considered. The analysis shown in
Figures 1A, 2 and 3B is done considering all genes.
For reasons of technical ease, all the calculations of learning the parameters, determining
the average pause profile and determining the AUC are calculated on a concatenated set of
sequences comprised of all the considered genes.

Although the points at which these

concatenations occur would not occur in the actual yeast genome, these edge effects constitute a
very small fraction of the data.

Nearest neighbor (2 nt) Position Weight Matrix
To calculate the nearest neighbor Position Weight Matrix (PWM) of pause sequences,
the dinucleotide frequencies at each of the positions considered in the energy calculation were
computed to give a Position Frequency Matrix. This matrix was transformed into a Position
Weight Matrix using a log transformation of the ratio of each frequency to the overall frequency
for each DNA letter. To then score a query sequence, each dinucleotide in each position in the
query sequence was looked up in the PWM and these frequencies were summed to calculate a
final score for each query sequence. This idea was utilized in Zhao et al. (35).
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Basepairing energy calculation
The RNA:DNA and DNA:DNA basepairing energies were assigned to each position in the
coding sequence using energy values from nearest neighbor model based on experimental results,
previously reported in literature (24,25), assuming the temperature of 303 K. These values include
both base pairing and base stacking interactions.
For a given 2-nt sequence, the basepairing energy was assigned to the position more 3’ of
the two, as judged from the coding strand. For RNA:DNA, it matters which nucleotides are in
RNA and which in DNA - the coding strand was considered to be in RNA and the template
strand in DNA form.
The RNA:DNA basepairing energy dataset (25) was originally determined in conditions
of 1 M NaCl, 10 mM Na2HPO4, 1 mM Na2EDTA, pH 7.0. The DNA:DNA basepairing energy
dataset (24) was calculated unifying previous reports from multiple different conditions and
reported to be in good agreement with DNA:DNA basepairing dataset measured by Sugimoto et
al (36), which was measured in the same conditions as the RNA:DNA dataset.
The basepairing energies for RNA:DNA mismatches were calculated for the temperature
of 303 K using energy values previously reported in the literature (37) for rAᐧdA, rCᐧdC, rGᐧdG
and rUᐧdT basepairs in the conditions of 1 M NaCl, 10 mM Na2HPO4, 0.5 mM Na2EDTA, pH 7.0.
These energy values are available only for one out of four possible mismatches for given
deoxyribonucleotide, hence our analysis does not cover the entire spectrum of possible
transcriptional errors. These energy values reflect the energy contribution of internally
mismatched RNA:DNA hybrid (as opposed to terminal mismatch), thus for analysis in Fig. S2 we
calculated TEC stabilities assuming a transcriptional error at the penultimate 3’ ribonucleobase.
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This corresponds to a situation when RNAP is able to overcome the misalignment of template
and RNA hybrid and to add the following ribonucleotide correctly to the nascent strand. We
have calculated the mismatched TEC stability difference (see below) for each site in the genome
that was considered in the pausing analysis of non-mismatched sequences.

TEC energy difference calculation
For the dst1Δ strain, the TEC stability difference was calculated by taking the TEC
stability when bases i-3rd (upstream) through i+4th (downstream) are in RNA:DNA hybrid and
subtracting it from the TEC stability when bases i-10th through i-3rd (upstream) are in
RNA:DNA hybrid.
For the WT strain, the TEC stability difference was calculated by taking the TEC
stability when bases i-14th through i-7th are in RNA:DNA hybrid and subtracting it from the
TEC stability when bases i-7th through ith are in RNA:DNA hybrid.

Nucleosomes
The positions of unique nucleosomes were taken from supplementary table S2 from
Brogaard et al. (19).
To create the AUC values for nucleosomes, the probability of pausing as a function of the
distance to the nearest nucleosome (up to 500 bp) was computed as in Figure 1A. These pause
probabilities were then used as a score for each position in the genome. Positions with
nucleosomes greater than 500bp away were assigned a score equal to the mean pause probability.
For WT pauses that were considered in Appendix D Figure 4, we checked whether
long backtracking could be predicted by these same scores and found an AUC of 0.53.
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Supplementary Figures

Appendix D Figure S1. TEC energy model also predicts pause locations in bacteria.
A. The average profile of TEC stability around initial RNAP arrest site as determined from
bacterial NET-seq (28). B. The probability of RNAP pausing plotted against TEC stability
energy difference. C. Receiver operating characteristic curves and AUC values for the energy
model and the PWM model (with dinucleotide frequencies) of initial RNAP pausing for bacterial
NET-seq.
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Appendix D Figure S2. Decreased TEC stability due to transcriptional error is
predicted to result in ~5-fold more pausing followed by backtracking compared to a
situation without an error. A. TEC stabilities after transcriptional error have been calculated
considering an RNA:DNA mismatch at penultimate 3’ RNA base (37). B. The pausing frequency
during forward movement of RNAP as a function of TEC stability difference, as inferred from
NET-seq (cf. Fig. 3C) was used to infer pausing frequency in case of RNA:DNA mismatch. C.
Predicted frequency of pausing for mismatched RNA:DNA hybrid compared to frequency of
pausing measured by NET-seq for RNAP forward movement. D. The frequency of long
backtracks following a transcriptional pause as a function of TEC stability difference, as inferred
from NET-seq (cf. Fig. 4B) was used to infer frequency of long backtracks following a pause in
case of RNA:DNA mismatch. E. Predicted frequency of long backtracks following a pause for
mismatched RNA:DNA hybrid compared to frequency of long backtracks following a pause
measured by NET-seq.
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Supplementary Tables
Appendix D Table S1. Values for energy (kJ/mol) required to break a DNA:DNA
basepair, used in RNAP pausing model. Energy values were calculated for the temperature
of 303 K based on nearest neighbour model from Table 2 in (24).

3’ base

A

C

G

T

A

4.95

7.15

6.41

4.22

C

6.37

8.26

9.92

5.52

G

5.71

10.06

8.26

6.27

T

3.10

6.59

7.26

4.95

Nearest 5’ neighbour

Appendix D Table S2. Values for energy (kJ/mol) required to break an RNA:DNA
basepair, used in RNAP pausing model. Energy values were calculated for the temperature
of 303 K based on nearest neighbour model from Table 3 in (25).

3’ RNA base

A

C

G

U

A

4.87

9.09

8.28

4.43

C

4.57

9.50

8.49

4.31

G

5.90

11.79

13.11

5.25

U

3.22

6.95

7.51

1.97

Nearest 5’ RNA neighbour
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Appendix D Table S3. Key Numbers for the main data set
Total number of pauses

Standard deviation above the local mean

2

4

6

WT

2578984

301363

64186

dst1Δ

2059994

276521

55043

dst1Δ that are also WT (Percent)

43%

13%

12%

WT that are also dst1Δ (Percent)

35%

12 %

10%
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