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Reconstitution of bacterial lipopolysaccharide transport from purified components

Abstract

The surface of Gram-negative bacteria is largely composed of lipopolysaccharide (LPS),
a complex glycolipid that contains multiple fatty acyl chains and up to hundreds of sugars. LPS
is transported from its site of synthesis at the cytoplasmic inner membrane (IM), across an
aqueous compartment (the periplasm), and through the outer membrane (OM) to the cell surface.
LPS is essential for the survival of most Gram-negative bacteria. Seven essential and conserved
lipopolysaccharide transport (Lpt) proteins in Escherichia coli are responsible for assembling
LPS. These proteins form a continuous bridge from the IM to the OM, but it is unknown how
they function in LPS transport.

This dissertation describes the development of a reconstitution of LPS transport using
purified Lpt proteins. The first two steps of this process are extraction of LPS from the IM by
LptBFGC and transport along the periplasmic bridge comprising LptA. We obtained high-
resolution crystal structures of the ATPase LptB, which taught us how to overexpress and purify
LptBFGC as a stable complex that is highly active in proteoliposomes. Crystallographic
snapshots of LptB bound to ATP and ADP provided insight into how energy is used to extract
the fatty acyl chains of LPS from the IM. Using site-specific photocrosslinking, we monitored
ATP-dependent extraction of LPS from proteoliposomes by LptC and release to LptA. This

reconstitution of LptBFGC led to a hypothesis about a role for LptC in regulating the activity of

il



the Lpt IM complex. We also developed methods to reconstitute the late steps of transport by
monitoring LPS transit from LptA to the OM components, LptDE, contained in a different
proteoliposome. One important observation from this reconstitution is that it appears as though
the OM translocon can change activity depending on the amount of LPS in the OM. These
studies provide us with the first clues as to how the cell might regulate LPS flux to the cell
surface. This reconstitution will allow for mechanistic studies of LPS transport and will aid in

the discovery and development of antibiotics targeting this essential process.
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Chapter One

Introduction to Lipopolysaccharide Transport and Assembly in
Escherichia coli



1.1 The Cell Envelope of Gram-Negative Bacteria

Gram-negative bacteria such as Escherichia coli are faced with the problem of surviving
in unpredictable and often hostile environments, such as the mammalian gut (1). These
organisms have therefore evolved a protective cell envelope that allows for clear separation
between the intracellular space and the outside environment. The Gram-negative cell envelope
consists of three compartments. The inner membrane (IM) is a traditional phospholipid bilayer
enclosing the aqueous cytoplasm of the cell (Figure 1.1). The IM contains integral a-helical
membrane proteins and lipoproteins that serve important roles in transport and cellular processes
such as oxidative phosphorylation and lipid biosynthesis (2). This membrane also maintains a
proton motive force and functions in ATP synthesis, like the eukaryotic plasma membrane (3).
Outside the IM is the aqueous periplasmic compartment. The periplasm contains a thin
peptidoglycan layer, commonly known as the cell wall, which is essential for maintaining the
cell’s shape and for survival under osmotic stress (4). Notably, the periplasm is devoid of any
apparent chemical energy source, such as adenosine triphosphate (ATP); therefore, all processes
that occur in the periplasm must either have no chemical energy requirement or be coupled to
intracellular processes. The periplasmic compartment is enclosed by the outer membrane (OM),
which serves as the final interface between the cell and the external environment.

The main function of the OM is to provide a selective permeability barrier, controlling
traffic into and out of the cell (5). Like most biological membranes, the OM prevents passage of
large, hydrophilic molecules into the cell; however, unlike most membranes, the OM also
prevents the rapid diffusion of small hydrophobic molecules. Therefore, this membrane does not

allow for entry of most clinically used antibiotics into Gram-negative cells (2).
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Figure 1.1.  Gram-negative bacteria possess a double-membrane architecture. Surrounding
the cytoplasm is the inner membrane (IM), which contains a-helical membrane proteins and
lipoproteins. Outside the IM is the aqueous periplasm, which contains soluble proteins and
the cell wall (made of peptidoglycan). The periplasm is enclosed by the OM, an asymmetric
lipid bilayer with phospholipids (PL) in the inner leaflet and lipopolysaccharide (LPS) in the
outer leaflet. The OM also contains 3-barrel membrane proteins and lipoproteins.

The unusual barrier function of the OM is a result of its structure (Figure 1.1). Unlike
most biological membranes, the OM is an asymmetric lipid bilayer with phospholipids in its
inner leaflet and lipopolysaccharide (LPS) in its outer leaflet (6, 7). In E. coli, LPS occupies
nearly three fourths of the outer cell surface area (8). LPS is a complex glycolipid containing
fatty acyl chains that anchor it to the membrane and up to hundreds of sugar residues (Figure
1.2). Lipid A is the glucosamine-based lipid anchor of LPS that is conserved across most Gram-
negative organisms (9). Lipid A is also known as endotoxin because it is responsible for
activation of the mammalian innate immune response (9, 10). Overall, the biosynthetic pathway
of lipid A is highly conserved, but modifying enzymes exist that create diversity in lipid A
structures depending on the environmental circumstances of specific organisms (9-11). In E.
coli, lipid A is typically bound to two Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) sugars (9).

In many strains, Kdo,-lipid A (also known as Re-LPS) is further glycosylated with a core



oligosaccharide, which can also be glycosylated with an O-antigenic polysaccharide (O-antigen)
(8,9). The more variable O-antigen is responsible for interactions of the organisms with their
environments, including host defenses. Genetic mutations affecting O-antigen biosynthesis in

Gram-negative bacteria have been shown to result in loss of virulence (8, 9).
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Figure 1.2.  LPS from E. coli K-12 is composed of lipid A (endotoxin) and the core
oligosaccharide. LPS is first synthesized as Re-LPS. The addition of the core sugars
results in Ra-LPS, which can be further modified with an O-antigen (not present in E. coli
K-12). EtN, ethanolamine; Gal, D-galactose; Glu, D-glucose; Hep, L-glycero-D-
mannoheptose; Kdo, 3-deoxy-D-manno-oct-2-ulosonic acid; P, phosphate.

Lipid A and the inner core residues of LPS are primarily responsible for creating the

barrier-like quality of the OM. There is remarkable diversity in O-antigen structures between



strains, largely predicted to be the result of different selective pressures (8). Many laboratory
strains of E. coli, such as K-12, contain LPS lacking the O-antigen, a form called rough LPS
(Figure 1.2). Therefore, the more conserved portions of LPS provide it with the physical
properties necessary to establish a permeability barrier. Lipid A generally contains more fatty
acyl chains than phospholipids; in E. coli, this number is usually six or seven (Figure 1.2).
Negatively charged phosphate groups in lipid A are bridged by metal cations, such as
magnesium and calcium, which prevent electrostatic repulsion between individual molecules (5,
12, 13). These properties allow LPS to form a tightly packed polyelectrolyte mesh at the cell
surface of Gram-negative bacteria.

The Gram-negative cell envelope consists of three major compartments (IM, periplasm,
and OM), each of which has a unique composition. All components of these compartments are
biosynthesized entirely in the cytoplasm or at the IM. Therefore, an interesting question is how
the OM is properly assembled with all of the correct components and the proper asymmetry
(phospholipids in the inner leaflet and LPS in the outer leaflet). It is unclear how LPS, which
contains multiple lipids and up to hundreds of sugar residues, is transported from its site of

synthesis inside the cell against a concentration gradient to the cell surface.

1.2 Outer Membrane Biogenesis in E. coli

The OM is composed primarily of phospholipids, LPS, and two types of OM proteins
(OMPs): lipoproteins and integral membrane proteins. Unlike integral IM proteins, which span
the membrane with hydrophobic a-helices, OMPs adopt a structure in which antiparallel,
amphipathic B-strands fold into a barrel-like structure with hydrophilic residues facing the lumen

of the barrel and hydrophobic residues facing the lipidic membrane environment. OMPs serve a



variety of functions, including passive diffusion of nutrients (5), drug efflux (14), and assembly
of the OM itself (15, 16). Each OM component must somehow be transported from the IM to its
final destination at the OM. Although there is no known pathway for transporting phospholipids
from the IM to the OM (3), pathways responsible for transporting and assembling lipoproteins
(2, 17-25), B-barrel membrane proteins (2, 26-35), and LPS (2, 15, 16, 36-42), have been
identified and characterized (Figure 1.3). Because an intact OM is essential for the survival of
Gram-negative bacteria, these pathways must be carefully coordinated to generate an effective

permeability barrier during each cell division cycle.
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Figure 1.3.  The pathways responsible for OM biogenesis in E. coli are integrated.

Both lipoproteins and B-barrel OMPs are synthesized in the cytoplasm and transported
across the IM by the secretory (Sec) machinery. At this point, nascent OM lipoproteins
are further processed and transported to the OM by the Lol pathway (/eff), and unfolded [3-
barrel proteins are translocated across the periplasm by soluble chaperone proteins
(mainly SurA) (center). B-barrels are folded and assembled into the OM by the Bam
complex. LPS is synthesized in the cytoplasm by the Lpx proteins; it is subsequently
flipped to the outer leaflet of the IM by MsbA and translocated to the cell surface by the
Lpt pathway (right).



1.2.1 Outer Membrane Protein Assembly in E. coli

OMPs are either lipoproteins or B-barrel integral membrane proteins. All integral
membrane proteins, both in the IM and the OM, must internally satisfy the hydrogen bonds of
their amide backbones to exist in a hydrophobic, lipidic environment. Unlike the a-helical
membrane proteins found in the IM, which form hydrogen bonds between proximal amino acids,
B-barrel OMPs must form hydrogen bonds between distal residues in order to close into a
cylindrical barrel. Lipoproteins are soluble proteins with fatty acyl chains on their N-terminal
cysteine residues that anchor them to the membrane (43). Lipoproteins are processed to their
mature form at the IM, requiring them to be chaperoned to the OM and then inserted into the
membrane, facing the periplasm (19, 43). Every protein destined for the OM is synthesized by
the ribosome in the cytoplasm as a precursor with an N-terminal signal peptide and is post-
translationally transported across the IM by the secretory (Sec) machinery (44-49). OMP
translocation through the Sec machinery is energized by the ATPase SecB (50). Once
translocated to the periplasmic side of the IM, OM-destined lipoproteins and B-barrel proteins are

transported and assembled by distinct pathways.

1.2.1.1 Lipoprotein Transport

Bacterial OM lipoproteins have a variety of cellular functions, including assembling and
maintaining the OM (2, 33, 41). Because lipoproteins serve important roles, the proteins
responsible for processing, transporting, and assembling them are essential for growth in E. coli
and are highly conserved in Gram-negative bacteria (17, 18). Lipoprotein precursors synthesized
in the cytoplasm contain a consensus sequence near their signal peptide cleavage site called a

lipobox (17). After lipoproteins are processed into their mature form on the periplasmic side of



the IM, they are recognized and transported to the OM by the Lol (localization of lipoprotein)
machinery (18). The Lol system in E. coli consists of five proteins, LoOIABCDE (Figure 1.3).
These proteins are responsible for releasing lipoproteins from the periplasmic face of the IM in
an ATP-dependent manner, chaperoning them to the OM, and inserting them into the inner
leaflet of the OM (21-23).

ATP hydrolysis in the cytoplasm is coupled to release of lipoproteins from the opposite
side of the IM. This process is catalyzed by the ATP-binding cassette (ABC) transporter
LolCDE (20, 22). LolD is a cytoplasmic membrane-associated protein responsible for ATP
binding and hydrolysis, and LolC and LolE are integral membrane proteins that interact with two
copies of LolD to couple cytoplasmic ATP hydrolysis to lipoprotein release. This nucleotide-
binding domain/transmembrane domain architecture is typical for ABC transporters, which
comprise one of the largest protein superfamilies across all domains of life (51, 52); these
systems will be discussed in more detail in later sections. An aspartate residue at the second
position of mature lipoproteins in E. coli serves as a LolCDE-avoidance signal, indicating that
the lipoprotein should be retained in the IM (17, 53).

The current model for lipoprotein transport and assembly begins with lipoproteins on the
periplasmic side of the IM interacting with the ABC transporter LolCDE. Lipoprotein
interaction with LolCDE increases the binding affinity of LolD for ATP. LolA, a soluble
periplasmic chaperone protein, interacts with LolICDE. ATP binding to LolD decreases the
affinity of the complex for the bound lipoprotein, and ATP hydrolysis by LolD allows for the
lipoprotein to be transferred to LolA (19, 21, 22, 54). Despite dissimilar primary amino acid
sequences, LolA and the OM receptor protein LolB have similar secondary structures consisting

of incomplete B-barrels with a-helical lids (55). The structures reveal a hydrophobic channel for



these proteins to bind the fatty acyl chains of lipoproteins (55). Site-specific crosslinking studies
guided by these crystal structures led to the model that LolA and the final protein in the pathway,
LolB, interact in a “mouth-to-mouth” manner in which lipoproteins are transferred from the
hydrophobic cavity of LolA to the hydrophobic cavity of LolB (18, 24). Differential affinity for
lipoproteins is thought to drive passive transport of lipoproteins from LolA to LolB (56). LolB is
then responsible for inserting lipoproteins into the inner leaflet of the OM by an unknown
mechanism (18). The first of the three OM biogenesis pathways to be studied, the Lol system
proves to be important not only for the existence of the pathway itself, as LolB is a lipoprotein,
but also for the existence of the other two major pathways involved in OM biogenesis, which

assemble B-barrels and LPS.

1.2.1.2 p-Barrel Transport and Assembly

B-barrels serve important functions in the OM as channels through which solutes and
nutrients can pass into the cell and waste products can exit the cell. Unfolded B-barrel proteins
are translocated through the Sec machinery, their signal sequences are cleaved by the signal
peptidase, and they are transported across the aqueous periplasm in a folding-competent state by
chaperone proteins (33, 57). The chaperone responsible for transporting the majority of B-barrel
proteins is SurA, with periplasmic proteins Skp and DegP believed to compensate for SurA
deficiencies and for substrates that have fallen off the SurA pathway (58).

The next step of B-barrel assembly was less well understood until the last decade or so,
when the major complex that catalyzes this process was discovered in E. coli. The five proteins
responsible for B-barrel assembly are collectively called the Bam (B-barrel assembly machine)

complex, comprising BamABCDE (Figure 1.3). The central component of the pathway, BamA,



is itself an essential B-barrel protein conserved in all Gram-negative organisms, with orthologs in
the mitochondria and chloroplasts of higher eukaryotes (27, 31, 33, 59, 60). BamA contains a
soluble periplasmic domain comprised of five polypeptide transport-associated (POTRA)
domains. These allow for BamA to interact with the other Bam components and are thought to
play roles in recognizing unfolded OMPs and aiding with membrane assembly (27, 33, 61-63).
BamA stably associates with four lipoproteins (BamB, -C, -D, and -E), only one of which
(BamD) is essential in E. coli (29, 30, 32-34). Considering that B-barrel recognition, folding, and
insertion into the OM must be a complex, multi-step process, it is not surprising that although
there are only two essential Bam components, deletions of BamB, BamC, or BamE result in
lower levels of folded OMPs, an OM stress response, and increased membrane permeability to
antibiotics (30, 32, 33).

Since the identification of the Bam components, remarkable progress has been made in
understanding B-barrel folding and insertion into the OM. A major advance in this area was the
development of an in vitro reconstitution of B-barrel assembly into proteoliposomes, which was
used to demonstrate that there is no energy requirement for -barrel folding and insertion into a
membrane in the presence of an intact Bam complex, as long as a soluble chaperone delivers
unfolded polypeptides to Bam (64, 65). Although the individual steps required for assembly
remain unclear, progress has been made towards understanding the functions of specific
components, specifically how Bam lipoproteins assemble BamA (66). The other essential -
barrel protein assembled by the Bam complex, LptD, is a component of the LPS assembly

pathway, described below.
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1.2.2 Overview of LPS Biogenesis in E. coli
1.2.2.1 Kdo,-Lipid A Biosynthesis

The development of sucrose density gradient centrifugation allowed for Mary Jane
Osborn and colleagues to separate the IM and OM fractions of Salmonella typhimurium and to
initially assign the location of ninety percent of the total membrane LPS to the OM (67). In
combination with pulse-chase experiments, this technique also allowed them to be the first to
suggest that LPS is synthesized at the IM and transported unidirectionally to the OM by some
unknown mechanism (68). Following these seminal discoveries in the early 1970’s, Osborn,
Raetz, and colleagues spent the following decades elucidating the conserved pathway required
for Kdo,-lipid A biosynthesis in E. coli and S. typhimurium (8, 9, 69-86).

The Kdo,-lipid A biosynthetic pathway involves nine enzymatic steps catalyzed by Lpx
proteins. The first enzyme in the pathway, LpxA, is responsible for acylating the 3-hydroxyl
group of uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc) (74, 86). The first four
pathway steps, including this initial acylation step, result in the production of 2,3-
diacylglucosamine-1-phosphate, or lipid X. Lipid X is subsequently condensed with a molecule
of UDP-2,3-diacylglucosmine (the precursor to lipid X), which is phosphorylated to form lipid
IVa (8,9). There is evidence that challenges the long-standing belief that Kdo,-lipid A is the
minimal LPS requirement for E. coli viability, as a strain was constructed that transports lipid
IV, lacking the Kdo sugars, to the cell surface (87). In fact, lipid IV has been demonstrated to
have some of the same endotoxin effects as Kdo,-lipid A (9). The remaining steps in the
pathway result in the glycosylated product Kdo,-lipid IV 4, which is acylated twice to form Kdo,-

lipid A (8, 9).
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Considering their essentiality, conservation, and lack of mammalian homologs, the
enzymes in the Raetz pathway are viable targets for antibiotic development. There has been
considerable effort to develop inhibitors of LpxC (88-94), the second enzyme in the pathway that
catalyzes the first committed step of Kdo,-lipid A biosynthesis (9, 73, 75). LpxC is a zinc
metalloenzyme that does not contain characteristic zinc-binding motifs. The three-dimensional
structure of LpxC has been resolved by X-ray crystallography, greatly aiding in the development
and validation of this enzyme as a drug target (95).

Following Kdo,-lipid A biosynthesis, which occurs on the cytoplasmic face of the IM,
inner and outer core oligosaccharides are added sequentially by glycosyltransferases to form Ra-
LPS (8, 9). The final component of LPS to be added in its biosynthesis is the O-antigen
polysaccharide. Early evidence from immuno-electron microscopy suggested that the O-antigen
is ligated to rough LPS on the periplasmic face of the IM (96). Therefore, rough LPS must be
flipped across the IM to the outer leaflet prior to O-antigen ligation. Flipping a large glycolipid
across the IM for O-antigen ligation and then transport is an energetically unfavorable process
because the core sugar residues prefer to be exposed to water than to the hydrophobic membrane

environment. Therefore, there must be energy input for this step (97).

1.2.2.2 LPS Flipping Across the IM

The homodimeric ABC transporter MsbA is now known to be responsible for flipping
rough LPS across the IM (8, 9, 41). The gene encoding MsbA was first discovered as a
multicopy suppressor of IlpxL (formerly AtrB) mutations (98). It was identified as an essential
gene in E. coli encoding an ABC transporter thought to be involved in LPS and

glycerophospholipid transport, as MsbA depletion results in a buildup of these components in the
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IM (98-100). Importantly, msbA does not suppress null mutations in /pxL by performing the
same lauroyl transferase function as LpxL; rather, the suppression results in an increase in
immature, tetra-acylated lipid A at the cell surface. Therefore, MsbA was thought to play a role
in LPS transport. The role of MsbA in phospholipid transport was challenged soon after this
function was initially proposed (101-103). Overexpression, purification, and reconstitution of
MsbA in vitro demonstrated that it exhibits ATPase activity both in detergent solution and in
proteoliposomes, as expected for an ABC transporter (104). In a reconstituted system, hexa-
acylated Kdo,-lipid A stimulated its ATPase activity four- to five-fold. These results provided
the first in vitro evidence that MsbA is a lipid A-stimulated ATPase.

In vivo experiments utilizing covalent lipid A modifications that only occur on the
periplasmic side of the IM provided the first evidence that MsbA functions specifically as the
lipid A flippase in the IM (105). Multiple crystal structures of MsbA in the apo state and bound
to nucleotides, obtained from three closely related bacterial orthologs, reveal major
conformational changes of the flippase that might correspond to structural changes necessary to
flip a large glycolipid (106). Biophysical studies suggest that MsbA samples even more
conformations during its catalytic cycle (107-109). Functional studies have also characterized
the interaction of MsbA with nucleotides and substrates, and how these interactions might relate
to conformational changes of the transporter (110-113). Like other ABC transporters, MsbA
contains one polypeptide chain with a nucleotide-binding domain (NBD) fused to a
transmembrane domain (TMD) with six a-helices, which dimerizes to form the functional
transporter (52). There has been much interest in studying the function and mechanism of MsbA
because it shows high primary sequence identity with the human multidrug resistance transporter

1 (P-glycoprotein) and with a transporter responsible for multidrug resistance in Lactococcus
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lactis (LmrA) (52, 106, 114). The MsbA structure also shows similarity to structures of other
human and bacterial multidrug exporters (52, 115, 116). Therefore, it is not surprising that
MsbA has been found to transport drugs in vitro, with overlapping substrate specificity with
LmrA (114, 117, 118). The abundance of work related to the ubiquitous ABC transporter family

of proteins to which MsbA belongs will be discussed more in Chapter 2.

1.2.2.3 O-Antigen Ligation and Lipid A Modifications

In bacterial strains that contain LPS with an O-antigen, the O-antigen is biosynthesized
separately from the rest of the LPS molecule in the cytoplasm and flipped independently to the
outer leaflet of the IM. Synthesis of the O-antigen occurs by one of three pathways: the Wzy-,
ABC transporter-, or synthase-dependent pathway. Each of these pathways culminates in the
glycosylation of Ra-LPS with the O-antigen in the periplasm by the O-antigen ligase, WaaL (8,
9). In addition to modification with the O-antigen, the lipid A core of LPS can be covalently
modified to preserve OM integrity and to counter the host immune response in different bacterial
species (10). Many of the enzymes involved in modifying lipid A reside on the periplasmic side
of the IM or at the OM (8, 9). These modifications provide an additional level of diversity
amongst Gram-negative organisms, contribute to their pathogenicity, and allow for greater
adaptability under a variety of conditions. These modifications can also be used as biological

tools to study the localization of LPS in different compartments or leaflets of a membrane.

1.2.2.4 LPS Transport to the Cell Surface

It was only in the last decade or so, well after the discovery of the Raetz pathway and

MsbA, that the proteins responsible for transporting LPS to the cell surface were identified in E.
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coli by Kahne, Silhavy, and colleagues. These seven proteins are essential and conserved in
most Gram-negative organisms (41, 42). They are known as the lipopolysaccharide transport
(Lpt) proteins, and they comprise a distinct pathway from the Lpx biosynthetic pathway
described above. The fact that LPS biosynthesis and transport/assembly are separated into
different pathways allows for multiple levels of regulation and coordination, which is likely
necessary to ensure proper assembly of millions of LPS molecules on the cell surface during
each division cycle. The Lpt components reside in every cell envelope compartment: the IM,
periplasm, and OM (41, 42). It is not surprising that a pathway exists to transport and assemble
LPS on the cell surface, as such a process cannot occur passively. The steps involved in this
process are: extraction of a large amphipathic molecule from one membrane, passage through a
soluble compartment, and insertion across another membrane. Additionally, because there is no
ATP present in the periplasm, LPS transport is believed to be coupled to ATP hydrolysis in the
cytoplasm (41, 42). Originally, the major question in the field of LPS biogenesis was: what are
the protein components involved in LPS biogenesis, and how do they interact? Now, it is
believed that the proteins responsible for LPS transport and assembly have all been identified,
and we have a model and structural information to help us understand how they interact.
Therefore, the current big question is: how do these proteins work to transport and assemble
LPS? We now have a model to explain the role of ATP in LPS transport (119), but there is no

clear model to explain how this complex process works.

1.3 Discovery of the Lpt Pathway

The Lpt proteins were discovered using a combination of genetic, biochemical, and

bioinformatic approaches (41). LptD was the first Lpt component to be identified in 1989; the
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gene encoding this protein was found in a genetic selection that took advantage of the barrier
function of the OM (120). The selection was designed to find mutations that allow for E. coli to
grow on large maltodextrins in the absence of a functional OM maltodextrin transporter, LamB.
Two mutations were identified that mapped to a locus that they called imp (increased membrane
permeability), which was later renamed /pzD. In addition to allowing for entry of large
maltodextrins, these mutations increased the cell’s permeability to detergents, antibiotics, and
dyes that normally cannot penetrate the OM. Therefore, it appeared that mutations in this newly
identified essential gene result in perturbations in OM integrity. It was not until 2002 that it was
shown that /ptD is involved in cell envelope biogenesis (16). The observations that led to this
initial hypothesis were that /p¢D is located upstream of surA, the gene encoding a chaperone
involved in OMP biogenesis, and the two are co-transcribed. Additionally, /p¢D is under control
of the ¢" regulon, which is typically activated in times of periplasmic stress (121). LptD was
confirmed to be an essential OMP that, when depleted, causes accumulation of lipids and OMPs
in a novel membrane fraction denser than the OM (16).

Soon after it was suggested that LptD is involved in OM biogenesis, a role for LptD in
LPS biogenesis at the cell surface was identified (15). This initial discovery was made in
Neisseria meningitidis, which is a unique Gram-negative organism that can survive without LPS
(122). Therefore, phenotypes can be observed in strains lacking LPS biogenesis factors. After
establishing that /ptD is not essential in N. meningitidis, it was shown that strains lacking the
LptD ortholog do not localize LPS to the cell surface based on a series of experiments involving
LPS-modifying enzymes in the OM or added in the extracellular medium (15).

Biochemical studies showed that LptD forms a stable complex with the outer membrane

lipoprotein LptE (formerly RlpB) (40). An affinity tag purification of LptD indicated that it pulls
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down LptE; additionally, an affinity tag on LptE pulls down LptD. The /ptE gene is essential in
E. coli, and cells depleted of LptD or LptE result in similar phenotypes, including the formation
of abnormal membrane structures and buildup of phospholipids in the outer leaflet of the OM.
Finally, using a pulse-labeling experiment, it was found that newly synthesized LPS does not
reach the cell surface in LptD- or LptE-depleted cells (40). Because OmpA and LamB are found
at the OM in these depletion strains, OMP and LPS biogenesis must occur independently, even
though there is likely coordination to ensure proper envelope assembly during each cell division
cycle. Therefore, LptD and LptE co-purify as a complex that must function in what might be the
final step of LPS assembly at the OM (40).

The genes encoding LptA and LptB (formerly YhbN and YhbG, respectively) were
initially discovered because they are part of a conserved locus with genes responsible for Kdo
biosynthesis (39). These genes are essential and co-transcribed, and their depletion results in
increased membrane permeability to hydrophobic molecules that ordinarily cannot penetrate the
OM. This phenotype is typical of cells with a defective OM; therefore, it was suggested that
these proteins are involved in cell envelope biogenesis. Although its function was unknown,
LptB was identified as a soluble protein associated with other, unidentified IM proteins (123),
and LptA was identified as a periplasmic protein (37). Like IptD, IptA and IptB are under "
regulation. Additionally, pulse-labeling of LPS indicated that newly synthesized LPS does not
reach the OM in strains depleted of LptA and LptB, or either individual protein (37). In these
depletion strains, electron micrographs revealed membrane aberrations and newly synthesized
proteins and lipids accumulated in a novel membrane fraction. Sequence analysis suggested that
LptB belongs to the ABC transporter family, and it contains an ATP-binding fold but not a TMD

(37, 123). An early model was proposed in which LptB and LptA form an IM complex with an
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as-yet unidentified transmembrane protein, which powers extraction of LPS from the IM and
transit across the periplasm to LptDE (37). The IM protein encoded by the gene yrbK, which is
located immediately upstream of Ipt4, was potentially proposed to be the missing
transmembrane component of the ABC transporter.

The protein of unknown function encoded by the gene yrbK, renamed IptC, was
characterized (38). It was found that /pzC is an essential gene in E. coli (39), and the gene
product, LptC, is an IM protein predicted to contain a single transmembrane helix. Genetic
studies showed that isogenic LptA, LptB, LptC, LptD, and LptE depletion strains all have a
similar phenotype: the presence of unusual membrane structures in the periplasm, the inability to
transport de novo-synthesized LPS as judged by pulse-labeling experiments, and the
accumulation of LPS covalently modified with repeating colanic acid units (38). It had previous
been shown that LPS can be modified with colanic acid by WaaL, the O-antigen ligase (124);
because WaalL is located on the periplasmic side of the IM, such a modification in these
depletion strains indicates that defects in any of these Lpt components results in accumulation of
LPS on the outer leaflet of the IM. This work established that there are Lpt components in the
cytoplasm, IM, periplasm, and OM, which makes sense considering that LPS needs to be
transported through each of these compartments, presumably with energy input from the
cytoplasm.

LptB shows high sequence homology to NBDs of ABC transporters. Although LptC
could be the missing TMD for this ABC transporter, LptC was predicted to be a bitopic protein
with a single transmembrane helix at its N-terminus (38). ABC transporters typically contain
two TMDs with six transmembrane helices each (125). Therefore, it seemed probable that there

was at least one more necessary Lpt protein. Using a reductionist bioinformatic approach, two
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new genes involved in this pathway were identified: IptF and [ptG (formerly yjgP and yjgQ,
respectively), which encode for two predicted IM six-transmembrane helix proteins (36). LptF
and LptG are essential proteins, and depleting them causes increased sensitivity to hydrophobic
antibiotics, indicative of an OM defect. Furthermore, cells depleted of LptF and LptG contain
LPS covalently modified with a palmitate group, making it hepta-acylated instead of hexa-
acylated (36). This covalent modification occurs when there is a defect in LPS assembly and the
outer leaflet of the OM contains phospholipids in addition to LPS. The movement of
phospholipids to the outer leaflet of the OM activates the OMP PagP, which catalyzes the
transfer of palmitate from phospholipids to lipid A (126). This has served as a useful covalent
modification of LPS to indicate defects in LPS biogenesis, and it was used to demonstrate that
LPS synthesized after LptFG depletion does not reach the cell surface (36). Therefore, LptFG
were believed to be the missing TMDs in the ABC transporter containing LptB as the NBD. At

this point, all of the essential LPS biogenesis components were thought to be identified.

14 Structure of the Lpt Pathway

There are Lpt pathway components in the cytoplasm (LptB), IM (LptF/G/C), periplasm
(LptA), and OM (LptD/E). Therefore, there must be a specific and selective process for
coordinating these components to transport and assemble LPS directly in the outer leaflet of the
OM. Defects in the LPS biogenesis machinery all result in buildup of LPS in the outer leaflet of
the IM, before membrane extraction (38). This suggests that the Lpt proteins must all be
coordinated, as LPS is either found in the inner leaflet of the IM prior to flipping, the outer
leaflet of the IM after flipping (or with defects in Lpt components), or in the outer leaflet of the

OM (its final destination). There is never LPS mislocalized in the inner leaflet of the OM. This
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raises the question: how are the Lpt proteins arranged to allow for direct passage of LPS to the

cell surface?

1.4.1 OM Complex LptDE

It is unclear how the OM LPS translocon, comprised of LptD and LptE, functions to
assemble LPS in the outer leaflet of the OM. LptD is an ~ 87 kDa B-barrel OMP targeted to the
OM by the Bam complex, and LptE is a ~ 20 kDa lipoprotein targeted to the OM by the Lol
pathway. Biochemical studies have shown that LptD and LptE can be overexpressed and
purified together, and they associate in a very stable one-to-one complex that remains intact
following size-exclusion chromatography (127). Additionally, the C-terminal B-barrel domain of
LptD and LptE form a trypsin-resistant complex. LptD has a soluble N-terminal domain that is
cleaved by trypsin; however, the B-barrel of LptD alone, lacking the soluble domain, does not
support E. coli growth (127). In fact, in order for LptD to be functional in vivo, at least one of
two possible nonconsecutive disulfide bonds connecting the N-terminal soluble domain and the
C-terminal B-barrel must be present (128). The fact that LptE alone is susceptible to proteolytic
degradation, but LptE in complex with LptD is resistant to degradation, suggested that LptD
somehow protects LptE from degradation.

The logical next step in understanding this translocon was to gain insight into the
structure of the stable LptDE complex. The fact that LptD could not be overexpressed without
LptE suggested that LptE might serve a structural role in LptD biogenesis (127). LptE is
required for proper disulfide bond formation in LptD, providing even more evidence for this
hypothesis (128). Genetic suppressors of a mutant allele of /p¢E that lacks two amino acids

further suggested a role of LptE in the assembly of LptD by the Bam complex (129). Data
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showing that LptE can bind and disaggregate LPS in vitro suggest that LptE might also have a
functional role in assembling LPS (127, 130). Site-specific in vivo photocrosslinking studies
showed that LptE has multiple interaction sites with LptD on different surfaces, suggesting that
LptE forms a plug inside the B-barrel of LptD (131). This would explain how the B-barrel of
LptD protects LptE from proteolytic digestion. Furthermore, mass spectrometric analysis of
crosslinked LptD/E species showed that LptE interacts with a putative extracellular loop of
LptD, and deletion of this loop in LptD results in OM permeability defects and problems with
LptDE biogenesis (131).

Two recent crystal structures of LptDE from Shigella flexneri and Salmonella
typhimurium confirm the unprecedented plug-and-barrel architecture of this complex (132, 133).
LptD has a soluble N-terminal periplasmic domain and a C-terminal kidney-shaped B-barrel with
twenty-six antiparallel B-strands, the largest single-protein B-barrel in Gram-negative bacteria
(132). A possible model for how LptDE work, based on a previous prediction (131), is that LPS
is inserted through a lateral opening of the B-barrel between the first and last B-strands, which are
distorted by the presence of proline residues and therefore do not have as many hydrogen bonds
holding them together (132, 133). Such a lateral diffusion mechanism has been proposed for
fatty acid diffusion into the B-barrels of bacterial OMPs PagP and FadL (126, 134-138).
Therefore, a possible model for LPS assembly on the cell surface is that LPS first binds to the N-
terminal periplasmic domain of LptD, which somehow triggers the unplugging of LptE from the
barrel of LptD. This unplugging event allows for LPS to be inserted into the lumen of LptD,
perhaps aided by LptE, and then transferred to the outer leaflet through a lateral opening in the -

barrel. This model is mostly based on structural evidence, but there is no structural information
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about how LPS is oriented in the translocon. Further mechanistic studies are necessary to

understand how these proteins actually function together.

1.4.2 The Lpt Proteins Form a Transenvelope Bridge

LPS must transit the aqueous periplasmic compartment and associate with LptDE in
order to be properly assembled on the cell surface. A big question for many years was how LPS
is transported through the periplasm. The hydrophobic lipid A moiety must be sequestered to
allow for diffusion through the aqueous compartment. Therefore, there were two models to
explain the transit of LPS across the periplasm: the soluble chaperone model and the
transenvelope bridge model (Figure 1.4) (26, 41, 42).

The chaperone model is analogous to how lipoproteins transit the periplasm in Gram-
negative bacteria (17, 18). In such a system, LPS would be released from the IM, and its fatty
acyl chains would reside within LptA. An LptA-LPS complex would then freely diffuse through
the periplasm and deliver LPS to LptDE at the OM. There are many similarities between the Lol
and Lpt systems, making this an attractive model. For example, both pathways involve an IM
ABC transporter to provide energy, one periplasmic component (LolA and LptA), and an OM
receptor. Additionally, studies suggesting that LptA binds to the lipid A domain of LPS in vitro
lent support to a chaperone model (139).

In the bridge model, LPS is transported from the IM to the OM through points of contact
between the two membranes. The first evidence for this model came from pulse-labeling and
electron microscopy experiments indicating that newly synthesized LPS localizes around
apparent zones of adhesion between the IM and the OM in S. typhimurium (140). These

membranous zones of adhesion were initially observed in the late 1960°s (141), but the nature of
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them has since been disputed (142, 143). However, newly synthesized LPS was found to pass
through a membrane fraction less dense than the OM, called the OM,, which appears to contain

both IM and the cell wall/OM, providing further support for a bridge model (144).

Chaperone Bridge

Cell Wall
Periplasm
MsbA
PL
M
PL
Cytoplasm

ADP + P,

Figure 1.4. Models for LPS transport across the periplasm. LPS can be transit the
periplasm bound to LptA as a soluble chaperone (/eff) or in a transenvelope bridge (right).

More convincing evidence for the bridge model was that newly synthesized LPS could
not be released from spheroplasts, which are plasmolyzed cells with digested cell walls (145,
146). Spheroplasts lack soluble periplasmic components. Lipoproteins can be released from
spheroplasts upon addition of the periplasmic fraction, which is now known to contain the
chaperone LolA (19). LPS remained in the spheroplasts and was transported from the IM to the
OM in sites of membrane adhesion. This transport depended on MsbA and was independent of
any periplasmic factor (145). Therefore, the machinery required to transport LPS must remain
intact in spheroplasts. The first biochemical evidence that the Lpt proteins form a bridge came
from affinity tag purification experiments demonstrating that affinity tagged LptF, LptB, or LptC

co-purify with Lpt components in other compartments, suggesting that they form a stable
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complex (147). Additionally, all Lpt proteins can be found in the OM_, fraction described above,
which contains both the IM and the OM; LptA is also found associated with the membrane and
not in the soluble fraction (147).

Further support for the bridge model came from the crystal structure of E. coli LptA.
LptA has a unique twisted B-jellyroll structure, and addition of LPS to the crystallization
condition induced formation of long fibrils of LptA, stacked in a head-to-tail manner (the C-
terminus of one LptA molecule interacting with the N-terminus of the adjacent molecule) (148).
Although there was no clear electron density for LPS, the head-to-tail stacking suggests a
mechanism by which LptA can bridge the IM and the OM. The interior of the B-jellyroll is
hydrophobic, supporting the idea that the lipid A acyl chains are sequestered in the interior of the
B-jellyroll, allowing for passage through the aqueous periplasm. Moreover, the soluble C-
terminal periplasmic domain of E. coli LptC was crystallized and found to have a similar twisted
B-jellyroll structure to LptA, despite low sequence similarity (149). Together with the head-to-
tail oligomerization of LptA, evidence that the C-terminus of LptC binds LPS in vitro and
interacts with LptA in vivo and in vitro suggested that LptC might be a docking point for LptA,
which forms a bridge across the periplasm (149-152).

In vivo photocrosslinking was used to investigate the architecture of the transenvelope
bridge (153). A photocrosslinkable amino acid, p-benzyol-L-phenylalanine (pBPA), was
incorporated at specific positions throughout LptC, LptA, and LptD to determine if and where
these proteins interact in cells. The results confirmed that the edge of the B-jellyroll at the C-
terminus of LptC interacts with the N-terminus of LptA; additionally, the C-terminus of LptA
interacts with the N-terminus of LptD (153). No interaction between LptA and LptE could

previously be detected in vitro, supporting the notion that LptA interacts with LptD at the OM
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(151). The N-terminus of LptD contains a B-jellyroll and is a member of the same OstA
structural superfamily as LptC and LptA (26, 132, 148, 149). The N-terminus of LptD also has a
very hydrophobic interior cavity that is bound by two ordered detergent molecules in the crystal
structure, suggesting that it might be able to bind LPS in a similar manner (132). It is unclear
how many molecules of LptA are necessary to form a bridge, and it is possible that bridges of

multiple lengths can form depending on specific conditions (Figure 1.5A) (153).

1.4.3 Assembly of the Transenvelope Bridge

There must be a mechanism to ensure that LPS is not transported across the periplasm
unless the OM translocon, LptDE, is properly assembled. In other words, before building a
transenvelope bridge, the cell needs to ensure that it is not building a “bridge to nowhere.” In
order to function properly, properly oxidized LptD and LptE must form a complex (40, 128). E.
coli LptD contains four cysteine residues, two in the N-terminal domain (C31 and C173) and two
in the C-terminal B-barrel (C724 and C725) (128). One of two non-consecutive disulfide bonds
(C31-C724 or C173-C725) connecting the two domains is essential for function (128). Pulse-
chase experiments allowed for the identification of in vivo folding intermediates along the
oxidative folding pathway of LptD (154). Prior to folding and insertion into the membrane,
LptD forms a non-native disulfide bond in the N-terminus (C31-C173) introduced by the
periplasmic oxidase DsbA (155). In the presence of LptE, LptD forms a folded, pre-assembled
complex with non-native disulfide bond C31-C173. There is subsequently a disulfide bond
rearrangement to produce correctly assembled, mature LptD with non-consecutive disulfide
bonds (154). This complex oxidative folding process is required to form a functional LPS OM

translocon.
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In vivo photocrosslinking experiments and affinity tag purification assays demonstrated
that LptDE can properly assemble into a functional, mature translocon prior to formation of a
transenvelope bridge (153). However, a functional OM translocon is necessary to form the
transenvelope bridge, as LptA cannot crosslink to LptD in vivo without proper oxidation of
LptD. A hypothesis is that proper disulfide bonding is necessary to orient the N-terminus of
LptD in such a way that it can interact and function properly with LptA (153).

Formation of a transenvelope bridge solves the problem of selectively transporting LPS
to its destination, as a soluble chaperone runs the risk of docking at the wrong location. Once the
OM translocon is assembled, a transenvelope bridge can link the IM Lpt components with the
OM components, allowing for convenient coordination of all proteins. This also explains why
defects in any single Lpt component results in localization of LPS in the outer leaflet of the IM
(38). Such an architecture for direct transit allows for LPS to be transported to the cell surface
without ever residing in the inner leaflet of the IM. Additionally, it appears that only the C-
terminal domain of LptC and not the transmembrane helix is essential in E. coli and is sufficient
to interact with LptBFG (156). A specific variant of the C-terminal domain of LptC was
identified that can interact with LptBFG but failed to form a transenvelope complex, further
supporting the importance of this domain in bridge formation (156). LptA is the central
component linking the membrane-bound Lpt machinery, and it has been found that depletion of
Lpt components leads to degradation of LptA, perhaps serving as a mechanism to ensure bridge
assembly only when all Lpt components are present (150). Taken together, all evidence suggests
that the Lpt machinery forms a stable transenvelope complex to efficiently and selectively

transport LPS to the cell surface.
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1.44 IM Complex LptBFGC

As described above, LptBFGC constitute the IM Lpt complex. LptB is a ~27 kDa NBD
thought to provide energy through ATP hydrolysis for LPS transport (37, 38). LptF and LptG
are ~ 40 kDa proteins predicted to have six transmembrane helices each; therefore, they likely
serve as the TMDs that interact with LptB to form an ABC transporter (36, 41, 125). Itis
unclear what role the bitopic IM protein LptC plays in relation to the ABC transporter, but its
main function might be to link the IM with the OM through LptA (26, 41, 147, 149, 153, 156).

LptBFG can be overexpressed and purified as a complex with an affinity tag on LptB
(157). Additionally, LptC co-purifies with the ABC transporter to form a stable complex,
LptBFGC, that elutes as a single peak in size-exclusion chromatography. The stoichiometry of
the LptBFGC complex was estimated to be 2:1:1:1, consistent with the model that LptBFG
function as an ABC transporter with two NBDs and one of each TMD (52, 125, 157). This ABC
transporter is unusual in that it is closely associated with the bitopic membrane protein LptC.
The LptBFG and LptBFGC complexes were found to exhibit ATPase activity in detergent
solution, and vanadate inhibits their ATPase activity. However, unlike other ABC systems, the
ATPase activities of these complexes were not stimulated by their substrate, LPS (52, 157, 158).
This could be physiologically relevant, or it can be due to the structures of the complexes in
detergent solution.

It is unclear how an ABC transporter in the IM can power LPS transport to the cell
surface. Are there specific steps that require ATP hydrolysis? What is the role of ATP
hydrolysis, and how is ATP hydrolysis in the cytoplasm coupled to LPS transport through the

periplasm?
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Figure 1.5.  LPS is pushed against its concentration gradient by multiple rounds of ATP
hydrolysis. (4) The N-terminus of LptD (PDB ID: 4q35), LptA (PDB ID: 2r19), and the C-
terminus of LptC (PDB ID: 3my2) form a continuous bridge of structurally homologous

domains to allow LPS to transit the aqueous periplasm. It is unclear how many LptA
molecules are in the bridge. (B) The “PEZ” model of LPS transport describes a continuous

stream of LPS molecules being pushed through the Lpt complex to the cell service, powered
by ATP hydrolysis in the cytoplasm.

1.5 The “PEZ” Model for LPS Transport

In order to study the process of LPS transport, intermediates along the Lpt pathway must
be observed in cells. To develop such a method, the unnatural amino acid pBPA, which
photocrosslinks to nearby residues upon UV-irradiation, was incorporated at specific positions in
Lpt proteins using amber codon suppression (159-162). Such a method allowed for direct
observation of crosslinking products at various positions throughout LptC and LptA in vivo
(119). By immunoblotting with antibodies against LPS, positions in LptC and LptA that exhibit

UV-dependent crosslinking to LPS in E. coli were identified. All positions that crosslinked were
inside the B-jellyrolls of these proteins, except for one position in LptC located in a disordered

region of the crystal structure near the transmembrane helix (149). The identification of LPS
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binding sites within the B-jellyrolls of LptC and LptA is consistent with the model that these
domains form a continuous bridge to transport LPS (Figure 1.5A).

To ensure that the observed crosslinking events were on-pathway intermediates along the
Lpt pathway, the dependence of these crosslinking products on the presence of other Lpt
components was evaluated by altering the expression levels of individual proteins along with
pBPA-containing LptA or LptC (119). Overexpressing LptBFGC, for example, would mean that
most LPS would have nowhere to go after LptC, as the other Lpt components would be limiting.
Crosslinking of LPS to LptA at specific binding sites increased substantially when LptBFGC
were co-overexpressed. Only crosslinking at the one position in the disordered region of LptC
increased with co-overexpression of LptBFG, suggesting that this might be a strong binding site.
Therefore, LptA and LptC require LptBFGC and LptBFG, respectively, to bind LPS in vivo.
These results also indicated that LPS can be transported in broken bridges in which the OM Lpt
components are not present. This allowed for the development of a system to study the ATP
requirement for LPS transport.

The early steps of LPS transport were reconstituted in vitro in right-side-out (RSO)
membrane vesicles overexpressing Lpt components (119). Using the same positions in LptC and
LptA that crosslink LPS in vivo, it was shown that LPS crosslinks to LptC and soluble LptA in
an ATP- and IM complex-dependent manner. Additionally, time-dependent LPS transfer from
LptC to LptA could be observed. Addition of the ATPase inhibitor vanadate after pre-loading
LptC with LPS suggested that additional ATP hydrolysis is required to transfer LPS to LptA.

The fact that the levels of LPS crosslinking to LptC did not decrease with transfer to
LptA in a time course suggested that LptC is always loaded with LPS. This result, in

conjunction with the observation that an additional round of ATP hydrolysis is required to
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transfer LPS from LptC to LptA, led to the development of the “PEZ” model for LPS transport
(Figure 1.5B) (119). In this model, the Lpt pathway behaves much like a PEZ candy dispenser.
As the head of a PEZ dispenser is opened, a candy is released from the top of a column of
candies. Removal of each candy pushes the candy below it to the top position; a spring at the
bottom of the dispenser keeps the candy moving. In a similar manner, LPS is constantly being
shuttled into the Lpt pathway. Multiple rounds of ATP hydrolysis are required to push a stream
of LPS to the cell surface; LPS leaves the pathway as it is assembled on the cell surface, keeping
the stream of molecules flowing. ATP hydrolysis is necessary to efficiently transport LPS

unidirectionally against its concentration gradient.

1.6 Mechanism of LPS Transport

The “PEZ” model provides a model for how ATP hydrolysis is used to continuously push
LPS to the cell surface. The fact that millions of LPS molecules must be assembled on the cell
surface during every division cycle necessitates an efficient transport process. Many questions
still remain about how LPS transport occurs. Because there is no ATP present in the periplasm,
all energy required for LPS transport must come from the cytoplasm. An intriguing question is
specifically how ATP hydrolysis in the cytoplasm is coupled to extraction of LPS from the
opposite side of the membrane. Additionally, ATPase LptB is an attractive antibiotic target
because it is specific to Gram-negative bacteria and is the only Lpt protein with a known
enzymatic activity. Chapter 2 will describe studies to characterize and understand the biological
function of LptB in powering LPS transport and efforts to inhibit it. In order to learn about the
role of the IM complex in relation to the entire pathways, it is necessary to have a biochemical

assay to study the pathway in a pure system (without other proteins and cellular components).
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Chapters 3 and 4 will describe the development of a reconstitution of LPS transport from
purified Lpt proteins. These tools will be useful for understanding how LPS goes out of one
membrane, through an aqueous compartment, and into another membrane. Additionally,
reconstitution of just the IM complex allows for the role of LptC, associated with ABC
transporter LptBFG, to be assessed. Additionally, nothing is known about the mechanism of the
OM translocon LptDE and its role in LPS assembly, and the complete reconstitution of LPS
transport will aid in studies of this complex. The development of these tools will help to begin to
answer questions about how the Lpt pathway works. The reconstitution will also be essential for

learning ways of inhibiting Lpt proteins with antibiotics.
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Chapter Two

Structure, Function, and Inhibition of LptB, the ATPase that Powers
LPS Transport

Much of this chapter is adapted/reproduced from:
Sherman, D.J., et. al. (2014) Proc. Natl. Acad. Sci. U.S.A. 111(13):4982-4987. (Ref. 6)
The chapter also contains some adapted material from:

Sherman, D.J., et. al. (2013) Bioorg. Med. Chem. 21(16): 4846-4851. (Ref. 28)
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2.1  Why Study LptB?

ATP-binding cassette (ABC) systems represent one of the largest protein superfamilies
across all domains of life (1, 2). Many of these systems are transporters that share a common
architecture of two transmembrane domains (TMDs) and two cytoplasmic nucleotide-binding
domains (NBDs), which bind and hydrolyze ATP. They couple the energy of ATP binding and
hydrolysis to the transport of a variety of substrates against a concentration gradient. Although
eukaryotic ABC transporters involved in human diseases have received much attention (3), the
canonical ABC systems that have been most extensively studied are Gram-negative bacterial
importers, notably the histidine and maltose importers (2).

As described in Chapter 1, three of the Lpt proteins responsible for the transport and
assembly of LPS on the cell surface of E. coli form an ABC system composed of a heterodimeric
TMD complex (LptF and LptG) and a homodimeric NBD complex (LptB). LptB, both alone
and in a complex with LptF and LptG, has ATPase activity in vitro (4-6). In addition, the
LptBFG complex is closely associated with the bitopic IM protein LptC, which binds LPS and is
also part of the transenvelope bridge (5, 7-9). Based on these findings, the current model is that
LptBFG extracts LPS from the outer leaflet of the IM and is the sole energy input responsible for
the entire process of transport and assembly of LPS on the cell surface against a concentration
gradient (Figure 2.1A) (8). Coupling this ABC transporter with the Lpt periplasmic bridge and
OM translocon enables cytoplasmic ATP to drive periplasmic transit. Although its heteromeric
architecture with separate NBDs and TMDs resembles that of bacterial importers, LptBFG has to
perform a unique function that places it in a class distinct from traditional importers and
exporters: LptB, the cytoplasmic ATPase, must power the extraction of a large glycolipid from

the periplasmic face of the IM.
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Figure 2.1.  LptB is the NBD of the ABC transporter that powers LPS transport. (4) The
Lpt pathway in E. coli is comprised of seven essential proteins that span the periplasm as a
continuous bridge. LptBFGC (yellow) comprise the IM complex, which is responsible for
powering all of LPS transport and assembly. (B) Cartoon rendering of LptB-E163Q bound to
Na'-ATP (pre-hydrolysis crystal structure), with conserved ATPase and ABC motifs
indicated (Walker A, yellow; Walker B, orange; signature motif, blue; Q-loop, cyan; switch
region, red). N- and C-termini are indicated.

Large conformational changes in the LptBFGC complex are likely required to transduce
information about ATP hydrolysis in the cytoplasm to other Lpt components, and vice versa.
Even years after its discovery, very little was known about this unusual ABC system other than
that it is part of the Lpt pathway. This chapter describes the first structural and functional
characterization of LptB, the only Lpt component with a known enzymatic activity (Figure
2.1B). High-resolution crystal structures of LptB in pre- and post-ATP hydrolysis states led to
the identification of specific residues essential for catalytic function and interaction with the
TMDs. These studies identify that inhibiting the function and assembly of LptB serve as

promising strategies for blocking LPS biogenesis in vivo.
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2.2 Crystal Structures of LptB Bound to ADP and ATP

To gain insight into the catalytic cycle of LptB and its function in powering LPS
transport, we obtained crystal structures of LptB before and after ATP hydrolysis. LptB with a
C-terminal polyhistidine tag (LptB-His) was overexpressed and purified, and crystals were
obtained with both the native protein and a selenomethionine-derivate (to obtain phasing
information for solving the crystal structure) after incubation with ATP/MgCl,. There was
unambiguous electron density for ADP-Mg?", indicating that ATP hydrolysis had occurred prior
to or during crystallization. To solve the structure, experimental phasing was obtained by
multiple isomorphous replacement with anomalous scattering using the selenomethionine
derivative and a tantalum derivative (experimental details in Section 2.7). This 1.55-A structure
will hereafter be referred to as LptB-ADP (crystallographic details in Table 2.4).

To obtain a pre-hydrolysis structure of LptB bound to ATP, we overexpressed and
purified a catalytically inactive variant LptB-E163Q-His (4). This protein crystallized in a
different crystal form following incubation with ATP. The structure was solved by molecular
replacement using the native LptB-ADP structure as the search model (details in Section 2.7).
The resulting 1.65-A structure will hereafter be referred to as LptB-ATP (Figure 2.1B,
crystallographic details in Table 2.4). Examination of the active site showed clear electron
density for an intact ATP molecule. The active site metal of the LptB-ATP structure was
assigned as a sodium cation based on the distances between the metal and the coordinating water
molecules (10). The high resolution of these crystallographic snapshots allowed us to look
carefully at specific protein interactions that might be important for LptB function.

LptB possesses an overall fold resembling other NBDs structures (Figure 2.1B). It

contains the canonical L-shaped architecture composed of a RecA-like o/ ATPase domain and a
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structurally diverse a-helical domain (11). The RecA-like domain contains the Walker A and
Walker B motifs present in many nucleoside triphosphate-binding proteins (12). This domain
also contains magnesium- and nucleotide-binding motifs specific to ABC proteins, namely the
Q-loop, which links this conserved domain with the a-helical domain, and the switch region,
which contains the conserved histidine-195 (H195). As observed in other NBDs, the LSSG(E/Q)
signature motif is found in the helical domain (Figure 2.1B) (13, 14).

Unlike the LptB-ADP structure, LptB-ATP crystallized as a canonical nucleotide-
sandwich dimer, the expected closed conformation of NBDs when ATP is bound (Figure 2.2A)
(2, 13). Secondary structure matching alignments of the LptB-ATP sandwich dimer with those
of ATP-bound MalK, the NBD of the maltose/maltodextrin importer (PDB ID: 1q12), and
Methanocaldococcus jannaschii MJ0796, a homolog of LolD, the NBD of the ABC system that
powers lipoprotein transport (PDB ID: 112t), have RMSD values less than 1.75 A (15). In all
cases, ATP is sandwiched between the Walker A motif of one subunit and the signature motif of
the opposing subunit (Figure 2.2B). The LptB dimer reveals an interface predicted to interact
with TMDs LptF and LptG, based on comparisons with other NBD and full ABC transporter

structures (Figure 2.2A). Molecular details of this interface will be described in later sections.
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Figure 2.2.  LptB-ATP crystallized as a canonical nucleotide-sandwich dimer. (4) Surface
rendering of the LptB-ATP dimer. Based on comparisons with other NBD structures, it can
be predicted where TMDs LptF and LptG might reside relative to the active LptB dimer.

(B) Top view of the nucleotide-sandwich dimer, showing ATP molecules sandwiched
between each protomer.

2.2.1 ATP Hydrolysis Induces Conformational Changes

Comparison of the pre- and post-hydrolysis complexes of LptB indicates considerable
movement in a number of regions associated with binding and/or hydrolysis of the y-phosphate
(Figure 2.3A). Glutamate-163 (E163) is at the end of the Walker B motif and is essential for
catalysis in other NBDs. This glutamate is the proposed general base that deprotonates the
nucleophilic water molecule so that it can attack the y-phosphate of ATP in the hydrolysis
reaction (2, 13, 16). H195, mentioned above, is located in the conserved switch region adjacent
to the active site in NBDs; it has been implicated in catalytic activity, but its specific function has
been debated (2, 13, 17, 18). Examination of the crystal structures demonstrates conformational
changes in the switch region and the region surrounding the Walker B motif (Figure 2.3A).
These changes are apparently driven by reorganization of the active site following ATP
hydrolysis, such that ATP-binding motifs reorient to stabilize the product, ADP. This
reorganization is coupled to changes in the signature motif and the Q-loop, which links the active

site with the structurally diverse region of NDBs that interacts with the TMDs to coordinate
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catalysis and transport (Figure 2.3B) (2, 13, 19). The Q-look contains the conserved glutamine-

85 (Q85), which coordinates with the active site cation (Figure 2.3A).

ADP

Figure 2.3.  Conformational changes upon ATP hydrolysis show how reorganization of the
active site causes changes in the region of LptB believed to interact with LptFG. (4) Close-up
view of the active sites of the pre- and post-hydrolysis structures of LptB. Side chains of
conserved residues in the Walker B, switch, and Q-loop regions are shown. The putative
hydrolytic water is indicated in the ATP-bound active site. Motif coloring is the same as in
Figure 2.1B. (B) Structural overlay of the LptB-ATP (red) and LptB-ADP (blue) structures
shows conformational changes in the helical region upon ATP hydrolysis. The product, ADP,
is shown in the active site.

E163 appears to be essential for catalysis. A closer look at the carbonyl oxygen in the
side chain of residue 163 reveals that it is approximately 2.2 A closer to the nucleotide in the
post-hydrolysis structure based on a structural alignment of the Walker A motifs (36-
GPNGAGKT-43) (Figure 2.3A). Through a bridging water molecule, this glutamate contacts the
B-phosphate of the nucleotide. In LptB-ATP, Q163 is oriented slightly farther from the
nucleotide because it is separated by both a bridging water molecule and the y-phosphate. Based
on structural alignments with E. coli MalK bound to transition-state mimics (ADP-vanadate and

ADP-aluminum fluoride) (20), and by comparison with the ATP-bound MJ0796 structure (10), it

appears that this water molecule is well positioned to be the nucleophilic water in the hydrolysis
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reaction. Consistent with this hypothesis, this water molecule is not present in the post-

hydrolysis structure (Figure 2.3A).

23 Characterization of LptB Residues Required for Cell Viability

Based on the crystal structures, E163, H195, and Q85 appear to be important for catalytic
function. These residues are conserved in LptB orthologs in many Gram-negative organisms,
including pathogens. Another residue that was analyzed, phenylalanine-90 (F90), is a Q-loop
residue closer to the predicted LptF/G interface that is conserved in LptB orthologs. Because
LptB is required for LPS transport and, consequently, cell viability in E. coli, the laboratory of
collaborator Natividad Ruiz at The Ohio State University mutated [ptB to assess the importance
of these residues in LPS biogenesis in cells. To do so, they assessed the mutant strains for
susceptibility to OM-impermeant antibiotics and cell viability.

Using a clever genetic approach, Ruiz and colleagues found that the E163Q, HI95A, and
F90A variants of LptB are all nonfunctional, and this loss of functionality is not due to reduced
protein expression levels (6). The FO0Y variant of LptB was also tested because an aromatic
amino acid is found at this position in other NBDs based on primary sequence alignments (not
shown). It was found that LptB-F90Y is functional. Interestingly, Ruiz and colleagues found
that strains of E. coli containing plasmids encoding the E163Q and H195A variants of LptB
increased membrane permeability to antibiotics, even with the presence of wild-type
chromosomal /pzB. This suggests that these nonfunctional variants of LptB can substitute for
wild-type LptB in vivo, reducing the number of functional transporters. Such competition with

active transporters results in LPS biogenesis defects. In contrast, strains harboring a plasmid
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encoding the LptB-F90A variant did not show the same phenotype, suggesting that LptB-FO0A
cannot substitute for wild-type LptB in the IM complex.

To better understand the roles of these essential residues in LptB and to confirm
hypotheses based on the crystal structures, first the ability of these LptB variants to form an
intact IM complex in vivo was assessed. To do this, we performed affinity purifications with E.
coli strains containing C-terminally polyhistidine-tagged LptB variants. The functionality of
these tagged LptB variants in vivo was confirmed by the Ruiz laboratory to make sure that the
presence of the affinity tag did not affect the results. As expected, wild-type LptB-His interacts
with other components of the Lpt IM complex in cells, as it co-purifies with LptF and LptC (a
lack of anti-LptG antiserum prevented detection of this component, but it is likely that both LptF
and LptG are required to form an intact IM complex) (Figure 2.4A). The E163Q and H195A
variants also pull down these components, but the F90A variant does not. This result is
consistent with the interpretation of the phenotypes of strains harboring plasmids expressing
LptB-F90A, LptB-E163Q and LptB-H195A. Because the FO90A variant cannot form a stable
complex with other IM components, it cannot substitute for wild-type LptB in cells, whereas
LptB-E163Q and LptB-H195A can. LptB-F90Y-His does not co-purify with as much LptF and
LptC compared to the E163Q and H195A variants (Figure 2.4A). This is consistent with the
genetic observation by Ruiz and colleagues that a haploid strain containing only LptB-F90Y
shows increased membrane permeability compared to the wild-type strain. Taken together, these
results implicate F90 in the association with the Lpt IM complex. They additionally show that
the essential role of E163 and H195 in LptB function is unrelated to IM complex formation.

The ATPase activity of the LptB variants was tested to gain more insight into the nature

of their functional defects. We overexpressed and purified all LptB-His variants. As expected,
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LptB-E163Q-His is catalytically inactive (Figure 2.4B). Because this variant forms a stable IM
complex in vivo, its inability to support cell viability must be due to its defective catalytic
activity. This result demonstrates that ATP hydrolysis by LptB is required for LPS transport in
the cell, which had previously been an assumption. The LptB-FO0Y-His and LptB-F90A-His
variants show wild-type levels of ATPase activity. Even though these substitutions in LptB do
not affect protein folding or catalytic activity, they affect protein function in vivo. Also, LptB-
H195A-His does not support cell viability but only shows a ~ 60% reduction in ATPase activity
compared to the wild-type protein (Figure 2.4B). This result was surprising considering that
changing this conserved histidine in other ABC transporters results in complete loss of catalytic

activity (17, 21-24).
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Figure 2.4. Biochemical studies indicate residues in LptB essential for catalysis and proper
coupling with other Lpt components. (4) Western blots showing affinity purifications of
LptB variants expressed in merodipoloid strains harboring plasmids expressing LptB variants.
All plasmids express LptB-His, except for the untagged variant (labeled “No tag”). Levels of
LptF and LptC that co-purify with LptB are shown. Levels of BamA, an outer-membrane
protein that nonspecifically interacts with the purification resin, are shown as a sample
preparation and loading control. (B) LptB-His variants were overexpressed and purified, and
their ATPase activity with 5 mM ATP was measured using a molybdate detection method for
inorganic phosphate release. Data represent the average and standard deviations of three
experiments.
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Comparison of the pre- and post-hydrolysis structures indicates that H195 in the switch
region undergoes a major conformational change (Figure 2.3A). The imidazole side chain of
H195 makes direct contact with the y-phosphate in the ATP-bound structure, but its Ca shifts by
~4 A in the ADP-bound structure. Not only does the switch region move, but the side chain of
H195 flips. One important unanswered question is how inorganic phosphate (P;) exits the active
sites of NBDs. There is no clear electron density for a P; group in the post-hydrolysis crystal
structure, which is consistent with claims that P; leaves the active site before ADP is released
(10, 25, 26). Based on an electrostatic potential surface of LptB (27), the H195 side chain flips
to face a negatively-charged part of the protein (Figure 2.5). It is possible that the y-phosphate
remains bound to H195, and that movement of the switch region forces out the P; by electrostatic
repulsion in this negatively-charged area. It is also possible that the dramatic movement of the
switch region observed during ATP hydrolysis plays a critical role in communicating changes in

the active site to changes in the TMDs.

Figure 2.5.  Electrostatic potential surface of LptB-ATP reveals a potential phosphate exit
channel. Nucleotides and side chain of H195 are shown as sticks to indicate structural
changes between ATP-bound and ADP-bound structures. Sodium and magnesium ions are
depicted as light orange and light cyan spheres, respectively. Blue represents areas of positive
charge and red represents areas of negative charge.
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Because H195 is essential in vivo and the LptB-ATP structure shows that the imidazole
side chain directly interacts with the y-phosphate of ATP, the ATPase activity observed for the
isolated LptB-H195A-His NBD might not report inaccurately on the activity of the full complex.
In fact, a comparison of the ATPase activities of LptB-His and LptB-His-LptFGC purified in
detergent indicates that the full complex is ten to twenty times more active at its maximal rate
than the NBD alone (Figure 2.6A) (28). This suggests that interactions between the individual
components of the transporter stabilize the proteins and promote formation of an active
conformation of dimeric LptB. Therefore, we compared the ATPase activity of LptBFGC with
that of complexes containing LptB-E163Q and LptB-H195A purified in detergent (Figure 2.6B).
The complex containing LptB-E163Q is catalytically inactive, and the complex containing LptB-
HI195A has ~ 10% the ATPase activity of the wild-type complex. This confirms the hypothesis
that, though H195 is not the sole catalytic residue, its positioning is important for some step of
the catalytic cycle, as suggested by the crystal structures. Taken together, we have identified
essential residues in LptB that serve different purposes, allowing for us to begin to learn how

LptB works.
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Figure 2.6. The ATPase activity of LptB by itself is much lower than that of the LptBFGC
complex. (4) ATPase activity was measured using a modified molybdate method for
detecting inorganic phosphate release. The following kinetic parameters for LptBFGC can be
obtained from the graph (all values represent mean + standard error): Viyax = 203.3 £ 8.0 mol
ATP hydrolyzed / min * mol LptBFGC, K’ =0.7+ 0.1 mM, and h=1.1 £0.1. (B) LptBFGC
variants were overexpressed and purified, and their ATPase activity was measured with 5 mM
ATP/MgCl,. Bars represent the average of three experiments, with error bars indicating
standard deviations.

24 The Groove Region of LptB is Essential for Interaction with TMDs

ATP hydrolysis appears to initiate global movement in LptB that couples changes in
regions surrounding the active site (the switch and the Walker B regions) to changes in the
structurally diverse helical domain (the signature motif and the Q-loop). These changes near the
helical domain result in the shift in a groove located adjacent to the Q-loop (Figure 2.7). This
groove could accommodate coupling helices of TMDs, which in other ABC transporters are
involved in communication between the NBDs and TMDs (29, 30). Therefore, this coupling of
ATP hydrolysis with movement in the groove region could be important for communicating with
the TMDs, thereby affecting LPS transport. /n vivo and biochemical results described above
suggest that F90 in the Q-loop is important for binding to putative coupling helices of the TMDs

of this ABC system. The side chain of F90 faces the interior of the groove opening in both the
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ATP- and ADP-bound structures (Figure 2.7), suggesting this residue might be functionally
important for interacting with the TMDs during part or all of the catalytic cycle. Indeed, this
would explain why the IptB-F90A allele is nonfunctional (see above). The residue adjacent to
F90, R91, has a side chain that faces away from the interior of the groove in both
crystallographic snapshots (Figure 2.7). The Ruiz laboratory found that the /ptB-R91A4 variant is
functionally similar to wild-type /pzB.

Taken together, these results support the hypothesis that residues in the Q-loop of LptB
that face the interior of the groove are important for assembly of the complex, for its function, or
for both. The high conservation of F90 in LptB orthologs combined with the fact that the /p¢B-
F90Y allele confers mild OM permeability defects in haploid strains suggest that a conservative
change from a phenylalanine to a tyrosine is tolerated, but not optimal, as LptB evolved to have a
phenylalanine at this position. These experiments lead to the conclusion that F90 forms a critical

part of the binding site for LptFG.

Top View

Figure 2.7.  Structural observations of LptB implicate a key binding site for TMDs.
Surface renderings of a monomer of LptB-ATP (front face and top views) showing residues
Q163 and H195 near ATP, residue F90 facing the interior of the groove, and residue R91
facing away from the groove.
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2.5 Relating LptB Structure to Function

With respect to the mode of catalysis, the observations described in previous sections are
consistent with the prevailing general base catalysis model, in which a carboxylate side chain at
the end of the Walker B motif (in residue E163) deprotonates a water molecule so that it can
serve as a nucleophile in the hydrolysis reaction. The locations of the general base and potential
nucleophile are also consistent with structures of the transition state of the E. coli maltose
importer (20). The pre- and post-catalysis structures reveal that ATP hydrolysis induces
conformational changes in LptB. The most dramatic conformational change in the structural
snapshots is in the switch region. Not only does the switch loop move, but the imidazole side
chain of the conserved H195 flips away from the active site towards a negatively-charged
channel. This movement, combined with the observation that H195 coordinates the y-phosphate
in the pre-hydrolysis complex, suggests that this residue might help move the y-phosphate from
the active site into the acidic channel, from which it is ejected by electrostatic repulsion. This
shift of the conserved histidine near a negatively charged surface is also observed in a structure
of MJ0796, a homolog of LolD, which powers lipoprotein extraction from the IM (10). Such a
role is consistent with the low-level ATPase activity observed for LptB-H195A in complex with
the other Lpt IM components.

The LptB crystal structures reveal a groove that undergoes movement upon ATP
hydrolysis. A hypothesis is that this groove is involved in the interaction with the TMDs LptF
and LptG and that its movement is essential for connecting ATP hydrolysis by LptB with LPS
extraction by LptFG. Biochemical and genetic studies implicate groove residue F90 as an
important binding site for LptFG. The crystal structures suggest that this residue is critical

because its aromatic side chain faces the inside of the groove that likely interacts with the
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coupling helices of the TMDs. Structural alignments with other NBDs, both in isolation and in
complex with their TMDs, reveal that, despite being part of a structurally diverse region, there is
often an aromatic residue at the same location as F90 in LptB. For example, F90 in LptB aligns
with F429 in S. typhimurium MsbA (PDB ID: 3b60), with Y87 in MalK (PDB ID: 2r6g), and
with Y94 in Sulfolobus solfataricus GIcV (PDB ID: 1oxx). In the structure of multidrug exporter
Sav1866 bound to AMP-PNP (PDB ID: 20nj), the guanidinium group of R206 in the TMD is in
close enough proximity to make a m-cation interaction with the aromatic ring of F427 in the
NBD, which aligns with F90 in LptB, suggesting that this residue is critical for interaction with
the TMDs (Figure 2.8). For LptB, affinity purifications and genetic analyses have established
the importance of residue F90: LptB-F90A results in destabilization of the ABC transporter. The
aromatic character of this residue is critical for mediating the interaction of LptB with LptFG
because the FO0Y substitution only results in a partial loss of function in vivo, suggesting that the
interaction is specific. Further studies are necessary to examine how this key interaction with the
TMDs might be important for linking ATP hydrolysis to the extraction of LPS from the opposite

side of the membrane via the conformational changes in the groove region.
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Figure 2.8.  Crystal structure of Sav1866 bound to AMP-PNP (PDB ID: 20nj) indicates a

TMD-NBD interaction in the groove. Overall structure of the homodimeric multidrug

exporter with one chain shown in green and the other shown in cyan. NBDs are depicted as

surfaces, and TMDs are depicted as cylinders. The inset shows a close-up view of the side of

the transporter, highlighting a m-cation interaction between R206 in one TMD and F427 in

one NBD. F427 structurally aligns with F90 in LptB.
2.6  Conclusion

Several LptB residues were identified that are important for ATP hydrolysis (E163),

assembly with LptFG (F90), and the function of the complex (H195). High-resolution
crystallographic snapshots of LptB pre- and post-hydrolysis reveal that residues involved in
binding ATP and catalyzing y-phosphate hydrolysis reorganize to stabilize the product, ADP.
These crystal structures suggest that movement of residues around the LptB active site is coupled
to movement of regions at the interface with LptFG that might be essential for LPS transport. In
addition, using a catalytically inactive LptB-E163Q variant, we demonstrated that ATP
hydrolysis by LptB is essential for cell viability; in contrast, ATP hydrolysis is not required for
the formation of the Lpt IM complex.

LptBFG is a unique ABC transporter that powers the extraction of LPS from the opposite

side of the IM from the NBD, LptB. Phylogenetic analysis of ABC modules indicates that this
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protein family branched fairly early into functional groups (importers, exporters, and “others”),
prior to the differentiation of prokaryotes and eukaryotes (1, 31). LptB phylogenetically clusters
with import systems, and it is highly related to the NBDs of hydrophobic amino acid update
systems (31). Although the structure of LptBFG resembles that of bacterial importers, which
largely have NBDs and TMDs as separate polypeptide chains (2), its role is not to import its
cargo. It also does not function as a flippase, such as MsbA (see Chapter 1). LptB is not close in
proximity to LPS. Therefore, large conformational changes must be necessary to couple ATP
binding and hydrolysis to Lpt function. Additionally, there must be different regulatory and
feedback systems in place for this transporter than for traditional importers or exporters (2).
Overall, further studies of LptBFG and the role of its associated protein LptC will lead to more
insights into the mechanism of this unusual transporter. At this point, nothing is known about
the roles of LptF and LptG in LPS transport. Very little is known about LptC, aside from its
ability to bind LPS (8, 9). These crystal structures of LptB have provided clues as to how to trap
LptBFGC in different conformations along the catalytic cycle. Structural studies of E. coli
LptBFGC are underway to try to obtain snapshots of the full IM complex, which is an essential
next step to understand the mechanism of this transporter and how LptC interacts with LptFG.
Clearly, interfering with catalytic activity and coupling with other Lpt components are
viable strategies for the development of new antibiotics targeting LPS biogenesis. Although
inhibitors of ABC transporters have been used to treat cancer (32), to the best of our knowledge
only one ABC transporter inhibitor with antimicrobial activity has been reported (33). As the
only enzyme in the seven-protein pathway, a logical starting point for finding inhibitors of LPS
transport was to screen for LptB ATPase inhibitors (4, 8). However, it is apparent from this

study that discovery of LptB inhibitors that do not compete directly with ATP might prove quite
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valuable. To validate such inhibitors, tools must be in place that report on LPS transport directly
and not just ATPase activity by LptB. In order to study the mechanism of the Lpt pathway, it is
essential to understand the role of the power source, LptB, in relation to other Lpt components.
Chapter 3 describes the development of a reconstitution of lipopolysaccharide extraction from
proteoliposomes using purified Lpt components. This in vitro assay reports on both ATPase
activity and LPS release catalyzed by the IM complex, and it will allow for a more
comprehensive understanding of the mechanism, regulation, and inhibition of the IM complex as

a whole.

2.7 Materials and Methods
2.7.1 Strains and Plasmids

Strains are listed in Table 2.1. Primers are listed in Tables 2.2 and 2.3. All restriction
enzymes are from New England Biolabs.

Construction of plasmids pET22/42LptB-Hisg and pET23/42LptB-Hisg have already been
reported (4, 7). Plasmid pET23/42LptB was constructed by mutagenizing pET23/42LptB-Hisg
to insert a stop codon before the region encoding the Hisg tag using primers LptB-MinusCHis-f
and LptB-MinusCHis-r. All /[ptB-his mutant alleles were constructed by mutagenizing
pET22/42LptB-Hisg or pET23/42LptB-Hisg using site-directed mutagenesis (SDM) with KOD
Hot Start Polymerase (Novagen). The PCR product of the SDM reaction was digested with Dpnl
(New England Biolabs) and introduced into NovaBlue competent cells by heat-shock.
Transformants were selected in media containing carbenicillin (50 ug/mL). After confirming
plasmid DNA sequence, mutagenized plasmids were introduced into NR754, BL21(ADE3), and

KRX strains.
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To construct pCDFDuetLptCAB-Hise-LptFG, the DNA fragment encoding LptFG was
amplified by PCR from MC4100 genomic DNA using primers N-Ndel-LptF and LptG-KpnI-C.
The amplified fragment encoding LptFG was digested with restriction enzymes Ndel and Kpnl
and ligated into pCDFDuet-1 (Novagen) between the respective restriction sites to make
pCDFDuetLptFG. The DNA fragment encoding LptCAB-Hiss was amplified by PCR from
MC4100 genomic DNA using primers N-Ncol-LptC and LptB-His6-EcoRI-C. The amplified
fragment was then digested with restriction enzymes Ncol and EcoRI and ligated into
pCDFDuetLptFG to make pCDFDuetLptCAB-Hise-LptFG. In order to amplify the DNA
fragment for LptCAB-Hisg with the correct restriction site, the amino acid at the second position
of LptC was mutated from serine to glycine. The ligation product was transformed into
NovaBlue competent cells by heat-shock, and transformants were selected in media containing
spectinomycin (50 pg/mL). Plasmids were purified from individual colonies and sequenced.

Plasmid pCDFDuetHise-LptB-LptFG was constructed in three steps. First, the parent
plasmid pCDFDuetLptFG was prepared by digesting pCDFDuetLptCAB-Hisg-LptFG with Ncol
and EcoRI enzymes to remove the DNA segment encoding I[ptCAB-his from the first multiple
cloning site. The parent plasmid, pCDFDuetLptFG, was gel-purified and used for subsequent
steps. A digested PCR product generated using primers N-Ncol-His¢LptB and C-LptB-EcoRI,
and pET23/42LptB as template was used to ligate a Ais-IptB allele into the first multiple cloning
site of the parent plasmid. The ligation product was transformed into NovaBlue competent cells
by heat-shock, and transformants were selected in media containing spectinomycin (50 pg/mL).
Plasmids were purified from individual colonies and sequenced.

pET22/42LptC was constructed by amplifying the Ip¢C allele using primers N-Ndel-LptC

and C-LptC-HindIII and pCDFDuet-LptCABHiss-LptFG as template. The amplified fragment
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was digested with Ndel and HindIII enzymes and inserted into a digested pET22/42 expression

vector (34).

All variants of the Lpt IM complex were made by mutagenizing pCDFDuetHis¢LptB-

LptFG using SDM, as described above.

Table 2.1. Strains used in this study.

Strain Genotype Reference
BL21(ADE3) F ompT gal decm lon hsdSg(rg’, mg’) M(DE3) Novagen
[F’, traD36, AompP, proA'B", lacl®, A(lacZ)M15] AompT, endAl, recAl, gyrA96,
KRX thi-1, hsdR17 (1, mg '), e14— (McrA-), relAl, supE44, A(lac-proAB), Promega
A(rhaBAD)::T7 gene 1

NovaBlue Zﬁf Z] Ah;/[dil 7T(nr]K;),] my ') supE44 thi-1 recAl gyrA96 relAl lac F'[proA B* Novagen
MC4100 F araD139 A(argF-lac)U169 rpsL150 relAl fIbB5301 deoC1 ptsF25 rbsR (35)
NR754 MC4100 ara” (36)
NR1414 NR754 (pET23/42) This study
NR2583 NR754 (pET23/42LptB) This study
NR1872 NR754 (pET23/42LptB-Hisg) This study
NR2575 NR754 (pET23/42LptB-F90A) This study
NR2576 NR754 (pET23/42LptB-FO0A-Hisg) This study
NR2577 NR754 (pET23/42LptB-FI0Y) This study
NR2578 NR754 (pET23/42LptB-F90Y-Hisg) This study
NR2634 NR754 (pET23/42LptB-RI1A) This study
NR2675 NR754 (pET23/42LptB-R91A-Hisg) This study
NR2723 NR754 (pET23/42LptB-E163Q) This study
NR2589 NR754 (pET23/42LptB-E163Q-Hisg) This study
NR2719 NR754 (pET23/42LptB-H195A) This study
NR2670 NR754 (pET23/42LptB-H195A-Hisg) This study
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Table 2.2. SDM primers.

aa
change Primer name

Primer sequence (5' to 3")

Stop Codon  LPtB-MinusCHis-f  GAAGACTTCAGACTCTGAGAGCACCACCACCACCACCAC

Insertion LptB-MinusCHis-r ~ GTGGTGGTGGTGGTGGTGCTCTCAGAGTCTGAAGTCTTC

SLptBF90A GCCACAGGAAGCCTCCATTGCCCGTCGCCTC
oA 3LptBF90A GAGGCGACGGGCAATGGAGGCTTCCTGTGGC
SLptBFI0Y CCACAGGAAGCCTCCATTTACCGTCGCCTC
oY 3LptBFO0Y GAGGCGACGGTAAATGGAGGCTTCCTGTGG
SLptBRI1A ACAGGAAGCCTCCATTTTCGCTCGCCTCAGCGTT
ROTA 3LptBRI1A AACGCTGAGGCGAGCGAAAATGGAGGCTTCCTGT
LptB-E163Q-f TATTCTGCTCGACCAACCGTTTGCCGGGGTTGACCCG
F163Q LptB-E163Q-r CGGGTCAACCCCGGCAAACGGTTGGTCGAGCAGAATA
LptB-H195A-f CAGTGTTTCACGCACGTTGGCGTCAGTGATCAGCACGCC
AI9aA LptB-H195A-r GGCGTGCTGATCACTGACGCCAACGTGCGTGAAACACTG

Table 2.3. Other primers.

Primer name

Primer Sequence (5' to 3')

N-Ndel-LptF GGAATTCCATATGATAATCATAAGATATCTGGTGCGG
LptG-Kpnl-C CGGGGTACCTTACGATTTTCTCATTAACAGCCACA
N-Ncol-LptC CATGCCATGGGTAAAGCCAGACGTTGGGTT

LptB-His6-EcoRI-C

GGAATTCTTAATGATGATGATGATGATGCTCGAGTCTGAAGTCTTCCCCA
AGG

N-Ncol-HissLptB

TATACCATGGGCCATCATCATCATCATCACGGAATGGCAACATTAACTGC
AAAGAACC

C-LptB-EcoRI

TATAGAATTCTCAGAGTCTGAAGTCTTCCCCAAGGTATACACG

N-Ndel-LptC

TATACATATGAGTAAAGCCAGACGTTGGG

C-LptC-HindIII

TATAAAGCTTTTAAGGCTGAGTTTGTTTGTTTTGAATTTC
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2.7.2 Affinity Purifications

To perform affinity purifications of LptB variants, the reported method was slightly
modified (7). Overnight cultures of NR2583, NR1872, NR2589, NR2576, NR2578, and
NR2670 (Table 2.1) were inoculated 1 to 100 into fresh LB broth supplemented with 50 pg/mL
carbenicillin. Cultures were grown at 37°C to mid-logarithmic phase. Cells were harvested by
centrifugation at 5,000 x g for 10 min, as described. At this point, cells were frozen at -80°C.
Thawed cells were resuspended in 20 mM Tris-HCI, pH 7.4 supplemented with 1 mM
phenylmethanesulfonylfluoride (PMSF, Sigma), 100 ug/mL lysozyme (Sigma), and 50 pg/mL
DNase I (Sigma). Cells were lysed by three passages through an EmulsiFlex-C3 high pressure
cell disruptor (Avestin Inc.), and the lysate was centrifuged at 5,000 x g for 10 min to remove
unbroken cells. The supernatant was centrifuged at 100,000 x g for 1 h to pellet membranes, as
described. Resuspended membranes were solubilized in 50 mM Tris-HCI, pH 7.4, 300 mM
NaCl, 10% glycerol, 5 mM MgCl,, 1% n-dodecyl-B-D-maltopyranoside (DDM, Anatrace) at 4°C
for 1 hour. Solubilized membranes were centrifuged again at 100,000 x g for 1 h, and the
supernatant supplemented with 10 mM imidazole was passed twice over TALON metal affinity
resin (Clontech) pre-equilibrated with 50 mM Tris-HCIL, pH 7.4, 300 mM NacCl, 10% glycerol,
0.05% DDM, 10 mM imidazole. After washing with 40 column volumes of 50 mM Tris-HCI,
pH 7.4, 300 mM NaCl, 10% glycerol, 0.05% DDM, 20 mM imidazole, protein was eluted with
50 mM Tris-HCI, pH 7.4, 300 mM NaCl, 10% glycerol, 0.05% DDM, 200 mM imidazole.
Eluates were precipitated with 10% trichloroacetic acid (TCA), followed by a cold acetone wash.
Precipitates were resuspended in 2x SDS-PAGE sample buffer supplemented with 5% [3-
mercaptoethanol. Samples were boiled for 10 min and loaded onto 4-20% SDS-polyacrylamide

gels, and the proteins were transferred onto Immun-Blot® PVDF membranes (Bio-Rad) and
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subjected to immunoblotting using anti-BamA (37), anti-LptC (38), anti-LptF (39), and anti-
LptB polyclonal antisera (this study), followed by immunoblotting with a donkey anti-rabbit
horseradish peroxidase (HRP) conjugate secondary antibody (GE Amersham). Bands were
visualized using ECL™ Prime Western Blotting Detection Reagent (GE Amersham) and Biomax
Light Film (Kodak).

Anti-LptB antisera were raised in a rabbit using the LptB peptide DDLSAEQREDRANE

as immunogen (ProSci Inc.).

2.7.3 ATPase Assays

ATPase activity was measured using a modified molybdate method for detecting
inorganic phosphate release (5, 40). The LptB reaction mixture contained 7 uM LptB in 50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 10% glycerol. The LptBFGC reaction mixture contained 0.2
uM LptBFGC in 50 mM Tris-HCL, pH 8.0, 500 mM NacCl, 10% glycerol, 0.05% n-dodecyl-B-D-
maltopyranoside (DDM, Anatrace). Reactions were initiated at 25°C with the addition of the
indicated amount of ATP. If not indicated, 5 mM ATP/5 mM MgCl, (final concentrations) were
used. The linear time range of activity was determined for both LptB and LptBFGC. Reactions
were stopped within the linear range by the addition of an equal volume of 12% SDS. Inorganic
phosphate was measured using the reported method (40). Absorbance values were measured
using a Spectramax Plus 384 plate reader (Molecular Devices). Data was analyzed and kinetic
parameters were determined using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA,

USA).
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2.7.4 Protein Overexpression and Purification
2.7.4.1 LptB and LptBFGC for ATPase Assays

pET22/421 ptB-Hisg, pET22/42LptB-E163Q-Hiss, pET22/42LptB-H195A-Hisg,
pET23/42LptB-F90A-Hisg, and pET23/42LptB-F90Y -Hisg were each transformed into KRX
cells. Cultures were grown at 37°C after diluting overnight cultures 1 to 100 into fresh LB broth
supplemented with 50 pg/mL carbenicillin. LptB-His variant expression was induced with 0.2%
L-rhamnose at ODggo ~ 1, and cultures were grown for 16 h at 16°C. Proteins were purified as
described in Section 2.7.4.2 below.

LptB-Hise-LptFGC was used to compare the ATPase activity of LptB alone and in
complex (Figure 2.7A), as well as to test for compound inhibition (data not shown).
pCDFDuetLptCAB-Hiss-LptFG was transformed into BL21(ADE3) cells, which were grown in
LB broth supplemented with 50 pg/mL spectinomycin at 37°C until they reached ODgpp ~ 1. At
this time, 50 uM isopropyl B-D-1-thiogalactopyranoside (IPTG; Gold Biotechnology) was added
to the media to induce expression of LptBFGC. Cells were grown for an additional 2 h at 37°C,
at which point they were harvested by centrifugation at 5,200 x g for 10 min. Cells were
resuspended in 50 mM Tris-HCI, pH 7.4, supplemented with 1 mM PMSF, 100 ug/mL
lysozyme, and 50 pg/mL DNase I. Harvested cells were lysed by three passages through a
French pressure cell (Thermo Electron) at 16,000 psi. After removal of unbroken cells,
membranes were recovered by centrifugation at 100,000 x g for 1 h. Membranes were
resuspended in 20 mM Tris-HCI, pH 7.4, 10% glycerol. At this point, membranes were flash
frozen in liquid nitrogen and stored at -80°C. Thawed membranes were solubilized with 20 mM

Tris-HCI, pH 7.4, 5 mM MgCl,, 300 mM NaCl, 1% DDM, 10% glycerol, and 2 mM ATP at 4°C
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for 1 h, followed by centrifugation at 100,000 x g for 30 min. The remainder of the purification
is the same as the reported protocol (5).

To overexpress and purify Hisg-LptBFGC (to test the ATPase activity of LptB variants),
KRX cells were transformed with pCDFDuetHis¢LptB-LptFG and pET22/42LptC. Cultures
were grown at 37°C after diluting overnight cultures 1 to 100 into fresh LB broth supplemented
with 50 pg/mL spectinomycin and 50 pg/mL carbenicillin. Complex expression was induced
with 0.02% L-rhamnose at ODggo ~ 1, and cultures were grown for 3 h at 37°C. Cells were
harvested by centrifugation at 5200 x g for 15 min and resuspended in 50 mM Tris-HCI, pH 7.4,
supplemented with 1 mM 0.5 mM PMSF, 100 ug/mL lysozyme, and 50 ug/mL DNase I.
Harvested cells were lysed by three passages through an EmulsiFlex-C3 high pressure cell
disruptor. After removal of unbroken cells, membranes were recovered by centrifugation at
100,000 x g for 1 h. Membranes were resuspended and subsequently solubilized in 20 mM Tris-
HCI, pH 7.4, 5 mM MgCl,, 300 mM NaCl, 1% DDM, 10% glycerol, and 2 mM ATP at 4°C for 1
h, followed by centrifugation at 100,000 x g for 30 min. The supernatant was applied to TALON
metal affinity resin, followed by elution with 20 mM Tris-HCI, pH 7.4, 300 mM NaCl, 0.05%
DDM, 10% glycerol, and 25 mM imidazole. The eluate was concentrated with an Amicon
centrifugation filter, 50 kDa MWCO (Amicon Ultra, Millipore), and then subjected to size
exclusion chromatography on a Superdex 200 10/300 GL column (GE Healthcare) in 20 mM
Tris-HCI, pH 7.4, 300 mM NaCl, 0.05% DDM, 10% glycerol. Fractions were pooled and

concentrated to ~ 2.5 mg/mL.
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2.7.4.2 LptB for Crystallography

Full-length LptB with a C-terminal Hisg tag (referred to as LptB-His) was overexpressed
as previously described, with a few notable changes (4). Cultures of BL21(ADE3) cells
containing the plasmid with LptB-His were grown at 37°C after diluting an overnight culture 1 to
100 in fresh LB broth supplemented with 50 ug/mL carbenicillin. Cells were grown to ODgg ~
1, and the temperature was reduced to 16°C. Overexpression was induced by addition of 100
uM IPTG, and the cells were grown for 16 h at 16°C. Cells were harvested by centrifugation at
5,000 x g for 20 min. Cells were resuspended in Tris-buffered saline (TBS; 20 mM Tris, pH 8.0,
150 mM NacCl), 20% glycerol, 0.5 mM Tris(hydroxypropyl)phosphine (THP, EMD Millipore)
supplemented with 0.5 mM PMSF, 50 ug/mL lysozyme, and 50 ug/mL DNase I. Cells were
lysed by three passages through a French pressure cell at 16,000 psi and centrifuged at 6,000 x g
for 10 min to remove unbroken cells. The supernatant was centrifuged at 100,000 x g for 30 min
to remove membranes. Imidazole was then added to the supernatant to a final concentration of
10 mM. Ni-NTA Superflow resin (Qiagen) was pre-washed with TBS supplemented with 20%
glycerol and 10 mM imidazole in preparation for batch nickel affinity chromatography. The
supernatant was then incubated with the pre-washed Ni-NTA resin at 4°C for 60 min. Following
removal of the flow-through, the resin was washed with 20 column volumes of TBS with 20%
glycerol and 20 mM imidazole. The protein was then eluted in one batch with 2 column volumes
of TBS with 20% glycerol, 0.5 mM THP, and 200 mM imidazole. The eluate was concentrated
with an Amicon centrifugation filter, 10 kDa MWCO to ~ 20 mg/mL. The concentrated protein
was further purified by size exclusion chromatography on a Superdex 200 10/300 GL column in
TBS, 20% glycerol, 0.5 mM THP. The fractions with pure LptB-His were collected, pooled, and

concentrated to 15 — 20 mg/mL using a centrifugal filter.
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LptB-E163Q-His was overexpressed in KRX cells in LB medium supplemented with 50
pg/mL carbenicillin. Overexpression was induced with 0.2% L-rhamnose. Cells were harvested
and the protein was purified as described above for the wild-type protein with one notable
difference. Following elution from the Ni-NTA Superflow resin and prior to concentration,
ethylenediaminetetraacetic acid (EDTA) was added to the eluate to a final concentration of 1
mM.

A selenomethionine derivative of LptB-His (hereby called SeMet-LptB-His) was
overexpressed in BL21(ADE3) from the same pET22/42 vector as the wild-type variant but
overexpressed in SeMet minimal medium, using a previously reported method (41). The cells

were harvested and the protein was purified as described above for the wild-type protein.

2.7.5 LptB Crystallization
2.7.5.1 Native Crystals

Prior to crystallization, LptB-His or LptB-E163Q-His was diluted to 7 — 10 mg/mL with
TBS to yield a final glycerol content of 10%. Crystals were grown with the hanging drop
method at room temperature. Prior to setting up hanging drops, LptB-His was incubated with 2.5
mM ATP, 2.5 mM MgCl, and LptB-E163Q-His was incubated with 2.5 mM ATP at 4°C for 60
min. After screening many conditions, the optimal condition for obtaining Mg**-ADP co-
complex crystals was mixing 1 pL protein with 1 pL reservoir solution containing 0.1 M MES,
pH 6.5, 30% PEG 4000. After several days, triangular plate-like crystals appeared. Crystals
were flash-frozen with liquid nitrogen after cryoprotecting with a solution containing 0.1 M
MES, pH 6.5, 33% PEG 4000, 24% glycerol. After screening conditions to crystallize LptB-

E163Q-His in complex with ATP, the best condition was found to be mixing 1 pL protein with 1
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uL reservoir solution containing 0.6 M NaCl, 0.1 M MES, pH 7.0, 26.5% PEG 4000. After
several days, large crystals were obtained. Crystals were flash-frozen using a cryoprotectant

containing 0.6 M NaCl, 0.09 M MES, pH 7.0, 28% PEG 4000, 23% glycerol, and 2.5 mM ATP.

2.7.5.2 Selenomethionine Derivative Crystals

As described above, the final SeMet-LptB-His solution was diluted to 7 — 10 mg/mL with
a final glycerol content of 10%. Optimal crystals were obtained with 2 pL protein mixed with 1
pL reservoir solution comprised of 0.1 M MES, pH 6.5, 31% PEG 4000. These flat, plate-like
crystals were flash-frozen using a cryoprotectant containing 0.1 M MES, pH 6.5, 35% PEG

4000, 20% glycerol.

2.7.5.3 Heavy Metal Soak
A tantalum derivative of the native LptB-His crystals was prepared in order to obtain
additional phasing information. Crystals were soaked overnight with tantalum clusters (Jena)

and then frozen in tantalum-free cryoprotectant, as described above.

2.7.6 Crystallography Data Collection

X-ray diffraction data were collected at the National Synchrotron Light Source beamlines
X29 or X25 at Brookhaven National Laboratory, except for the SeMet dataset, which was
collected at 24-ID-E of the Advanced Photon Light Source at Argonne National Laboratory by
Dr. Seong-Joo Lee. SeMet-LptB-His crystals were collected at 0.97917 A, and the crystals

soaked with tantalum clusters were collected at 1.2548 A. All other crystals were collected at
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1.075 A. LptB-His and all of its derivatives belong to the space group C121. LptB-E163Q-His

belongs to the space group C222;.

2.7.7 Crystallography Data Processing and Structure Determination
2.7.7.1 SeMet-LptB-ADP Complex

All data sets were indexed and integrated using iMosflm and scaled using Scala (42, 43).
Heavy atom sites in the SeMet and tantalum structures were determined using HKL2MAP (44).
The top occupancy sites for each of the two derivatives were then input into the CCP4 program
Phaser to refine and find additional sites using single-wavelength anomalous diffraction (SAD)
(45, 46). Initially, only a low-resolution (3.25 A) native data was obtained, and this dataset was
merged with the 2.05 A SeMet data set truncated to 2.5 A and the tantalum dataset. Phases
going out to 2.5 A were obtained by multiple isomorphous replacement with anomalous
scattering (MIRAS) using SHARP with the merged dataset and the Phaser-refined heavy atom
sites for the two derivatives (47). After obtaining the phases from SHARP and performing
density modification using DM, a map that looked protein-like was obtained, but it was not
sufficiently clear to facilitate model building (48). Therefore, Phenix Autobuild was used to
build a model after inputting the experimental phases, the HLDM coefficients and 2.05 A SeMet
structure factors, and the amino acid sequence of the construct (49). After this initial Autobuild
run, a model with an Ry« of 36.3% and an Ry, of 40.0% was obtained. The density was much
improved, but there were still several gaps in the backbone of the model. At this point, a
homology model was used to fill in the gaps. Using the Wide Search Molecular Replacement
server (50), the optimal homology model was determined to be PDB entry 1GAJ. After

superposition in Coot (51, 52), the missing parts of the model were manually added from the
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homology structure. Then, a second round of Autobuild was performed using the latest SeMet-
LptB-His model to generate the map along with the Hendrickson-Lattman coefficients from
SHARP to guide the building and refinement. At this stage, a model with an Ry of 25.2% and
an Ryee of 30.3% was obtained. Next, the model was refined with CNS by doing rounds of B-
factor refinement and simulated annealing (53, 54). The refinement was then completed with
Phenix, by doing cycles of minimization, ADP (atomic displacement parameter or B-factor)
refinement, and TLS refinement using TLS parameters determined by the TLSMD server (55),
interspersed with manual adjustments using Coot. The final Ry and Rge. were 21.3% and

25.2%, respectively for the SeMet structure.

2.7.7.2 Native LptB-ADP Complex

After determining the structure of the SeMet-LptB-Mg*"-ADP complex, a high-resolution
dataset of native LptB-Mg*"-ADP was obtained. The structure of the native Mg*-ADP co-
complex was obtained by molecular replacement using the SeMet structure as the search model
and doing rigid body refinement in Phenix (56), after copying and extending the free-R column
from the SeMet dataset. The structure was then refined in Phenix as described above. The final

Ryork and Ry values were 19.8% and 21.8%, respectively.

2.7.7.3 LptB-E1630Q-ATP Complex

The LptB-E163Q-ATP structure was solved by molecular replacement using Phaser with
the native LptB-Mg” -ADP structure as the search model. The search model had to be broken up
into the RecA-like ATPase domain and the a-helical domain in order to obtain a solution. Each

domain was searched for twice, leading to an initial dimer model of the full protein. The model
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was then refined using Phenix as described above. Final Ry and Ry values of 18.8% and

21.0%, respectively, were obtained.

Table 2.4. Data collection and refinement statistics.

Data Set LptB-ADP LptB-ATP
Space Group C121 C222,
Unit Cell
Dimensions 191.90, 36.02, 66.62, 138.36,
(a, b, ¢c) (A) 64.51 101.28
Angles 90.00, 96.16, 90, 90, 90
(o, B, v) (©) 90.00
Data Collection®
Wavelength (A) 1.075 1.075
Resolution Range (A) 40.41-1.55 40.86-1.65
(1.63-1.55) (1.74-1.65)
Rinerge 0.074 (0.570) 0.139 (0.806)
Completeness, % 98.6 (94.7) 99.2 (98.5)
Mean //c(1) 9.8 (2.1) 9.2 (2.8)
Unique Reflections 63317 56004
Multiplicity 3934 7.9 (8.0)
Refinement
Ryvork (%) / Rree (%) 19.76 / 21.76 18.81/21.00
Number of LptB 2 2
molecules/asymmetric unit
Number of modeled LptB 234 (A) / 230 235 (A) /235
residues / chain (B) (B)
Number of water 168 149
molecules
Number of ions 2 2
Average B factor (A?)
Nucleotide-metal 25.876 14.869
Solvent 32.795 28.792
Protein 29.666 25.95
Ramachandram plot
Favored (%) 99.8 98.3
Disallowed (%) 0 0
Rmsd from ideal geometry
Bond lengths (A) 0.004 0.007
Bond angles (°) 0.95 0.965

*Values in parentheses are for highest-resolution shell.
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Table 2.5. Data collection and phasing statistics.

Data Set LptB-ADP LptB-ADP LptB-ADP
(SeMet) (Tantalum) (Low-
resolution
native)
Space Group Cl121 C121 Cl121
Unit Cell
Dimensions 192.60, 192.31, 194.55,
(a, b, ¢c) (A) 35.88,64.34  36.79,64.43  35.39,65.15
Angles 90,95.83,90 90, 95.08,90 90, 95.37, 90
(0. B. 1) ()
Data Collection®
Wavelength (A) 0.97917 1.2548 1.075
Resolution Range (A) 40-2.05 47.89-2.80 48.42-3.25
(2.16-2.05) (2.95-2.80) (3.43-3.25)
Rinerge 0.074 (0.498) 0.097 (0.378)  0.182 (0.380)
Completeness, % 99.2 (97.8) 99.6 (99.6) 98.8 (99.3)
Mean I/o(]) 8.7 (2.3) 8.3 (3.0) 3.8(2.2)
Unique Reflections 27803 11391 7169
Multiplicity 33@3.2) 3.7(3.7) 3.08.1)
Overall isomorphous 1.073 0.689 0
phasing power acentric
Overall isomorphous 0.906 0.673 0
phasing power centric
Overall anomalous 0.919 0.426 0

phasing power

* Values in parentheses are for highest-resolution shell.

2.7.8 Data Deposition

The atomic coordinates and structure factors for the structures described in this chapter

have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 4p31, 4p32, and

4p33).
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Chapter Three

Reconstitution of the Lpt Inner Membrane Complex
from Purified Components

All data in this chapter was generated by me. However, this project was largely a collaborative
effort with Dr. Suguru Okuda, who made significant contributions to the methodology and assay
development.
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3.1 How to Study LPS Transport

A pure biochemical reconstitution of LPS transport that recapitulates what is observed in
vivo is necessary to understand how the Lpt components function together to transport LPS. As
described in Chapter 1, genetic depletion of any Lpt component does not result in observable
intermediate LPS localizations, such as accumulation in the inner leaflet of the OM, and the
essentiality of this pathway makes it impossible to make genetic knockouts of individual
components (1, 2). Only recently have on-pathway intermediates of LPS transport been
identified in cells (3). In order to observe these intermediates, the levels of specific Lpt proteins
had to be modulated in the cell to create a bottleneck, beyond which LPS could not move.
Therefore, LPS could be observed accumulating in Lpt components. The ability to observe
transport intermediates in broken Lpt bridges made it possible to analyze the ATP requirement of
the early steps of LPS transport in membrane vesicles derived from cells. These studies
established the “PEZ” model for LPS transport through the transenvelope bridge. The
limitations of genetic perturbations of the Lpt pathway due to its essentiality, however, and the
lack of homogeneity in cell-derived membrane vesicles make it difficult to study the mechanism
of LPS transport in these systems. A reconstitution from purified Lpt components is therefore
essential to assess the minimal requirements for LPS transport without the confounding factors
present in a cell or membrane vesicle. A pure reconstitution can also be used to assess the roles
of individual components. LptC is closely associated with the ABC transporter LptBFG, and its
specific role in the transport process is unclear. This chapter describes the development of a
biochemical reconstitution of the Lpt IM complex from purified components that recapitulates
how the process works in cells and was used to identify a potential role of LptC in IM complex

activity.
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The structural and biochemical studies of LptB described in Chapter 2 demonstrate the
need to study Lpt components in complexes instead of individually to gain a better understanding
of their cellular functions. It is clear that the ATPase activity of LptB alone differs drastically
from that of the full IM complex purified in detergent (4). Additionally, ATP hydrolysis by
LptB causes conformational changes in a region of the protein that is essential for interacting
with other Lpt components (5). The activity of LptB has to be tightly coupled to other Lpt
proteins in order to extract LPS from the IM. LptB is convenient to study individually because it
has a measurable enzymatic activity (ATP hydrolysis). The other Lpt components do not have
activities that can be detected using standard enzyme assays. Therefore, methods had to be
developed to monitor LPS movement through the Lpt components.

Reconstituting LPS transport poses a particular challenge because the process involves
transporting a large glycolipid out of one membrane, through an aqueous compartment and into
another membrane. Reconstitution of the IM complex, however, was a good starting point for
building up to a complete reconstitution of LPS transport. A reconstitution of the Lpt IM
complex would help us understand how LptBFG function in combination with LptC to extract
LPS from the IM. To study membrane transport processes, membrane protein machinery
required to carry out the function of interest are purified in detergent solutions and often
incorporated into liposomes, which mimic the cellular membrane environment (6). Therefore,
the first step in developing a reconstitution of the Lpt IM complex was to find the most stable,
active construct of LptBFGC that can be overexpressed, purified, and incorporated into
liposomes. Once obtaining the optimal construct, tools to reconstitute the early steps of LPS

transport were developed to begin to learn about how the IM complex works.
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Like the reconstitution of bacterial lipoprotein transport (7), a reconstitution of the Lpt
IM complex involves release of a lipid substrate from proteoliposomes to a soluble carrier
protein. Although LptA is believed to form a transenvelope bridge in vivo, addition of soluble
LptA to membrane vesicles overexpressing LptBFGC can receive LPS in an ATP-dependent
manner (3). LptBFGC had previously been overexpressed and purified in detergent (4, 5, 8), but
it was unclear when we started this project if this was the best construct to use for an in vitro
reconstitution to recapitulate how the transporter works in the cell. Section 3.2 describes how
highly active, functional IM complex components were obtained for use in a biochemical
reconstitution. We then describe our approach to reconstituting the activity of this complex in

proteoliposomes.

3.2 Overexpression and Purification of LptBFGC

Previously, all LptBFGC overexpression and purification methods involved affinity
purification using a C-terminal hexahistidine tag on LptB (4, 8). During efforts to overexpress
and purify LptB for crystallography (see Chapter 2), only LptB constructs with a C-terminal
polyhistidine tag could be successfully obtained. Attempts to overexpress and purify LptB with
an N-terminal polyhistidine tag resulted in large amounts of inclusion bodies and very little pure,
soluble protein (data not shown). It was unclear, however, whether the full IM complex with a
C-terminal hexahistidine tag on LptB is the most stable, active, and highest yielding construct to
use for the reconstitution. The structure of LptB indicates that the N-terminus is farther from the
dimer interface that is responsible for ATP hydrolysis in ABC systems than the C-terminus (5, 9,
10). This suggested that perhaps a complex with an N-terminal instead of a C-terminal affinity

tag might have increased ATPase activity. Collaborator Natividad Ruiz at The Ohio State
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University found that E. coli haploid strains expressing the C-terminally polyhistidine tagged
LptB construct that we were using (LptB-His) show OM permeability defects, suggestive of an
LPS assembly defect (data not shown). However, cells harboring a his-IptB allele (encoding
LptB with an N-terminal polyhistidine tag, His-LptB) are phenotypically wild-type, indicating
that the N-terminal polyhistidine tag does not interfere with cellular function. This suggested
that the C-terminal tag interferes with the efficiency of LptB dimerization, as predicted by the
crystal structure, resulting in less active Lpt machines.

Remarkably, although we could not overexpress and purify His-LptB as an NBD alone,
we developed a method to overexpress and purify His-LptBFG and His-LptBFGC (with N-
terminal polyhistidine tags on LptB) as stable complexes (Figure 3.1A). This result suggested
that the presence of the TMDs (LptF and LptG) protects His-LptB from aggregation. This
construct was used to evaluate LptB variants in Chapter 2 (see Figure 2.6). A complex
containing His-LptB-E163Q was also overexpressed and purified. A comparison of the ATPase
activities of these complexes in detergent indicated that an N-terminal polyhistidine tag on LptB
does not interfere as much with activity as a C-terminal tag (Figure 3.1B). For both N- and C-
terminally tagged complexes, the ATPase activity was reproducibly a little higher for LptBFGC
than for LptBFG. Because of the increase in activity of the N-terminally tagged complexes, a
reconstitution of LPS release from proteoliposomes would be done with the new constructs
containing His-LptB. The fact that both LptBFG and LptBFGC can be overexpressed and
purified allowed for the opportunity to study the role of LptC in a pure reconstitution.
Additionally, we are very interested in obtaining a crystal structure of LptBFGC to learn about
the interactions of these components during the catalytic cycle. With methods described in

Chapter 2 to obtain pre- and post-hydrolysis states of LptB, we these wild-type-complexes to
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find conditions in which LptBFGC can crystallize with ATP and ADP bound for structural

studies.
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Figure 3.1.  His-LptBFGC is more active than previous IM complex constructs.

(4) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size
exclusion chromatograms of purified LptBFG and LptBFGC. (B) ATPase activities of
purified complexes in 0.05% DDM using 5 mM ATP/MgCl, were measured using a modified
molybdate method for detecting inorganic phosphate release.

33 Incorporation of LptBFGC into Liposomes
In order to develop a reconstitution from purified components, we needed methods to
incorporate LptBFG and LptBFGC into liposomes. The reported in vitro system for monitoring

LPS release from cell-derived membrane vesicles made use of a heterogeneous system in which
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the cell produced and assembled the proteins (3). It was unlikely that transport activity could be
detected in detergent solution, and preliminary evidence for this was that the ATPase activities of
the complexes in detergent were unaffected by the presence of LPS or lipid A (8). It is unclear if
LPS can even interact with the complex in detergent. Therefore, a challenge was to incorporate
purified Lpt complexes into liposomes without affecting complex the stability or conformation of
the proteins such they lose function.

Dr. Suguru Okuda successfully incorporated equivalent molar concentrations of LptB-
His-LptFG and LptB-His-LptFGC into liposomes using a detergent dilution method similar to
that previous used in the Kahne lab to incorporate the Bam complex into liposomes (11, 12).
Liposomes were prepared from E. coli phospholipids and rough LPS (lacking the O-antigen).
LPS was added to detergent-destabilized liposomes to avoid adding aggregates of LPS
exogenously during the assay. The method originally used by Dr. Okuda to incorporate LptB-
His-LptFGC into liposomes was adapted to incorporate His-LptBFG and His-LptBFGC (see
Section 3.8.3). We optimized an ATPase assay to measure the activities of these
proteoliposomes. To begin, we tested the activities with a range of magnesium chloride
concentrations to find the concentration that gave maximal activity, as was initially done with the
reconstitution of the IM LPS flippase, MsbA (Figure 3.2A) (13). The same modified molybdate
assay for determining inorganic phosphate release in detergent solution was adapted for this
purpose (4, 5, 8, 14). The optimal concentration of magnesium chloride was found to be 2 mM
for His-LptBFGC, which would be used for reconstitution experiments. The activity of LptB-
His-LptFGC proteoliposomes reached a plateau around 1 mM magnesium chloride, but this
complex had overall lower activity and would not be used for subsequent experiments (Figure

3.2A). The concentration of ATP was kept at S mM for all assays, as this is the maximum that
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can be used for the molybdate assay (14). The heterogeneity of the E. coli lipid extracts and the
presence of LPS in the proteoliposomes presumably result in different magnesium requirements
than in DDM solution.

Using proteoliposomes with just His-LptBFGC variants, we measured ATP hydrolysis
over time (Figure 3.2B). We found that the activity remained linear for at least two hours, which
is much longer than the ~ 5 minute linear range for the complexes in DDM (see Figure 3.1B).
This could be the result of having the complex in a more stable, membrane-like environment,
rather than in less ordered detergent micelles. Additionally, we found that LptB-E163Q-LptFGC
had no ATPase activity over time, as expected. Proteoliposomes containing LptBFGC were also
made with just phospholipids and no LPS to determine if activity in this system was dependent
on the presence of LPS, which will be discussed more in Section 3.6. The ATPase activity of the
complex in these proteoliposomes was also linear for at least two hours (see Figure 3.5).
Therefore, LptBFGC is stable in a proteoliposome system and can be used to develop an assay to

detect LPS transport.
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Figure 3.2.  LptBFGC shows ATP hydrolysis activity in proteoliposomes containing
phospholipids and LPS. (4) ATPase activity was measured using a modified molybdate
method for detecting inorganic phosphate release. Concentrations of magnesium chloride
ranged from 0 mM to 5 mM, while ATP was kept constant at 5 mM. Data represent 60 min
time points. (B) Time course of ATPase activity for proteoliposomes with His-LptBFGC,
His-LptB-E163Q-LptFGC, and no protein (“Empty”). Reactions were initiated with the
addition of 5 mM ATP, 2 mM MgCl,. In both (4) and (B), assays were done at 30°C.
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34 Monitoring LPS Extraction from Proteoliposomes

The next challenge in developing this reconstitution was to monitor LPS transport out of
proteoliposomes into the periplasmic bridge component LptA to see if the reconstitution
recapitulate what is observed in vivo. The stable ATPase activity for LptBFGC and the lack of
any activity for LptB-E163Q-LptFGC initially demonstrated that this system recapitulates what
is observed in the cell. A major advantage of using a pure system is that ATPase activity can be
measured without the presence of contaminating ATPases, which was not the case with the cell-
derived membrane vesicle reconstitution (3). To reconstitute LPS transport in proteoliposomes,
we adapted techniques used to detect LPS crosslinking to LptC and LptA in vivo (3).
Technology developed by Peter Schultz at The Scripps Research Institute was utilized to site-
specifically incorporate an unnatural amino acid, pBPA, at positions of LptC and LptA (see
Chapter 1) (15-18). Upon irradiation at 365 nm, a wavelength that typically does not damage
proteins, the benzophenone group of pBPA reacts with nearby carbon-hydrogen bonds (19).
Specific sites of LptC and LptA were found to be binding sites for LPS along the transport
pathway. It was found that LPS crosslinks to LptC most strongly at position 47 (20). Therefore,
crosslinking at this position of LptC was used to monitor LPS extraction from proteoliposomes
by LptC.

In order to reconstitute LPS extraction from proteoliposomes, we overexpressed and
purified LptBFGC-T47pBPA. This complex eluted as a single peak in size-exclusion
chromatography, like the wild-type complex. We incorporated this complex into liposomes
containing phospholipids and LPS. Samples were irradiated at 365 nm at specific time points
after starting the assay to determine the time-dependence of LPS extraction. We analyzed

samples by SDS-PAGE followed by immunoblotting with anti-LPS and anti-LptC antisera to
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detect crosslinked LptC-LPS adducts. The results indicate that LPS can crosslink to LptC in an
ATP- and time-dependent manner (Figure 3.3). LptC-LPS crosslinking occurred rather quickly
in the presence of ATP (within five minutes after initiating the reaction). Crosslinking appears to
saturate by ten minutes after adding ATP. A little crosslinking is detected immediately after
adding ATP to initiate the assay (zero minute time point), and this is likely due to LPS
interacting with LptC in the proteoliposome preparation procedure (the complex is inserted into
detergent-destabilized phospholipid/LPS liposomes to make the proteoliposomes). These data
demonstrate that LPS extraction from the IM is due to ATP hydrolysis by LptB and is
independent of MsbA, the ABC transporter responsible for flipping LPS from the inner leaflet of
the IM to the outer leaflet (see Chapter 1). Although it is possible that flipping by MsbA feeds
LPS into the Lpt pathway in vivo, ATP hydrolysis by LptBFG powers LPS binding to LptC
along the transport pathway. Because nothing is known about LPS interactions with LptFG, this

is a reconstitution of the first known step of LPS transport.

LptC-amber: T47

(AVA +

ATP: - + -+
Time(min): 0 5 10 60 0 5 10 60 60 60

alptC LptC

Figure 3.3.  LPS can be extracted from proteoliposomes containing LptBFGC. Assays
were initiated by adding 5 mM ATP or buffer (“- ATP”) to proteoliposomes containing LPS
and LptBFGC-T47pBPA. At specific time points, aliquots were removed and UV-irradiated.
Samples were then subject to SDS-PAGE followed by immunoblotting with anti-LptC and
anti-LPS antisera to detect crosslinked adducts (LptC x LPS). Assays were done at 30°C.
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3.5 Monitoring LPS Release from Proteoliposomes

LPS is transferred to LptA following extraction by LptC (3, 20). In order to detect LPS
release from proteoliposomes to LptA, LptA-I36pBPA-His was overexpressed in the periplasm
and purified by nickel-affinity chromatography from E. coli spheroplasts (see Section 3.8.2.2).
Position 136 was found to crosslink to LPS in vivo and in cell-derived membrane vesicles in a
time-, ATP-, and LptBFGC-dependent manner (3). To evaluate LPS release in a pure
reconstitution, proteoliposomes containing LPS and wild-type LptBFGC were mixed with
purified LptA-I36pBPA-His. LPS release was initiated by addition of 5 mM ATP to the assay
mixtures. Aliquots were taken at different time points and UV-irradiated prior to analysis by
SDS-PAGE and immunoblotting.

As shown in Figure 3.4, LPS accumulates in LptA near position 36 over time when
LptBFGC is present in the proteoliposomes, as there is nowhere else for LPS to go. As was
previously shown in membrane vesicles (3), soluble LptA can likely exchange with LptA
associated with the proteoliposomes, allowing for time-dependent buildup of LPS in LptA. Such
a result is not observed with LPS crosslinking to LptC (Figure 3.3), as LptC always remains in
the proteoliposomes and cannot exchange. To evaluate the specificity of release to Lpt
components, we also monitored LPS release in proteoliposomes containing only LptBFG. Very
little LPS is released without LptC, consistent with the finding that a full IM complex is required
to transport LPS. It was initially unclear if purified LptA would be able to associate properly
with LptBFGC incorporated into proteoliposomes. Dr. Suguru Okuda previously found that the
soluble C-terminal domain of LptC can extract LPS from LptBFG in membrane vesicles (data
not shown). Because the C-terminus of LptC and LptA share a similar -jellyroll fold, it was

possible that there would be high background transfer in a purified system. These data indicate
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that LptA must interact specifically with LptC in this reconstitution, as it does in cells. Very
little LPS is released to LptA by LptBFG after sixty minutes. The periplasmic regions of LptFG
have been predicted to have a B-jellyroll fold (21); therefore, it would not be surprising if a very
low level of LPS release can be achieved without LptC. It is clear, however, that LptC is
essential for efficient LPS release from proteoliposomes to LptA.

Proteoliposomes containing the LptB-E163Q variant could not transfer LPS to LptA. It
has been shown that LptB-E163Q can bind ATP without hydrolyzing it, and this LptB variant
was used to demonstrate that ATP hydrolysis by LptB is essential for cell viability (see Chapter
2) (5). These results show that ATP hydrolysis and not just binding is necessary to obtain any
transport into the periplasmic bridge. This reconstitution of the IM complex in proteoliposomes

demonstrates ATPase and LPS transport activities that recapitulate the cellular process.

protei n: LptBFG LptB-E163Q-LptFGC LptBFGC

Time (min): 0 10 30 60 0O 10 30 60 O 10 30 60

alPS " e — | ptA x LPS
alLptA — LptA

ATP ADP + P, ATP ADP + P,

Figure 3.4. LPS is released to LptA from proteoliposomes in an ATP- and LptBFGC-
dependent manner. Assays were initiated by adding 5 mM ATP to proteoliposomes
containing LPS and LptBFG, LptB-E163Q-LptFGC, or LptBFGC, mixed with soluble LptA-
I136pBPA. Aliquots were removed at different time points and UV-irradiated, then subject to
SDS-PAGE followed by immunoblotting with anti-LptA and anti-LPS antisera to detect
crosslinked adducts (LptA x LPS). Assays were done at 30°C.
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3.6 LptC Reduces the ATPase Activity of LptBFG in the Presence of LPS

The development of a reconstitution of the Lpt IM complex from purified components
allowed for the evaluation of the role of LptC. It is known that the ATPase activities of many
well-characterized ABC transporters are stimulated by the presence of their substrates (22-24).
For many bacterial importers, activation relies on the presence of a substrate-binding protein that
interacts with the TMDs of the ABC transporter (9, 25). One hypothesis for the role of LptC is
that it serves as a “sensor” for the presence of LPS, like a substrate-binding protein, and this
activates the ABC transporter. The tools were now in place to begin to understand the role of
LptC.

Proteoliposomes containing LptBFG and LptBFGC, both with and without LPS, were
prepared simultaneously. A representative time course of the ATPase activity of
proteoliposomes containing LptBFGC and LPS is shown in Figure 3.2. All sets of
proteoliposomes (containing LptBFG or LptBFGC, with or without LPS) showed linear ATPase
activity for at least two hours (Figure 3.5). Interestingly, the rates of ATPase activity
(determined by the slope of the line through the data points in the time course) are similar for
LptBFGC in proteoliposomes with and without LPS. This rate is also similar to that of LptBFG
in proteoliposomes without LPS. As observed for other ABC transporters, there is low-level
activation of LptBFG in the presence of LPS, suggesting that LPS stimulates the activity of
LptBFG. However, the presence of LptC reduces the activity to around the same level as
proteoliposomes prepared without LPS (the basal activity). The ATPase activities of LptBFG
and LptBFGC were previously found to be unstimulated in a detergent solution (8). However, as
noted above, reconstituting these complexes in proteoliposomes more closely resembles their

activities in a membrane.
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The finding that LptBFGC reduces the ATPase activity of ABC transporter LptBFG in
the presence of LPS suggests a potential role for LptC in regulating the activity of the
transporter. It would not be surprising if a mechanism were in place to reduce efflux of LPS
when there is a buildup in the IM. If LPS stimulates LptBFG, similar to the substrate activation
of other transporters, then LptC can serve the role of regulating activity so that too much LPS
does not get pumped into the transenvelope bridge. This also ensures that LPS does not get
pumped if there is a defect in any component of the pathway such that LPS builds up in the IM.
Further studies are necessary to specifically assign a role to LptC, but the tools are in place to

begin to understand its function.
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Figure 3.5.  LptC reduces the ATPase activity of LptBFG in the presence of LPS. Time
course of ATPase activity for proteoliposomes containing LptBFG and LptBFGC, with and
without LPS. “Empty” denotes liposomes without incorporated protein. Reactions were
initiated with the addition of 5 mM ATP, 2 mM MgCl,. ATPase activity was measured using
a modified molybdate method for detecting inorganic phosphate release. Assays were done at
30°C.
3.7 Conclusion
In order to understand how the individual components of the LptBFGC IM complex

work, a pure reconstitution of LPS transport is necessary. Obtaining an active, wild-type

LptBFGC complex was necessary to develop the reconstitution. This complex was successfully
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incorporated into liposomes containing phospholipids and LPS. With the addition of ATP, we
demonstrate that LPS can be extracted from proteoliposomes containing LptBFGC and bind to
LptC near position 47. The time- and ATP-dependence of this process demonstrate that LPS
extraction is not spontaneous. We would not expect lipid extraction from a membrane to be
spontaneous, as it involves removal of acyl chains from a stable lipid bilayer. Nonetheless, the
state of LPS bound to LptC and its orientation relative to the membrane remain unknown.

We demonstrate that LPS can be released to LptA in an LptBFGC-, time-, and ATP-
dependent manner. LptC is required for efficient transfer of LPS to LptA. The inability of
LptB-E163Q-LptFGC to release LPS to LptA indicates that ATP hydrolysis by LptB is required
for LPS transport, irrespective of the presence of MsbA. These findings support the model that
LptBFG serve as an independent ABC transporter with associated LptC required to transduce the
signal of ATP hydrolysis in the cytoplasm to LPS transport through the periplasmic bridge.
Importantly, studies of the ATPase activities of proteoliposomes with and without LptC suggest
that LPS slightly stimulates the activity of LptBFG, and LptC counteracts this activation.
Therefore, it is possible that LptC serves a regulatory role in transducing signal from the outer
leaflet of the IM back to LptB, too.

As discussed in Chapter 2, LptB is a promising antibiotic target because of its role as the
power source for LPS transport. The tools described here will allow for more detailed studies of
IM complex inhibition and serve as a way of validating inhibitors found in screening efforts.
The development of this pure reconstitution of LPS extraction and release from a membrane by
Lpt components provided confidence that a reconstitution of all Lpt components might be
possible, and the next major challenge was to reconstitute the later steps of LPS transport. This

process requires transit of LPS from LptA to a different membrane. Chapter 4 describes the
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development of a reconstitution of LPS transport from one proteoliposome containing LptBFGC
through LptA to another proteoliposome containing the Lpt OM complex, LptDE. This system
will ultimately allow for mechanistic studies of the full Lpt pathway. It will also allow for the

development of inhibitors of any step of the transport pathway.

3.8 Materials and Methods
3.8.1 Strains and Plasmids

Construction of all plasmids used for overexpression of the Lpt IM complex was
described in Chapter 2. Construction of plasmid pET22bLptA-I136pBPA-Hiss was previously
reported (3). Strains used in this study are listed in Table 3.1.

Plasmid pET22/42LptC-T47pBPA was constructed using site-directed mutagenesis
(SDM). Plasmid pET22/42LptC wias mutagenized with KOD Hot Start Polymerase (Novagen)
using primers T47-amber-f (5’-TATAAAAGCGAGCATTAGGACACGCTCGTCTAT-3’) and
T47-amber-r (5’-ATAGACGAGCGTGTCCTAATGCTCGCTTTTATA-3’). The PCR product
of the SDM reaction was digested with Dpnl (New England Biolabs) and introduced into
NovaBlue competent cells by heat-shock. Transformants were selected in media containing
carbenicillin (50 pg/mL). After confirming plasmid DNA sequence, the mutagenized plasmid
was introduced into NovaBlue and KRX strains.

Table 3.1. Strains used in this study.

Strain Genotype Reference

BL21(ADE3) F ompT gal decm lon hsdSg(rg’, mg’) MDE3) Novagen
[F°, traD36, AompP, pr0A+B+, lacl®, A(lacZ)M15] AompT, endAl, recAl, gyrA96,

KRX thi-1, hsdR17 (1, mg '), e14— (McrA-), relAl, supE44, A(lac-proAB), Promega

A(rhaBAD)::T7 gene 1

endAl hsdR17 (r¢, mg ) supE44 thi-1 recAl gyrA96 relAl lac F'[proA'B”

NovaBlue - 197 AM15::Tn10]

Novagen
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3.8.2 Protein Overexpression and Purification
3.8.2.1 Lpt IM Complexes

To overexpress Hise-LptBFG, Hisg-LptBFGC, and Hise-LptB-E163Q-LptFGC, KRX
cells were transformed with plasmid pCDFDuetHissLptBFG or pCDFDuetHissLptB-E163Q-
LptFG. When LptC was co-overexpressed with LptBFG, this strain was also transformed with
pET22/42LptC. The overexpression and purification protocols are described in Chapter 2,
Section 2.7.4.1.

To overexpress Hise-LptBFGC-T47pBPA, KRX cells were transformed with three
plasmids: pCDFDuetHiscLptBFG, pET22/42LptC-T47pBPA, and pSupBpaRS-6TRN (17),
which encodes an orthogonal tRNA and aminoacyl-tRNA synthetase to incorporate unnatural
amino acid pBPA at amber (TAG) stop codons. Cultures were grown at 37°C after diluting
overnight cultures 1 to 100 into fresh LB broth supplemented with 50 pg/mL spectinomycin, 50
ug/mL carbenicillin, 30 pg/mL chloramphenicol, and 0.5 mM pBPA (Bachem). Complex
expression was induced with 0.02% L-rhamnose at ODg ~ 1, and cultures were grown for 3 h at
37°C. The purification protocol is the same as described in Chapter 2, Section 2.7.4.1.

To assess purity following size-exclusion chromatography, all complexes were analyzed

by SDS-PAGE using 14% resolving polyacrylamide gels.

3.8.2.2 LptA-136pBPA-His

LptA-I36pBPA-His was overexpressed in the periplasm and purified by making

spheroplasts, as originally reported (3).
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3.8.3 Proteoliposome Preparation

First, a 30 mg/mL sonicated aqueous suspension of E. coli polar lipid extract (Avanti
Polar Lipids, Inc.) was prepared. If not used immediately to prepare proteoliposomes, aliquots
were flash frozen in liquid nitrogen and stored at -80°C. A 2 mg/mL aqueous suspension of LPS
from E. coli EH100 (Ra mutant, Sigma) was prepared, flash frozen in liquid nitrogen, and stored
in aliquots at -80°C. When ready for use, aliquots of liposomes and LPS were thawed.
Proteoliposomes containing the Lpt IM complex were prepared by a detergent dilution method
(11, 12). Prior to dilution, a mixture with the following final concentrations was prepared in
Tris-buffered saline (TBS; 20 mM Tris, pH 8.0, 150 mM NaCl): 7.5 mg/mL liposomes, 0.5
mg/mL LPS, 0.25% n-dodecyl-B-D-maltopyranoside (DDM, Anatrace), and 0.86 uM purified IM
complex. While making this mixture, first the DDM was added to the liposomes to make
detergent-destabilized liposomes. LPS was added to this mixture, which was subsequently kept
on ice for 10 min to allow for mixed detergent-phospholipid-LPS micelles to form. The protein
complex was added, and the mixture was left on ice for 20 min. The mixture was then
transferred to an ultracentrifuge tube and diluted 100x with cold TBS. After letting the dilute
mixture sit on ice for 30 min, the proteoliposomes were pelleted by ultracentrifugation at
300,000 x g for 2 h at 4°C. The proteoliposomes were resuspended in TBS and diluted 100x
again, then pelleted by ultracentrifugation at 300,000 x g for 2 h at 4°C. Finally, for every 100
uL original mixture (prior to the first dilution step), 250 uL cold TBS, 10% glycerol was added.
If the resuspended proteoliposomes were not used immediately, they were flash frozen in liquid

nitrogen and stored at -80°C.
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3.8.4 ATPase Assays

ATPase activity of the purified Lpt IM complex in DDM was measured using the same
modified molybdate method described in Chapter 2, Section 2.7.3. ATPase assays of
proteoliposomes were done using essentially the same method, without the detergent. All assays
were done in 50 mM Tris-HCI, pH 8.0, 500 mM NaCl, 10% glycerol (final concentrations).
Reactions contained 60% proteoliposomes by volume (prepared as described in Section 3.8.3,
thawed on ice). The remaining volume was composed of Tris-HCI, NaCl, and glycerol such that
the final concentrations would be the values listed above. Reactions were initiated at 30°C with
the addition of ATP/MgCl, (final concentrations were 5 mM ATP, 2 mM MgCl, unless
otherwise specified). Reaction aliquots were taken at specified time points and quenched with an
equal volume of 12% SDS. Inorganic phosphate was measured using the reported method (14).
Absorbance values were measured using a Spectramax Plus 384 plate reader (Molecular

Devices).

3.8.5 Reconstitution of LPS Extraction by LptC

The reconstitution of LPS extraction by LptC in proteoliposomes was done similarly to
the ATPase assay described above. All assays were done in 50 mM Tris-HCI, pH 8.0, 500 mM
NaCl, 10% glycerol (final concentrations). Reactions contained 60% LptBFGC-T47pBPA
proteoliposomes by volume (prepared as described in Section 3.8.3, thawed on ice). The
remaining volume was composed of Tris-HCI, NaCl, and glycerol such that the final
concentrations would be the values mentioned above. Reactions were initiated at 30°C with the
addition of ATP/MgCl, or just MgCl, (final concentrations were 5 mM ATP, 2 mM MgCl,). At

specified time points, 30 uL aliquots were removed from the reactions and added to a microtiter
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plate, which was subsequently irradiated with UV light (365 nm) on ice for five minutes using a
B-100AP lamp (UVP). Following UV-irradiation, samples were added to 220 uL cold TBS,
0.2% DDM. To each sample, 250 pL. 20% trichloroacetic acid (TCA) was added. The proteins
were precipitated on ice, followed by a cold acetone wash. Precipitates were resuspended in 30
uL 2x SDS-PAGE sample buffer supplemented with 5% B-mercaptoethanol. Samples were
boiled for 10 min and loaded onto 4-20% polyacrylamide gradient gels. The proteins were
transferred onto Immun-Blot® PVDF membranes (Bio-Rad) and subjected to immunoblotting
using polyclonal anti-LptC antiserum (26) and anti-LPS mouse monoclonal antiserum (Hycult
Biotech). Membranes were subsequently immunoblotted with donkey anti-rabbit and sheep anti-
mouse horseradish peroxidase (HRP) conjugate secondary antibodies (GE Amersham) for LptC
and LPS blots, respectively. Bands were visualized using ECL™ Prime Western Blotting

Detection Reagent (GE Amersham) and Biomax Light Film (Kodak).

3.8.6 Reconstitution of LPS Release to LptA

The reconstitution of LPS release from proteoliposomes to LptA was done similarly to
the LPS extraction reconstitution described in Section 3.8.5. All assays were done in 50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 10% glycerol (final concentrations). Reactions contained 60%
IM proteoliposomes by volume (prepared as described in Section 3.8.3, thawed on ice). The
remaining volume was composed of Tris-HCI, NaCl, and glycerol such that the final
concentrations would be the values mentioned above. LptA-136pBPA-His was added to a final
concentration of 2 uM prior to starting the assay. Reactions were initiated at 30°C with the
addition of ATP/MgCl, (final concentrations were 5 mM ATP, 2 mM MgCl,). At specified time

points, 25 pL aliquots were removed from the reactions and added to a microtiter plate, which
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was subsequently irradiated with UV light (365 nm) on ice for three minutes using a B-100AP

lamp. Following UV-irradiation, samples were added to 225 pL cold TBS, 0.2% DDM. To each

sample, 250 puL 20% trichloroacetic acid (TCA) was added. The proteins were precipitated and

gel samples prepared as described above. Immunoblotting was done using polyclonal anti-LptA

antiserum (27) and anti-LPS mouse monoclonal antiserum. Immunoblotting with secondary

antibodies and band visualization were the same as above.
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Chapter Four

Reconstitution of LPS Transport
from Purified Components
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4.1 Reconstituting a Transenvelope Process

This chapter describes the reconstitution of LPS transport between two membranes. A
major challenge to developing a reconstitution of LPS transport is that it is a transenvelope
process with Lpt components in the IM (LptB), IM (LptC/F/G), periplasm (LptA), and OM
(LptD/E) (see Figure 2.1A). The Lpt components are believed to form a transenvelope bridge
spanning these cellular compartments, solving the problem of specifically and efficiently
transporting LPS unidirectionally against a concentration gradient (1-5). The lack of soluble
intermediates in the periplasm allows for direct passage to the cell surface.

Transenvelope processes solve complex problems in the cell but are difficult to study in
vitro because they involve connecting two membranes. Another example of an important
transenvelope process is Gram-negative multidrug efflux (6). Efflux systems of the resistance-
nodulation-division (RND) transporter superfamily are known to form tripartite complexes with
different proteins in the periplasm and the OM (7). E. coli AcrB was the first member of this
family to be reconstituted in proteoliposomes (8). This reconstitution demonstrated that pure
AcrB functions as a proton antiporter that transports lipid substrates out of the membrane. The
presence of its associated periplasm-spanning protein AcrA increased the rate of transport.
However, this system was not reconstituted with its associated OM efflux channel, TolC, and it
was never confirmed that AcrA bound to AcrB in a manner such that can bridge two membranes.
It would be very useful to study complete multidrug efflux systems in vitro to identify
intermediates in the efflux process and to find ways to block these pumps. The challenge of
connecting two membranes in a physiologically relevant way has made the development of such

reconstitutions difficult.
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A full reconstitution of LPS transport is necessary to understand the mechanism of the
entire transenvelope process and to develop ways of inhibiting its function. A pure biochemical
system would allow for questions to be answered about the role of LptDE in the transport
process, which has largely remained a mystery thus far. Therefore, we needed to develop
methods to overcome the challenges of connecting separate membranes in vitro. Proper
connection of LptC to LptA and LptA to LptD is essential for LPS transport to occur (4).
Therefore, nonspecific interactions between two sets of proteoliposomes and liposome fusion
events must be minimized. Additionally, at the start of this project, there was no suitable readout
to monitor transport to a second proteoliposome. Identification of in vivo intermediates in LptC
and LptA allowed for photocrosslinking at specific positions in these proteins to serve as a
readout in the reconstitution (9). However, there were no known LPS binding sites in LptD or
LptE to indicate that LPS interacts with these OM components. The first challenge to
reconstituting the full Lpt pathway was to develop a method for detecting LPS at the second
membrane. Once we had a way to detect where LPS ends up, we would develop methods to

assemble the Lpt transenvelope bridge in vitro.

4.2  Identification of an LPS Binding Site in LptD

Dr. Suguru Okuda, who developed the methodology to identify in vivo intermediates of
LPS transport using site-specific photocrosslinking, screened for positions in LptD that crosslink
to LPS in vivo (data not shown). At the time, there was no crystal structure of LptD available;
however, the N-terminal periplasmic position of LptD was predicted to contain a similar -
jellyroll fold to the C-terminus of LptC and LptA (4, 5, 10, 11). Dr. Okuda found that LPS

crosslinks to LptD at position 112 in the N-terminal domain.

107



Since this initial finding, the crystal structure of full-length S. flexneri LptDE has been
solved, which confirms previous predictions about the plug-and-barrel structure of the OM
translocon (12-14). The S. flexneri and E. coli LptD orthologs share ninety-nine percent
sequence identity; therefore, the deposited crystal structure can be used to interpret data about E.
coli LptD. As predicted, the N-terminus of LptD (residues 24 — 232) contains a B-jellyroll with a
highly hydrophobic interior cavity. We reproduced the LPS crosslink to LptD in cells using
amber codon suppression (described in Chapter 3) with the unnatural amino acid pBPA
incorporated at position 112 (normally tyrosine) (Figure 4.1). This position in the N-terminal
domain is located inside the B-jellyroll; previously, all positions that crosslinked to LptA in vivo
were also in the hydrophobic lumen of the B-jellyroll (9). A structural alignment of the N-
terminus of LptD and LptA indicates that position Y112 in LptD aligns with F95 in LptA. LptA-
F95pBPA was found to crosslink to LPS in vivo in a UV-dependent manner (9). Therefore, it is
not surprising that there is a binding site for LPS in LptD near this location. This result was
encouraging because it provided the potential to detect LPS crosslinking to LptD at position 112

in vitro.
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Figure 4.1.  LptD crosslinks to LPS in vivo inside its N-terminal B-jellyroll. Polyhistidine-
tagged LptD was mutated to incorporate unnatural amino acid pBPA at position 112. This
position crosslinks to LPS upon UV-irradiation of the cells (right). The wild-type His-tagged
protein (“WT”) does not contain pBPA. The crystal structure of S. flexneri LptDE (PDB ID:
4q35) shows amino acid Y112 in LptD facing the interior of the hydrophobic -jellyroll of
LptD (left), supporting the model that the N-terminus of LptD accepts LPS from LptA in the
transenvelope bridge. The crosslinked adduct (LptD x LPS) was detected by nickel-affinity
chromatography followed by immunoblotting with anti-LPS antiserum.

4.3 Experimental Design of a Reconstitution of LPS Transport

A reconstitution of LPS transport involves movement of LPS from a proteoliposome
containing LptBFGC and LPS (described in Chapter 3), through LptA to a proteoliposome
containing LptDE. Crosslinking of LPS to LptD at position 112 can be used to monitor LPS
transfer to the second proteoliposome, although it was unclear initially if LPS would reside in
LptD long enough to trap this intermediate. In order to try this experiment, LptD-
Y 112pBPA/LptE had to be overexpressed and purified. In the crystal structure of LptDE, the C-
terminus of LptD is inside the lumen of the B-barrel. Although LptD with a C-terminal
polyhistidine tag was used for the in vivo photocrosslinking experiment described above, as
LptD-Y112pBPA needed to be enriched on nickel affinity resin, it seemed like a less ideal
construct to overexpress and purify for a reconstitution. Therefore, LptD-Y112pBPA/LptE-His
(with a C-terminal polyhistidine tag on LptE) was overexpressed and purified using a reported

method (Figure 4.2A) (13). This complex was pure as judged by SDS-PAGE and was
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subsequently incorporated into liposomes containing E. coli polar lipids by a detergent dilution

method similar to that used to make the IM proteoliposomes (see Section 4.7.5; Figure 4.2B).

A B
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Figure 4.2. LptD-Y112pBPA/LptE-His can be overexpressed and purified as a stable
complex and incorporated into liposomes. (4) SDS-PAGE and size-exclusion chromatogram
of LptD-Y112pBPA/LptE-His. Fractions from size-exclusion chromatography were pooled
and concentrated prior to making proteoliposomes. (B) SDS-PAGE of proteoliposomes
containing OM complex, incorporated by a detergent dilution method. In both (4) and (B),
gel samples were boiled at 100°C for 10 min to unfold the B-barrel of LptD.

Now that we had access to proteoliposomes containing the IM complex with LPS and
proteoliposomes containing the OM complex, the next challenge was to demonstrate transit from
the IM proteoliposomes to the OM proteoliposomes through LptA. In the IM complex
reconstitution, an LptA-His construct was used to assay for LPS release from LptBFGC-
containing proteoliposomes. However, it is likely that the C-terminal polyhistidine tag in this
construct will interfere with interactions with LptD, as the C-terminus of LptA is believed to
interact with the N-terminus of LptD (3, 4). Additionally, various constructs of LptA tend to
aggregate in solution (data not shown). Therefore, a fusion construct of LptA with an N-terminal
solubility tag followed by a polyhistidine tag designed by Dr. Shu Sin Chng was used. Tagless,
mature LptA is liberated by cleaving the N-terminal tags with the protease thrombin following

nickel affinity chromatography.
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After obtaining cleaved LptA, we could have chosen from two approaches to conduct the
reconstitution. One is first to pre-load LptA with LPS released from IM proteoliposomes in an
ATP-dependent manner. Then, LPS-LptA complexes would be separated from the
proteoliposomes by ultracentrifugation. Soluble, LPS-loaded LptA would then be incubated
with OM proteoliposomes. If transfer to LptD does not rely on an intact bridge and, therefore,
ATP hydrolysis, LPS should be transferred from LptA to LptD (similarly to how lipoprotein
delivery to the OM works, as described in Chapter 1). A second approach to performing the
reconstitution is to form an Lpt bridge with both IM and OM proteoliposomes present in one
assay mixture. Considering the aggregation issues with pure LptA, it seemed reasonable to pre-
form bridges so that LptA does not have an opportunity to aggregate in solution, potentially
preventing transport. It was previously found using sucrose density gradient centrifugation that
LptA without any affinity tag preferentially associates with the OM and is not found in the
soluble fraction (3). This lent support to attempting the second approach (pre-forming bridges).
Incubation of the LptA cleavage reaction mixture with OM proteoliposomes should allow for
association of mature LptA with LptD in complexes with the N-terminus of LptD outside of the
proteoliposome lumen. Subsequent ultracentrifugation of this mixture should result in a pellet
containing OM proteoliposomes and any associated, cleaved LptA. This was the approach that

we used to reconstitute LPS transport.

4.4  Reconstituting LPS Transport to LptD
We had to ensure that our reconstituted Lpt system monitors specific transport of LPS
instead of random LPS-binding events. As described in Section 4.3, we first incubated OM

proteoliposomes with the LptA cleavage reaction mixture. Following ultracentrifugation, the
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LptA-OM proteoliposomes were resuspended and incubated with proteoliposomes containing
LptBFGC and LPS. The reasoning for this step is that during this short incubation period,
bridges between the two liposomes could have a chance to form. The assay was initiated with
the addition of ATP/MgCl,. After one hour of incubation at 30°C, an LptD x LPS crosslink was
observed (Figure 4.3). Importantly, crosslinking was time-dependent (no crosslinking was
observed immediately upon addition of ATP). Crosslinking was also dependent on individual
Lpt components. OM proteoliposomes without any LptA were pelleted alongside
proteoliposomes pre-incubated with LptA to use in a parallel control assay. LPS crosslinking to
LptD could not be observed in the reaction lacking LptA. Therefore, the crosslinking event is
not a result of random proteoliposome fusion with LPS from the IM proteliposomes interacting
nonspecifically with LptD. Crosslinking was also dependent on the presence of LptBFGC, as
empty liposomes containing only phospholipids and LPS could not transport LPS to LptD.
Finally, LPS crosslinking to LptD was dependent on the addition of ATP and on UV-irradiation.
Therefore, LPS transport to LptD in a time-, LptBFGCA-, and ATP-dependent manner can be

reconstituted in vitro from purified components.
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Figure 4.3.  LPS transport to LptD can be reconstituted in vitro. Proteoliposomes
containing LptD-Y 112pBPA/LptE and E. coli phosopholipids were pre-incubated with wild-
type, mature LptA (or buffer). Following ultracentrifugation, these proteoliposomes and any
associated LptA were resuspended and incubated with proteoliposomes containing E. coli
phospholipids and LPS with or without LptBFGC. The assay was initiated with addition of 5
mM ATP/2 mM MgCl, (or buffer). At the indicated time points, aliquots were removed and
UV-irradiated. Samples were then subject to SDS-PAGE followed by immunoblotting with
anti-LPS antiserum to detect crosslinked adducts (LptD x LPS). Assays were done at 30°C.

4.5 LPS Transport to LptD Stops When LPS Accumulates in the OM

We observed that LPS crosslinking to LptD has a very unusual time dependence (Figure
4.4). We do not observe LPS accumulation in LptD over time, as we do in LptC and LptA in the
IM reconstitution. Rather, there is a buildup of LPS in LptD after a relatively short amount of
time (ten minutes) followed by a decrease in LPS binding. The main difference between this
reconstitution and the IM complex reconstitution is that we are using a complete Lpt complex
this time, whereas we previously used broken bridges that allowed for accumulation of LPS in
LptC or LptA. This result indicates that LPS does not get trapped in LptD, which was not
apparent when looking at just the zero and sixty minute time points (Figure 4.3). If the OM

complex were nonfunctional, then we would expect to observe buildup of LPS in LptD.
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Figure 4.4.  LPS transport to LptD in vitro decreases with time with a concomitant buildup
in LptA. Proteoliposomes containing LptD-Y 112pBPA/LptE and E. coli phospholipids were
pre-incubated with mature LptA-136pBPA. Following ultracentrifugation, these
proteoliposomes and any associated LptA were resuspended and incubated with
proteoliposomes containing LptBFGC, E. coli phospholipids, and LPS. The assay was
initiated with addition of 5 mM ATP/2 mM MgCl,. At specific time points, aliquots were
removed and UV-irradiated. Samples were then subject to SDS-PAGE followed by
immunoblotting with anti-LPS antiserum to detect crosslinked adducts (LptD x LPS and LptA
x LPS). Assays were done at 30°C.

While observing crosslinking to LptD, we also used a construct of LptA with pBPA
incorporated at position 36 (the position used in the IM complex reconstitution for
photocrosslinking). We noticed that LPS crosslinking to LptA also changes with time. It
appears that LPS accumulates in LptA after about twenty minutes, around the time that LPS
crosslinking to LptD starts to decrease. A possible explanation for this observation is that, in all
previous experiments, LPS accumulates in LptA because it has nowhere else to go (the OM
complex is not present). In this experiment, LPS is being transported through LptA to LptD, and
therefore it is unlikely that LPS will reside in LptA long enough to photocrosslink. Additionally,
the fact that LPS builds up in LptA after it decreases in LptD demonstrates that the decrease in
LPS transport to LptD is not due to depletion of LPS or ATP. It appears, however, that LPS is
not transported past LptA to LptD after about thirty minutes and instead accumulates in LptA.

These results suggest that in the total reconstitution, the observable bottleneck in the

transport process is initially binding to the N-terminus of LptD near position 112. Therefore,

LPS is transported through LptA and then more slowly through LptD. This would explain why
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LPS crosslinking to LptA cannot be observed at early time points. The fast kinetics of this
transport to the OM are consistent with early observations by Mary Jane Osborn and colleagues
that newly synthesized LPS rapidly reaches the OM in pulse-chase experiments (15).

One hypothesis to explain the observed time dependence of LPS crosslinking to LptD is
that changes in the amount of LPS in the membrane affect the state of LptDE, and the decrease
in crosslinking to LptD is a result of the translocon “turning off.” This would explain the
buildup in LptA after this point; if the LptDE complex is no longer functioning, a bottleneck is
created at LptA. This is similar to the observation that LPS builds up in LptA in the IM complex
reconstitution when there is no LptDE present. It is unclear whether the bridges are connected at
this point or whether a buildup of LPS in the OM proteoliposomes results in disassembly of the
bridges.

To test this hypothesis, we prepared two sets of OM proteoliposomes simultaneously: one
containing just the OM complex and phospholipids, and the other containing the OM complex,
phospholipids, and LPS (the same amount incorporated into the IM proteoliposomes). We
observed that crosslinking to LptD with time in the full reconstitution differed between the two
sets of proteoliposomes (Figure 4.5). There is a sharper decrease in crosslinking to LptD at an
earlier time point when OM proteoliposomes are pre-loaded with LPS. These results suggest
that the presence of LPS around LptDE changes the state of the translocon, as a different LPS
composition in the proteoliposome alters the kinetics of LPS transport. To further explore this
possibility, experiments are underway using different concentrations of ATP to determine if this
can also alter the kinetics of transport through LptD. If our hypothesis is correct, we would
expect to observe that slower transport rates lead to a later accumulation of LPS in LptD, and

consequently a delayed decrease in crosslinking.
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Figure 4.5.  LPS transport through LptD in vitro stops as LPS accumulates in the
membrane. Proteoliposomes containing LptD-Y 112pBPA/LptE were prepared using E. coli
phospholipids with or without LPS. These proteoliposomes were pre-incubated with mature
LptA. Following ultracentrifugation, these proteoliposomes and any associated LptA were
resuspended and incubated with proteoliposomes containing LptBFGC, E. coli phospholipids,
and LPS. The assay was initiated with addition of 5 mM ATP/2 mM MgCl,. At specific time
points, aliquots were removed and UV-irradiated. Samples were then subject to SDS-PAGE
followed by immunoblotting with anti-LPS antiserum to detect crosslinked adducts (LptD x
LPS). Assays were done at 30°C.

4.6  Conclusion

In this chapter, we have demonstrated that we can reconstitute LPS transport by the Lpt
proteins spanning two proteoliposomes. Monitoring LPS transport over time led us to propose a
hypothesis about a potential regulatory mechanism at the OM. This reconstitution works when
LptA is pre-incubated with OM proteoliposomes; it is unclear whether this reconstitution can be
made to work with a broken bridge, but preliminary experiments did not demonstrate clear
crosslinking to LptD when the two sets of preoliposomes were separated. This observation lends
further support for the “PEZ” model of LPS transport.

This reconstitution provides the first biochemical tools to study the full process of LPS
transport, including the OM translocon, LptDE. Although this reconstitution reports on
crosslinking to LptD at position 112, it is possible to overexpress and purify different LptDE
complexes with pBPA at other positions. This assay can also be used to study interactions of

LPS with LptE. The observation that LPS in the OM might signal a change in LptDE suggests

that the current crystal structures of LptDE, which likely represent a “resting state” that can
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crystallize, might not be the only state of the translocon (12, 16). It would not be surprising if
interactions with LPS alter the conformation of the OM complex to reflect different stages of
transport and assembly.

The described method for bridging two proteoliposomes in vitro can be used to develop
assays that directly detect LPS insertion into proteoliposomes by LptDE. LPS insertion into the
membrane can perhaps be detected by incorporating probes into the lumen of the OM
proteoliposomes that create a signal when LPS is present. The described method for bridging
proteoliposomes can also be used for structural studies, such as cryo-electron microscopy, to
investigate macroscopic features of the Lpt bridge structure.

Finally, the reconstitution has taught us about a potential regulatory mechanism of the
Lpt pathway. The “PEZ” model proposes that multiple rounds of ATP hydrolysis are required to
push LPS through the transenvelope bridge. Therefore, ATP is required to transport LPS in the
forward direction. This model does not explain how the cell knows to stop transporting LPS
when enough has been assembled in the OM. The development of this pure reconstitution of
LPS transport indicates a potential mechanism by which LPS transport can be “turned off.” It is
possible that once enough LPS has been transported to the OM, the conformation of LptDE
changes, making it unable to receive more LPS. We observe buildup of LPS in LptA at this
point. We previously observed that LptC reduces the activity of LptBFG in proteoliposomes
containing LPS (see Chapter 3). This is consistent with a model by which a full OM causes
LptDE to “turn off,” causing LPS to accumulate in LptA and LptC until the entire pathway
eventually shuts down. This model suggests that the Lpt pathway might be able to communicate
forward from the IM (the “PEZ” model) and backward from the OM when enough LPS has

reached its destination.
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4.7 Materials and Methods
4.7.1 Strains and Plasmids

Strains used in this study are listed in Table 4.1. Primers are listed in Table 4.2. All
restriction enzymes are from New England Biolabs.

Construction of plasmid pET23/42LptD-Hisg has been previously reported (17). Plasmid
pET23/42LptD-Y 112Am-Hisg was made by mutagenizing plasmid pET23/42LptD-Hisg with
KOD Hot Start Polymerase (Novagen) and primers LptD-Y112Am-f and LptD-Y112Am-r. The
PCR product of the site-directed mutagenesis (SDM) reaction was digested with Dpnl (New
England Biolabs) and introduced into NovaBlue competent cells by heat-shock. Transformants
were selected in media containing carbenicillin (50 pg/mL). After confirming plasmid DNA
sequence, mutagenized plasmids were introduced into NovaBlue cells.

Construction of plasmid pET23/42LptD-Y 112Am was done by mutagenizing plasmid
pET23/42LptD, which has previously been reported (13), using SDM with primers LptD-
Y112Am-fand LptD-Y112Am-r.

Plasmid pET43.1b(+)LptA was constructed by Dr. Shu Sin Chng. To make this plasmid,
the DNA fragment encoding mature LptA (amino acids 28 — 185) was amplified by PCR from
MC4100 genomic DNA using primers yhbNN-Smal and yhbNC-AvrIl. The amplified fragment
encoding mature LptA was digested with restriction enzymes Smal and Avrll and ligated into
pET43.1b(+) (Novagen) between the respective restriction sites to make pET43.1b(+)LptA. The
ligation product was transformed into NovaBlue competent cells by heat-shock, and
transformants were selected in media containing carbenicillin (50 pg/mL). Plasmids were

purified from individual colonies and sequenced.

118



Plasmid pET43.1b(+)LptA-I36 Am was constructed by mutagenizing plasmid

pET43.1b(+)LptA using SDM with primers LptA-I36 Am-f and LptA-I36 Am-r.

Table 4.1. Strains used in this study.

Strain Genotype Reference

BL21(ADE3) F ompT gal decm lon hsdSg(rg’, mg’) M(DE3) Novagen

endAl hsdR17 (r¢, mg ") supE44 thi-1 recAl gyrA96 relAl lac F'[proA'B"
lacl’ZAM15::Tnl0]

MC4100 F araD139 A(argF-lac)U169 rpsL150 relAl flbB5301 deoCl ptsF25 rbsR (18)

NovaBlue Novagen

Table 4.2. Primers.

Primer name Primer Sequence (5' to 3')

LptD-Y112Am-f CTCGGTAATGTCCATTAGGACGATAACCAGGTG
LptD-Y112Am-r GGACATTACCGAGCGCATCAACGGTAC
yhbNN-Smal ATATCCCGGGTAACCGGAGACACTGATCAG
yhbNC-Avrll ATATCCTAGGTTAATTACCCTTCTTCTGTGCCG
LptA-I36Am-f CACTGATCAGCCGTAGCACATTGAATCG
LptA-I36Am-r CGATTCAATGTGCTACGGCTGATCAGTG

4.7.2 In Vivo Photocrosslinking

To photocrosslink LptD to LPS in E. coli, the previously reported method was followed
(9). To make the strains used for photocrosslinking, MC4100 harboring pSup-BpaRS-6TRN
(described in Chapter 3) was transformed with plasmid pET23/42LptD-Hisg or pET23/42LptD-
Y 112Am-Hisg and grown in LB broth supplemented with carbenicillin (50 pg/mL),
chloramphenicol (30 pg/mL), and 0.8 mM pBPA (Bachem). To detect photocrosslinked adducts,
final gel samples were boiled for 10 min and loaded onto 4-20% polyacrylamide gradient gels.
The proteins were transferred onto Immun-Blot® PVDF membranes (Bio-Rad) and subjected to
immunoblotting using polyclonal anti-LptD antiserum and anti-LPS mouse monoclonal

antiserum (Hycult Biotech). Anti-LptD antiserum was provided by Shin-ichi Matsuyama
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(Rikkyo University, Tokyo, Japan). Membranes were subsequently immunoblotted with donkey
anti-rabbit and sheep anti-mouse horseradish peroxidase (HRP) conjugate secondary antibodies
(GE Amersham) for LptD and LPS blots, respectively. Bands were visualized using ECL™

Prime Western Blotting Detection Reagent (GE Amersham) and Biomax Light Film (Kodak).

4.7.3 Overexpression and Purification of LptD-Y112pBPA/LptE-His

To overexpress LptD-Y 112pBPA/LptE-His, BL21(ADE3) harboring pSup-BpaRS-6TRN
were transformed with plasmids pET23/42LptD-Y112Am and pCDFLptE-Hise (13). The
reported protocol was followed for overexpressing and purifying this complex, with the inclusion
of 30 pg/mL chloramphenicol and 0.5 mM pBPA in the LB broth in addition to the other
reported additives (13). Protein was flash frozen in liquid nitrogen and stored at -80°C until use.

Purity was assessed by SDS-PAGE using 4-20% polyacrylamide gradient gels.

4.7.4 Preparation of LptA
4.7.4.1 Overexpression and Purification of Nus-His-LptA

To overexpress and purify Nus-His-LptA for use in the reconstitution, BL21(ADE3) cells
were transformed with pET43.1b(+)LptA. Cultures were grown at 37°C after diluting overnight
cultures 1 to 100 into fresh LB broth supplemented with 50 pg/mL carbenicillin. Cells were
grown to ODggo ~ 0.5, and the temperature was reduced to 16°C. Overexpression was induced
by addition of 50 uM isopropyl-B-D-1-thiogalactopyranoside (IPTG), and the cells were grown
for 16 h at 16°C. Cells were harvested by centrifugation at 5,000 x g for 20 min. Cells were
resuspended in Tris-buffered saline (TBS; 20 mM Tris, pH 8.0, 150 mM NaCl), 10% glycerol

supplemented with 1 mM phenylmethanesulfonylfluoride (PMSF, Sigma), 100 pg/mL lysozyme
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(Sigma), and 50 pg/mL DNase I (Sigma). Cells were lysed by two passages through an
EmulsiFlex-C3 high pressure cell disruptor (Avestin Inc.) and centrifuged at 5,000 x g for 10
min to remove unbroken cells. The supernatant was centrifuged at 100,000 x g for 30 min to
remove membranes. Imidazole was then added to the supernatant to a final concentration of 10
mM. Ni-NTA Superflow resin (Qiagen) was pre-washed with TBS, 10% glycerol in preparation
for batch nickel affinity chromatography. The supernatant was then flowed over the pre-washed
Ni-NTA resin three times at 4°C. The resin was subsequently washed with 20 column volumes
of TBS with 10% glycerol and 20 mM imidazole. The protein was then eluted in one batch with
4 column volumes of TBS with 10% glycerol and 200 mM imidazole. The eluate was
concentrated with an Amicon centrifugation filter, 10 kDa MWCO to ~ 10 mg/mL. The
concentrated protein was either cleaved immediately with thrombin (see Section 4.7.4.2) or flash
frozen in liquid nitrogen and stored at -80°C in aliquots until use.

Nus-His-LptA-136pBPA was purified as described for the wild-type construct, but the
overexpression strain was BL21(ADE3) harboring both pET43.1b(+)LptA-I36 Am and pSup-
BpaRS-6TRN. Cultures were grown at 37°C after diluting overnight cultures 1 to 100 into fresh
LB broth supplemented with 50 pg/mL carbenicillin, 30 pg/mL chloramphenicol, and 0.8 mM
pBPA. Cells were grown to ODgoo ~ 1, and the temperature was reduced to 16°C.
Overexpression was induced by addition of 10 uM isopropyl-B-D-1-thiogalactopyranoside
(IPTG), and the cells were grown for 16 h at 16°C. The purification procedure was the same as

above.
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4.7.4.2 Thrombin Cleavage of Nus-His-LptA

Nus-His-LptA was cleaved with Restriction Grade Thrombin (EMD Millipore) for 16 h
at room temperature (~ 22°C). Nus-His-LptA was either cleaved immediately after purification,
or an aliquot was thawed on ice and cleaved. For the cleavage reaction, 0.00396 U enzyme was
used per pg Nus-His-LptA. The cleavage mixture was either used immediately for the

reconstitution or flash frozen in liquid nitrogen and stored at -80°C until use.

4.7.5 Proteoliposome Preparation

Proteoliposomes containing LptBFGC and LPS were prepared as described in Chapter 3.
To make proteoliposomes containing LptD-Y 112pBPA/LptE, a similar method was used. First,
a 30 mg/mL sonicated aqueous suspension of E. coli polar lipid extract (Avanti Polar Lipids,
Inc.) was prepared. If not used immediately to prepare proteoliposomes, aliquots were flash
frozen in liquid nitrogen and stored at -80°C. When ready for use, aliquots of liposomes were
thawed at room temperature. A mixture with the following final concentrations was prepared in
Tris-buffered saline (TBS; 20 mM Tris, pH 8.0, 150 mM NaCl): 9 mg/mL liposomes, 1.25% n-
octyl-B-D-glucopyranoside (OG, Anatrace), and 1.5 uM purified LptD-Y 112pBPA/LptE. While
making this mixture, first the OG was added to the liposomes to make detergent-destabilized
liposomes. The mixture was kept on ice for 10 min. The protein complex was added, and the
mixture was left on ice for 20 min. The mixture was then added to an ultracentrifuge tube and
diluted 100x with cold TBS. After letting the dilute mixture sit on ice for 30 min, the
proteoliposomes were pelleted by ultracentrifugation at 300,000 x g for 2 h at 4°C. For every

100 pL original mixture (prior to the dilution step), 200 puL cold TBS, 10% glycerol was added.
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If the resuspended proteoliposomes were not used immediately, they were flash frozen in liquid
nitrogen and stored at -80°C.

To prepare OM proteoliposomes containing LPS, a 2 mg/mL sonicated aqueous
suspension of Ra-LPS (Sigma) was added to the initial mixture to a final concentration of 0.5

mg/mL, as for the IM proteoliposomes (see Chapter 3).

4.7.6 Reconstitution of LPS Transport
4.7.6.1 Preparation of OM Proteoliposomes with LptA

Prior to reconstitution experiments, 100 puL proteoliposomes containing LptD-
Y 112pBPA/LptE were incubated with 113 pg protein from the LptA thrombin cleavage reaction
for 30 min at 4°C (volumes were scaled to account for assay volumes, described in Section
4.7.6.2). The proteoliposomes and any associated LptA were pelleted by ultracentrifugation at
~ 300,000 x g for 3 h at 4°C in an Optima™ MAX-E (Beckman Coulter Inc.). After removing
the supernatant, the pellet was resuspended in 36.5 puL cold TBS, 10% glycerol and either used

immediately or flash frozen in liquid nitrogen and stored at -80°C until use.

4.7.6.2 Assay for LPS Transport to LptD

All assays were done in 50 mM Tris-HCI, pH 8.0, 500 mM NacCl, 10% glycerol (final
concentrations). Assay mixtures contained 60% LptBFGC proteoliposomes by volume
(prepared as described in Section 3.7.3, thawed on ice) and 10% resuspended OM
proteoliposomes (with any associated LptA) by volume (prepared as described in Section
4.7.6.1). This allowed for approximately equimolar amounts of IM and OM complexes in the

final assay mixture. The remaining volume was composed of Tris-HCI, NaCl, and glycerol such
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that the final concentrations would be the values mentioned above. The mixture was kept at 4°C
for 15 min prior to initiating the reactions. Reactions were initiated at 30°C with the addition of
ATP/MgCl, or just MgCl, (final concentrations were 5 mM ATP, 2 mM MgCl,). At specified
time points, 25 pL aliquots were removed from the reactions and added to a microtiter plate,
which was subsequently irradiated with UV light (365 nm) on ice for five minutes using a B-
100AP lamp (UVP). Following UV-irradiation, aliquots were added to 225 pL cold TBS, 0.1%
Anzergent 3-14 (Anatrace). To each sample, 250 uL. 20% trichloroacetic acid (TCA) was added.
The proteins were precipitated on ice, followed by a cold acetone wash. Precipitates were
resuspended in 30 pL 2x SDS-PAGE sample buffer supplemented with 5% p-mercaptoethanol.
Samples were boiled for 10 min and loaded onto 4-20% gradient SDS-polyacrylamide gels. The
proteins were transferred onto Immun-Blot® PVDF membranes and subjected to immunoblotting
using polyclonal anti-LptD antiserum and anti-LPS mouse monoclonal antiserum. Membranes
were subsequently immunoblotted with donkey anti-rabbit and sheep anti-mouse HRP conjugate
secondary antibodies for LptD and LPS blots, respectively. Bands were visualized as described

in Section 4.7.2.
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