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ABSTRACT

The overuse of antibiotics has escalated the prevalence of bacterial resistance to ex-
isting treatments, posing a significant threat to global health. This rise in antimicro-
bial resistance (AMR) has spurred research into innovative therapeutic approaches.
Among the most promising strategies is the use of viruses of bacteria for ’phage
therapy’. This thesis delves into the interplay between antibacterial resistance and
peptidoglycan biosynthesis, highlighting the pivotal role of the membrane protein
MraY. We present the first structure of MraY from a pathogenic species, revealing its
inhibition by the lysis protein from the bacteriophage ΦX174, protein E. Addition-
ally, we analyze lipidic interactions with MraY, proposing a previously unexplored
allosteric feedback mechanism for regulating its enzymatic activity. Building on
these insights, we expand the application of protein E to non-native hosts, offering
new avenues for the development of targeted antibiotic interventions. This work not
only advances our understanding of the structural and functional dynamics of MraY
but also paves the way for novel antibacterial strategies.
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C h a p t e r 1

INTRODUCTION
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Antimicrobial resistance (AMR) is a critical problem endangering global health and
food security worldwide (Asokan et al., 2019). AMR defines when a microorganism
evolves to resist the effects of medications that previously could treat them effectively.
Upon exposure to antibiotics, bacteria can develop mechanisms for survival through
mutagenesis, slowed growth, or interactions with neighboring microbes (reviewed
in Schrader et al., 2023). Development of resistance is accelerated by the misuse of
antimicrobials in human medicine, agriculture, and animal husbandry. As a result,
common infections and minor injuries, which had been treatable for decades, can
once again become life-threatening. The World Health Organization has highlighted
AMR as a growing threat, noting that without significant action, we face a future
where common infections could become intractable, leading to increased medical
costs and mortality (Asokan et al., 2019).

Clinical antibiotics have been developed to target a variety of essential pathways in
bacteria. For instance, bacterial ribosomes can be inhibited in several ways that cul-
minate in halting protein synthesis. Examples include tetracyclines, which prevent
the attachment of aminoacyl-tRNA to the ribosomal acceptor site, and macrolides,
which inhibit peptide elongation (reviewed in (Lin et al., 2018)). Fluoroquinolones
act by inhibiting bacterial DNA gyrase or topoisomerase IV, enzymes critical for
DNA replication and transcription (Kampranis & Maxwell, 1998). Antibiotics like
sulfonamides function as antimetabolites, blocking the synthesis of folic acid, a vita-
min essential for bacterial DNA and RNA synthesis, thereby starving the bacterium
of necessary growth factors (reviewed in (Ovung & Bhattacharyya, 2021)). Finally,
most relevant for the work presented here are antibiotics targeting the cell wall.
Cell wall synthesis can be inhibited by beta-lactams and glycopeptide antibiotics.
Examples of commonly-used beta-lactams are penicillin and cephalosporin (Abra-
ham et al., 1954; Fleming, 1929), which disrupt the formation of peptidoglycan
cross-links in the bacterial cell wall. Additionally, glycopeptide antibiotics such as
vancomycin can inhibit peptidoglycan synthesis by binding to the D-Ala-D-Ala mo-
tif in the peptidoglycan precursor (Mccormick et al., 1955). Altogether, treatment
with these antibiotics result in the weakening of the bacterial cell wall, which is
crucial for maintaining the structural integrity of the cell, and results in cell lysis
during growth or cell division.

Peptidoglycan biosynthesis
The peptidoglycan biosynthesis pathway, described here for E. coli, begins in the cy-
toplasm initiated by the proteins MurA and MurB that convert a N-acetylglucosamine
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(GlcNAc) molecule into N-acetylmuramic acid (MurNAc)(reviewed in Teo and
Roper, 2015). This is followed by the sequential attachment of the amino acids
L-alanine, D-glutamate, L-diamino acid, and two D-alanine residues, catalyzed re-
spectively by proteins MurC, MurD, MurE, and MurF. The product of this series
of reactions is UDP-MurNAc-pentapeptide, also referred to as Park’s Nucleotide
based on its discoverer (Park, 1952). The membrane steps begin with the translocase
MraY, which transfers the phospho-MurNAc-pentapeptide from Park’s Nucleotide
onto the lipid undecaprenyl phosphate (C55P) to generate Lipid I (Fig. 1.1). The
peripheral-membrane protein MurG catalyzes the transfer of a GlcNAc molecule
from a UDP-carrier onto the MurNAc moiety of Lipid I generating Lipid II. The
head group of Lipid II is flipped across the membrane into the periplasm by MurJ.
Peptidoglycan is made by a variety of enzymes that catalyze the polymerization of
the MurNAc-GlcNAc disaccharide and the periodic crosslinking of the pentapeptide
resulting in the mesh-like structure. The carrier C55PP is dephosphorylated and
then flipped back across the membrane bilayer for recycling (reviewed in Workman
and Strynadka, 2020).

There remains a significant need for new antibiotics. The cytoplasmic proteins MurA
through MurF have been structurally characterized. Despite advances in targeting
the cytoplasmic steps of peptidoglycan biosynthesis, significant gaps remain, par-
ticularly in targeting enzymes involved in the membrane-associated steps. Although
inhibitors have been discovered against the enzymes that catalyze the membrane
steps of the pathway, there are no clinical antibiotics that target MraY, MurG, or
MurJ (reviewed in Teo and Roper, 2015). MraY, or phospho-MurNAc-pentapeptide
translocase, is especially critical as it catalyzes Lipid I the first membrane-associated
step of peptidoglycan biosynthesis. The absence of clinical inhibitors targeting
MraY highlights a significant opportunity for antibiotic development.

MraY is essential for cell growth
This work focuses on MraY which is essential for peptidoglycan biosynthesis and
cell survival (Boyle & Donachie, 1998). MraY belongs to the polyprenyl-phosphate
N-acetyl hexosamine 1-phosphate transferase (PNPT) superfamily. These are mem-
brane proteins involved in transfering a sugar moeity onto a polyisoprenol lipid.
The substrates of MraY are the UDP-MurNAc-pentapeptide (Park’s nucleotide, Fig.
1.2A) and the carrier lipid undecaprenyl phosphate (C55P, Fig. 1.2B). MraY cat-
alyzes the transfer of the phospho-MurNAc-pentapeptide onto the phosphate group
in the precursor lipid, with UMP as a leaving gropu. Structural studies of MraY
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Figure 1.1: The membrane steps of peptidoglycan biosynthesis

from non-pathogenic species have determined that the enzymatically active form
of MraY is a homodimer composed of ten transmembrane domains (TMDs) with
five cytoplasmic loops that are involved in substrate binding (Fig. 1.2C). Notably,
TM9 is broken into helices 9a and 9b, where TM9b is bent at a 4̃5 degree angle
relative to the membrane normal (Chung et al., 2013). The active site requires three
catalytic aspartates: D115, D116, and D267 (Fig. 1.2C,D) (Lloyd et al., 2004).
These residues were identified upon a CLUSTAL alignment with other prokaryotic
homologs of MraY and WecA, and eukaryotic homolog DPAGT1. This class of
phospho-GlcNAc transferases are membrane proteins that retain aspartate residues
in the cytoplasmic loops. Additionally, a histidine patch present in Loop 9-10
(residues 326 to 328) is highly conserved in bacterial homologs but missing in eu-
karyotic homologs (Amer & Valvano, 2001; Bouhss et al., 1999). Studies using the
Aquifex aeolicus (Aa) MraY homolog discovered mutants H324A, D117A, D118A,
and D265 (H326, D115, D116, and D267 in EcMraY) that resulted in significant
loss of activity, and reduced activity with mutants H325A and H326A (H327A and
H328A in EcMraY) (Chung et al., 2013).

Crystal structures solved in complex with inhibitors have shown conformational
changes triggered by substrate binding. These occur at the hydrophilic cleft involving
34 conserved amino acids in the cytoplasmic side between TMD5, TMD8, TMD9b,
and loops 5-6, 7-8 and 9-10 (Mashalidis et al., 2019). Of particular interest, the
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binding of inhibitors causes conformational changes of TM9b and Loop 9-10. The
lipid binding site has been mapped to this same region, involving TM9, 5, and 4.
Notably, the C55P precursor lipid binding site has been largely understudied due to
the difficulty of targeting transmembrane helices through the means of conventional
drugs.

An important aim is to developing structure-based inhibitors that do not inhibit the
related human protein DPAGT1. These studies have mapped the active site of MraY
to 6 hot spot regions, out of which inhibitors typically target two at any given time
(Mashalidis et al., 2019). Known MraY inhibitors have been derived from Strepto-
myces, which generate secondary metabolites to out-compete other microorganisms
(Procópio et al., 2012). These inhibitors are divided into five classes: muraymycins,
tunicamycins, mureidomycins, capuramycins, and liposidomycins/caprazamycins.
These molecules bind to a minimal of two "hot spot" regions leading to inhibition.
All of these molecules share a uridine and a ribosyl substructure but vary in the
secondary binding region. These inhibitors act as competitive inhibitors of Park’s
nucleotide by blocking the binding pocket (Mashalidis et al., 2019).

Muraymycins and tunicamycins both occlude the binding site for Park’s nucleotide
by hindering the soluble binding pocket in MraY(Brandish et al., 1996; McDonald
et al., 2002). Structural work into mureidomycin-MraY interactions shows that these
are competitive for both C55P and Park’s nucleotide, with an interaction that extends
from the lipid binding site to the uridine pocket (Mashalidis et al., 2019). Tuni-
camycins, although effective at inhibiting MraY, also inhibit the DPAGT1 (human)
and Alg7 (yeast), preventing their clinical use as antibacterials (Kurosu, 2019).

ΦX174 and protein antibiotics
Bacteriophage ΦX174 is a small single-stranded DNA phage that played a his-
toric role in many important milestones in molecular biology Benbow et al., 1971;
Hutchison III and Sinsheimer, 1966; Lee and Sinsheimer, 1974; Luria, 1962; Sin-
sheimer, 1959; Smith et al., 2003; Tessman, 1959. It was the first genome to be fully
sequenced by Sanger in 1977, which also identified the first occurrence of nested
genes (two overlapping open reading frames) (Sanger et al., 1977). In the case of
ΦX174, the lysis gene E is in a +1 reading frame within the ORF of the maturation
gene D.
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Figure 1.2: MraY substrates and key residues.
A, Chemical structure of Park’s nucleotide from E. coli. Uridine moiety is shown
in purple, phosphate groups in red, MurNAc in green, pentapeptide in black. B,
Topology diagram with secondary structure of MraY, periplasm and cytoplasm are
labeled above and below the membrane respectively. Helices and beta sheets are
colored in viridis and labeled 1-10. Residues highlighted in C are shown as blue cir-
cles (uridine-binding pocket) and red stars (essential residues). C, Protein sequence
of EcMraY. Transmembrane helices are colored in viridis and bold. Residues that
conform the uridine-binding pocket are highlighted in blue. Residues essential for
function are highlighted in red.
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Single Gene Lysis mechanisms (Sgl)

Bacteriophages carry lytic genes that breach the cell wall of the host to allow escape
of assembled virions. The lysis mechanisms can involve either multiple genes or, in
the case of small single-stranded nucleotide genomes, single genes encode a lytic
protein. These systems are referred to as single-gene lysis (SGL). For instance, the
less than 6 kB genomes of ssRNA Leviviricetes and ssDNA Microviridae bacterio-
phages must use an Sgl as they cannot encode a multigene system in there small
genomes. Sgl of known mechanism inhibit cell wall biosynthesis as virions are
assembled, leading to host lysis and phage release similar to that seen for 𝛽-lactams
(Bernhardt, Wang, et al., 2002).

The majority of Sgl that have been identified are found in the ssRNA Leviviridae
class. Here, Sgl can be intergenic or, more commonly, are nested within one of the
three core proteins of the phage genome. The maturation protein A2 of the ssRNA
bacteriophage Q𝛽 plays multiple including acting as the Sgl that binds and inhibits
MurA, the first protein in peptidoglycan biosynthesis (Reed et al., 2012). More
recently discovered Sgl target the lipid II flippase MurJ, SglM from phage M and
SglPP7 from the Pseudomonas phage PP7 (Adler et al., 2023; Chamakura et al.,
2017). Sgl that have been identified are the tip of an iceberg, 33 new Sgl were
identified in a survey of ssRNA genomes (Chamakura et al., 2020).

Although most of the Sgl experimentally tested to date are derived from ssRNA
phages, protein E from the ssDNA bacteriophage ΦX174 was the first identified and
the most extensively studied. Bacteriophage ΦX174 belongs to the Bullavirinae
subfamily within the Microviridae family of coliphages. It became the first genome
ever sequenced that would reveal 11 genes, including gene E nested within gene
D, which encodes a structural protein required for phage maturation (Dokland et
al., 1999; Sanger et al., 1977). Protein E, encoded by gene E, contains a highly
conserved transmembrane domain composed of the first 29 residues, followed by a
long soluble C-terminal domain. Isoforms of protein E in the Bullavirinae subfamily
can vary in length from 75 to 105 amino acids. Variability in the sequence among
isoforms occurs mostly at the cytoplasmic C-terminus of the protein.

Protein E inhibits peptidoglycan biosynthesis assisted by SlyD

Early observations of the ΦX174 lysis phenotype showed rupture of the cell wall
at the septal division site, similar to the phenotype caused by penicillin, suggesting
inihibition of cell wall biogenesis (Bradley et al., 1969; Young & Young, 1982).
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Expression of protein E alone is sufficient for host lysis (Henrich et al., 1982;
Young & Young, 1982). This brought forth several theories on the mechanism
of function of protein E, including the formation of an oligomeric pore spanning
both bilayers, an undefined autolysis mechanism, and peptidoglycan biosynthesis
inhibition (Bernhardt et al., 2000; Lubitz et al., 1984; Witte et al., 1990). Conclusive
biochemical evidence showed that MraY is the target of protein E (Bernhardt et al.,
2000). Surprisingly, it was demonstrated that wild-type protein E required the host
chaperone SlyD for lysis (Roof et al., 1994). This chaperone was first discovered in
a survival assay where recessive mutants in the E. coli chromosome were mapped to
the slyD (sensitivity to lysis D) gene (Roof et al., 1994). The constitutively expressed
SlyD is a peptidyl-prolyl cis-trans isomerase (PPI) composed of two domains, an
FK506-Binding Protein (FKBP) prolyl-isomerase domain and an insertion flap (IF)
domain that binds to extended-peptide (Hottenrott et al., 1997; Kovermann et al.,
2013; Roof et al., 1994; Weininger et al., 2009). The C-terminus includes an
extended metal-binding flexible tail that provides the metallochaperone role of SlyD
(Löw et al., 2010; Zhang et al., 2005). Structures of SlyD from various species alone
and bound to peptides (Pazicky et al., 2022; Quistgaard et al., 2016) show a typical
FKBP domain and an IF domain that includes a cleft for binding an extended peptide
by 𝛽 augmentation. The domains are connected by a flexible linker (Weininger et
al., 2009) and work together to act as an efficient nucleotide-free chaperone (Scholz
et al., 2006). The role for SlyD in protein E-mediated lysis is unclear as SlyD is not
essential under typical growth conditions (Mokhonov et al., 2018).

Protein E mutagenesis

Initial work toward revealing a functional mechanism for protein E focused on
characterizing the role of specific residues (Bernhardt, Roof, et al., 2002; Buckley
& Hayashi, 1986; Maratea et al., 1985; Tanaka & Clemons Jr, 2012; Witte et al.,
1997). Early studies identified the transmembrane domain in its entirety (residues
1-29) is essential for inhibition of MraY (Buckley & Hayashi, 1986). In particular,
residue P21 is a highly conserved kink in the transmembrane domain that is essential
for inhibition (Tanaka & Clemons Jr, 2012; Witte et al., 1997). Loss of SlyD can
be bypassed by increasing the total levels of protein E in the membrane through
stabilizing mutants R3H and L19F suggesting that prolyl isomerization is not a
critical part of the mechanism (Bernhardt, Roof, et al., 2002; Tanaka & Clemons
Jr, 2012). Five MraY mutants (P170L, ΔL172, G186S, F288L, V291M) confer
resistance to lysis by protein E, presumably hindering key binding sites for protein
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E (Bernhardt et al., 2000; Zheng et al., 2008).

Heterologous expression of protein E yields E. coli ’bacterial ghosts’

While the Microviridae phages specifically infect E. coli, the inhibitory activity of
protein E is not restricted to E. coli MraY. Protein E has been widely used to generate
’bacterial ghosts’, bacteria that are lysed with recombinantly expressed protein E to
leave only the membrane sac (Mayr et al., 2005; Witte et al., 1992). These have been
pursued for a variety of uses including the development of vaccines (Szostak et al.,
1996). To make ghosts, protein E must inhibit the native MraY in the desired species.
Towards this end, many bacteria have been probed for ghost formation by expression
of protein E, revealing that all Gram-negative bacteria previously tested resulted in
the formation of ’ghosts’ (Cai et al., 2013; Marchart et al., 2003; Muhammad et al.,
2019; Simon et al., 2011; Szostak et al., 1996). For Gram-positives, protein E was
unable to cause lysis in Staphylococcus carnosus (Halfmann et al., 1993). In fact,
expression of the Bacillus subtilis MraY (BsMraY)can prevent lysis by protein E in
E. coli, suggesting BsMraY is not inhibited by protein E (Zheng et al., 2008).

Outstanding questions behind the mechanism of lysis by protein E remained. From
the structural and mechanistic standpoint, we first wondered how protein E was
inhibiting MraY. Given the robust biochemical studies preceding our work, we took
a structural approach to this question. In Chapter 2, we present the structure of
protein E in complex with host proteins MraY and SlyD. Through the use of cryo-
electron microscopy and site-directed mutagenesis, we conclusively demonstrate the
mechanism through which protein E blocks peptidoglycan biosynthesis. The data
presented in this study brought outstanding questions behind the effects of the lipidic
environment on MraY. Concurrently, the Bernhardt group had identified hyperactive
MraY mutants distant from the active site, and the Stansfeld group had developed a
molecular dynamics platform to study MraY in its native bilayer. In Chapter 3, in
collaboration with the Bernhardt and Stansfeld groups, we study the effects of the
lipidic environment on MraY and provide evidence for periplasmic regulation of
MraY. Leveraging the structures identified in Chapter 2, we explore the mutagenesis
of protein E towards a development of a broad MraY inhibitor in Chapter 4. Along
with the inhibition of Gram-positive MraY from Bacillus subtilis, we show protein
E is amenable for mutagenesis beyond its naturally occurring mutations. Finally,
Chapter 5 concludes this work by discussing the findings in this thesis, along with
future directions towards the studies of MraY regulation and protein E-mediated
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bacterial lysis.
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ABSTRACT

A key step in the bacteriophage life cycle is the requirement to breach the peptido-
glycan layer of the bacterial cell wall. While a variety of lysis mechanisms have
evolved, the simplest are found in single stranded DNA or RNA bacteriophages that,
constrained by the small size of their genomes, encode a single gene lysis (SGL) pro-
tein. The first discovered and most studied example is protein E from ΦX174 in the
Microviridae family; a 91 amino acid peptide with a single transmembrane domain
at its N-terminus. Protein E expression, dependent on the host chaperone SlyD, is
sufficient for lysis of bacteria via inhibition of the phospho-MurNAc-pentapeptide
translocase MraY, an essential enzyme in the biosynthesis of peptidoglycan. De-
spite the historic importance ofΦX174, the lysis mechanism remains poorly defined.
Using single particle electron cryo-microscopy, here we demonstrate that protein
E forms a stable inhibitory complex with both E. coli MraY and SlyD by physi-
cally blocking access to the active site of MraY . Functional insight is gained for
both SlyD and MraY. These results reveal a new path towards the development of
bacterial antibiotics.
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2.1 Introduction
Phage therapy provides a potential solution to the multi-drug resistant bacteria
problem (Matsuzaki et al., 2014; Schooley et al., 2017) and to fully realize this
requires a fundamental understanding of the mechanisms viruses use to kill their
host (Duan et al., 2022; Ferriol-González & Domingo-Calap, 2021; Holtappels
et al., 2021; Kortright et al., 2019). The first use of phage to treat a bacterial
infection occurred soon after phage were discovered by Felix d’Herelle (Herelle,
1948). Quickly, phage cocktails were developed that contained a variety of viruses
including the historically important phage ΦX174 (Herelle, 1948), which has been
at the center of many critical discoveries in molecular biology (Benbow et al.,
1971; Hutchison III & Sinsheimer, 1966; Lee & Sinsheimer, 1974; Luria, 1962;
Sinsheimer, 1959; Smith et al., 2003; Tessman, 1959) since its isolation in 1935
(Sertic & Boulgakov, 1935). The coliphage ΦX174 belongs to an abundant family
of phages found broadly in environments that contain colibacteria (e.g. E. coli)
including in the human gut (Kim et al., 2011). Of many first discoveries, one of
the most notable was the 1977 publication of its complete genome (Sanger et al.,
1977), a milestone for both genomics and sequencing technologies. This revealed
that the small genome, 11 genes in 5.4 kilobase pairs, included a single lysis gene,
called E, that encoded the small protein E embedded within the open reading frame
of the scaffolding Protein D (Barrell et al., 1976; Denhardt & Sinsheimer, 1965;
Hutchison III & Sinsheimer, 1963). The life cycle of ΦX174 has been extensively
studied (Cherwa & Fane, 2011; Sun et al., 2014), yet the mechanism for the key
step of cell lysis remains to be determined (K. Chamakura & Young, 2019).

Early observations of the lysis mechanism of ΦX174 showed rupture of the cell
wall at the septal division site, similar to that of peptidoglycan biogenesis inhibitors
(Bradley et al., 1969; Young & Young, 1982). Subsequent work demonstrated
that expression of gene E is sufficient for bacterial lysis (Henrich et al., 1982;
Young & Young, 1982). Protein E is part of a growing group of single gene ly-
sis (SGL) proteins that are found in small single-stranded DNA and RNA phages,
few of which have been mechanistically characterized (Bernhardt et al., 2001; K.
Chamakura & Young, 2019; K. R. Chamakura et al., 2017; K. R. Chamakura &
Young, 2020). Various proposed mechanisms for protein E include an undefined
autolysis system, oligomerization of protein E spanning both membrane layers into
an oligomeric tunnel, and lysis by inhibition of peptidoglycan synthesis (Bern-
hardt et al., 2000; Lubitz et al., 1984; Witte et al., 1990). The latter is the most
likely, evidenced by the demonstration that protein E directly inhibited the phospho-
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MurNAc-pentapeptidetranslocase MraY, an integral membrane protein that is a key
enzyme in the peptidoglycan biosynthesis pathway, resulting in disruption of the
cell wall (Bernhardt et al., 2000; Bouhss et al., 2007). A surprising result was the
demonstration that protein E inhibition of MraY was dependent on the cytoplasmic
chaperone SlyD (Sensitivity to lysis D) (Maratea et al., 1985; Roof et al., 1994).

The constitutively expressed SlyD is a peptidyl-prolyl cis-trans isomerase (PPI) com-
posed of two domains, an FK506-Binding Protein (FKBP) prolyl-isomerase domain
and an insertion flap (IF) domain (Roof et al., 1994; Weininger et al., 2009). The
extended C-terminus includes a metal binding region key to the metallochaperone
role of SlyD (Löw et al., 2010; Zhang et al., 2005). Structures of SlyD from various
species alone and bound to peptides (Pazicky et al., 2022; Quistgaard et al., 2016)
show a typical FKBP domain and an IF domain that includes a cleft for binding
an extended peptide by 𝛽 augmentation. The domains are connected by a flexible
linker (Weininger et al., 2009) and work together to act as an efficient nucleotide
free chaperone (Scholz et al., 2006). The role for SlyD in protein E mediated lysis is
unclear as SlyD is not essential under typical growth conditions (Mokhonov et al.,
2018).

The essential peptidoglycan layer (PG), a sugar-peptide mesh polymer, is a key
component of the cell wall that is unique to eubacteria, maintaining cell shape
and providing protection against changes in osmotic pressure (Egan et al., 2020;
Vollmer et al., 2008). PG biogenesis (reviewed in (Teo & Roper, 2015)) has
long been an attractive target for antibiotic development, yet clinical inhibitors of
the membrane steps, which includes MraY, remain to be discovered (Bugg et al.,
2011). MraY catalyzes the transfer of a phospho-MurNAc-pentapeptide from the
sugar donor of ‘Park’s nucleotide’ (UDP-MurNAc-pentapeptide) onto the phosphate
of the 55 carbon polyisoprenyl lipid known as bactoprenol (C55P) generating Lipid
I. The antibacterial mechanism for inhibitors that target PG biogenesis is a loss of
peptidoglycan precursors resulting in a weakened cell wall that leads to rupture of
the membrane during growth. Three PG biogenesis enzymes are targets of viral
SGL proteins, MurA, MurJ, and, most relevant here, MraY and likely there will be
more (K. R. Chamakura et al., 2020; K. R. Chamakura & Young, 2020).

MraY belongs to the polyprenyl-phosphate-N-acetylhexosamine-1-phosphate-transfe
-rase superfamily (Lehrman, 1994; Price & Momany, 2005). Known inhibitors of
MraY are nucleoside derived and compete for the Park’s nucleotide binding site
(Winn et al., 2010). Structures of MraY have been solved by X-ray crystallography
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in detergent from either the thermophilic Gram-negative Aquifex aeolicus (AaMraY)
or the Gram-positive Enterocloster bolteae (EbMraY formerly known as Clostrid-
ium bolteae (Haas & Blanchard, 2020)) (Chung et al., 2013; Hakulinen et al.,
2017; Mashalidis et al., 2019). Although neither species is pathogenic or from a
model species for MraY studies, the structures revealed a conserved architecture
of a homodimer with ten transmembrane domains (TMDs). While the exact cat-
alytic mechanism remains to be resolved, the structures localized the active site in a
vestibule on the cytoplasmic side of a cleft formed by TMs 4, 5, & 9 which includes
the predicted access site for the lipid substrate (Al-Dabbagh et al., 2008). There
are several prominent features in the structure associated with the active site. TM5
is steeply angled relative to the membrane. TM9 contains a sharp kink breaking the
TM9 helix with TM9a roughly perpendicular to the membrane and TM9b bent at
a 45 degree angle relative to the membrane normal (Chung et al., 2013). Several
conserved loops surround the active site. Loop 9-10, the loop connecting TM9 and
TM10, being the most distinct as it contains important catalytic His residues (Al-
Dabbagh et al., 2008), and adopts different conformations in the crystal structures
(Mashalidis et al., 2019). Loop 1-2 is disordered in the crystal structures and con-
tains a number of conserved residues that may be important for function. Structures
bound to inhibitors (Hakulinen et al., 2017; Mashalidis et al., 2019) localized the
UDP binding site of Park’s nucleotide and suggested a path for the acyl-chain of
the lipid substrate that would go from the active site and along the cleft, wrapping
around TM9b.

Protein E, found in the Bullavirinae viral subfamily within the Microviridae family,
contains a conserved N-terminal transmembrane domain (TMD) and a cytoplasmic
C-terminal domain (CTD) that includes a positively charged predicted amphipathic
helix and an unstructured tail (Fig. 2.3a, 2.1). The TMD of protein E spans residues
5-22 and, when appended to a C-terminal soluble protein, is sufficient for host lysis
(Buckley & Hayashi, 1986; Maratea et al., 1985; Tanaka & Clemons Jr, 2012).
However, it is noteworthy that the CTD contains a number of conserved residues
including multiple positive charges (Fig. 2.3a, 2.1).

Initial work toward a functional mechanism for protein E focused on characterizing
the role of specific residues (Bernhardt et al., 2002; Buckley & Hayashi, 1986;
Maratea et al., 1985; Tanaka & Clemons Jr, 2012; Witte et al., 1997). Mutational
analysis of the TMD identified a face of the helix that is important for efficient
lysis (Tanaka & Clemons Jr, 2012) and that the residue P21 is essential for function
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Figure 2.1: Broad comparison of protein E isoforms from Bullavirinae. A, Sequence
alignment of protein E species from UniRef90 (Steinegger & Söding, 2018) using ClustalW.
Helices are indicated above the alignment. The TMD and E C-term for protein E are
indicated. ΦX174 and ID21 are highlighted. b, Phylogenetic tree of protein E isoforms
with branch lengths annotated.
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(Tanaka & Clemons Jr, 2012; Witte et al., 1997). The first direct mechanistic results
identified SlyD as required for protein E-mediated lysis (Roof et al., 1994). Studies
have posited various roles for SlyD in lysis, such as the isomerization of P21 (Witte
et al., 1997) or inducing oligomerization into a pore (Mezhyrova et al., 2021).
Contrasting an enzymatic requirement, loss of SlyD can be bypassed by increasing
the total levels of protein E in the membrane (Bernhardt et al., 2002; Tanaka &
Clemons Jr, 2012). Despite decades since the observation that MraY and SlyD
are key players in lysis mediated by protein E, the mechanism through which these
proteins work together to facilitate rupture of the cell wall remains unknown.

Here we demonstrate that the viral protein E bridges the two bacterial proteins,
MraY and SlyD, to form the dimeric heterotrimer YES complex (EcMraY, Protein
E, EcSlyD). This results in inhibition of peptidoglycan biogenesis by obstruction
of the MraY active site and loss of Lipid I production. We experimentally validate
this result for two different viral species, providing a clear model for bacterial lysis
by this subfamily of phage. Through these studies we additionally characterize the
first MraY structure from an important pathogen, the most complete model to date,
revealing new features of this essential enzyme. The structure of SlyD is the first
bound to a protein highlighting important functional interfaces. Finally, the EM
maps allow visualization of extensive lipid interactions. These results highlight
a novel mechanism for killing bacteria and provides a potential route towards the
development of therapeutics.
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2.2 Results
The structure of the YES complex
With a number of Bullavirinae phage to choose from (Fig. 2.1), we performed
the following studies using the protein E sequence from either the original phage
ΦX174 or the shorter protein E isoform from phage ID21 (91 and 76 residues
respectively). We first established that protein E and MraY formed a stable complex
by co-expressing an affinity tagged ΦX174 protein E and a wild-type EcMraY.
After purification, we identified a stable complex that ran as a single peak by size-
exclusion chromatography (SEC) but resolved as four bands on a gel. Two bands
were the expressed proteins and the other two were determined to be the endogenous
EcSlyD (Fig. 2.2). The higher SlyD band is likely a dimer formed by the multiple
histidines and cysteines in the disordered C-terminus, as without this region we see
a single band on a gel (Fig. 2.3B) (Löw et al., 2010; Roof et al., 1994). To avoid
this disordered region, except where indicated, for all subsequent work we used the
conserved core of SlyD without the C-terminus, EcSlyD that was truncated after
residue 154. Importantly, this truncation rescued the lysis activity in a ΔslyD strain
(Fig. 2.2) and had previously been shown to retain chaperone activity (Martino
et al., 2009).

The two protein E isoforms, from either ΦX174 or ID21, were able to induce lysis
at a similar efficiency when expressed in a wild-type E. coli strain (Fig. 2.3A & C).
For purification, all three genes in the YES complex (wild-type EcMraY, protein
E, and truncated SlyD) were recombinantly expressed together in the ΔslyD E. coli
strain (Roof et al., 1994) with a C-terminal affinity tag on protein E. The complex
was extracted in detergent and purified resulting in a single peak by size exclusion
chromatography (SEC) with all three proteins in an apparent stoichiometric complex
(Fig. 2.3B).

Structures for both the YESΦX174 and YESID21 complexes were solved using single
particle electron cryo-microscopy (Fig. 2.3D, 2.4, & 2.5). The final density maps
were obtained following several rounds of data processing with heterogeneous and
homogeneous refinements (Figs. 2.4, 2.5). The final refined overall resolution was
3.4Å for the YESID21 complex and 3.6Å for the YESΦX174 complex (Fig. 2.6).
Final statistics are provided in Table 2.1. For both structures, the resolution was
higher for regions in and nearest the membrane and 90% of the protein could be
built unambiguously (Fig. 2.4 & 2.5). Sequence differences between ΦX174 and
ID21 are visible in the density (Fig. 2.6), but are generally in regions that are
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solvent or membrane exposed. Due to the higher resolution and completeness of the
YESID21 complex, except where noted, it is used as the reference structure. Within
the density map, we could clearly distinguish two copies of each member of the YES
complex (six separate proteins). When contoured to remove the detergent micelle,
densities for 22 TMDs are clear, 20 of which are accounted for by the back-to-back
dimer of EcMraY (Fig. 2.3D, E). The majority of the cytoplasmic density can be
accounted for by two SlyD molecules, which show the most flexibility (Fig. 2.7D).
The remaining protein density is the two protein E molecules that each contain a
bent TMD and soluble domains that bridge between MraY and SlyD. Density for
lipids are visible bound around the membrane exposed surface of the MraY dimer
(Fig. 2.3D).

Figure 2.2: Stable complex formation of SlyD with protein E. A, Lysis assay
in a ΔslyD background. Either empty vector (∗), protein EΦX174 alone (□), or
protein EΦX174 with either EcSlyD (▽), EcSlyD154 (◦), EcSlyD Y68K (⋄), or TtSlyD
(△). B, Similar to (A), lysis assay in a ΔslyD background with empty vector (▽),
protein EID21 alone (◦) or protein EID21 with either EcSlyD (⋄) or EcSlyD154 (□).
C, Co-expressed Epos (EΦX174 R3H, L19F) with EcMraY in a wild-type E. coli
background purified by SEC and the corresponding SDS-PAGE. Protein bands are
labeled. D, Co-expressed Epos with EcMraY in ΔslyD background purified by SEC
and the corresponding SDS-PAGE. Arrow highlights the fraction run on the gel. E,
SDS-PAGE of purified protein E C-term from either ID21 or 𝛼3 co-expressed with
SlyD154.
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Figure 2.3: The structure of the YES complex. A, An alignment of a representative
subset of protein E isoforms. Residue coloring is based on ClustalW (Madeira et al.,
2022). Secondary structure elements are shown above the sequence. Sequences are
ordered as in Fig. 2.1. B, SDS-PAGE gel of the purified YESID21 complex.C, A
lysis assay for protein E expression. Cells containing either empty (black) or the
protein E genes for ID21 (pink) or ΦX174 (green) were induced at time 0 and the
absorbance at 600 nm was monitored over time. D, Overview density maps of the
YESID21 complex viewed in the plane of the membrane. The map in grey highlights
the detergent micelle. The higher contoured map shows the six components of the
two-fold complex with density for E. coli MraY (cyan), protein E (yellow), and E.
coli SlyD (purple) highlighted. The pairs of each protein are distinguished by the B-
subunit colored lighter and the general coloring scheme is maintained for images of
the complex. Density that is likely lipid is shown in transparent orange. E, Cartoon
representation of the YESID21 complex oriented and colored as in (D). Foreground
TMDs for the MraYs are numbered and the bilayer is represented by lines.
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Figure 2.4: CryoEM processing pipeline for YESID21 complex. Processing was
done using cryosparc v3.2.0. The order of processing follows the arrows. The
number of particles after each step is shown. Local resolution is shown in a
Plasma color scheme ranging from 3.0Å(yellow) to 3.8Å(purple) resolution. Overall
GSFSC resolution was determined on cryosparc. Final model was sharpened using
DeepEMhancer (Sanchez-Garcia et al., 2021).
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Figure 2.5: CryoEM processing pipeline for YESΦX174 complex. Processing
was done using cryosparc v3.2.0. The order of processing follows the arrows.
The number of particles after each step is shown. Local resolution is shown in a
Plasma color scheme ranging from 3.0Å(yellow) to 3.8Å(purple) resolution. Overall
GSFSC resolution was determined on cryosparc.
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Figure 2.6: Comparison of the YESID21 complex and the YESΦX174 complex. A,
Similar to Fig. 2.3a for protein density of the YESID21 complex. B, Density maps
(blue mesh) for protein EID21 with protein in stick representation highlighting the
regions that contain the TMD. C, the amphipathic cytoplasmic helix. D-F, similar
to (A-C) except for the YESΦX174 complex. Here protein E is shown in orange. G,
The N-terminal interactions of protein EID21 with EcMraY. Proteins are shown in
cartoon with relevant side chains as sticks. H, As in (G), for protein EΦX174. In B,
C, & E-H residues that vary between the two isoforms are labeled. Residues I28,
P29, and M50 are labeled for orientation.
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Figure 2.7: Symmetry in the YES complex. A, Overlay of a symmetry imposed,
180°rotation, of the YESID21 complex. The proteins are shown as cartoons in either
cyan or pink. B, C𝛼 ribbon of the two structurally aligned protein EID21 monomers
(A: Viridis, B: yellow). Symmetry is broken after residue S43. The inset shows
the orientation relative to A. C, C𝛼 ribbon of the two structurally aligned MraY
monomers (A: Viridis, B: cyan). The inset shows the orientation relative to A as in
(B). The NTH and Loop 1-2 are labeled. D, Viewed from the cytoplasm, cartoon
models of SlyDs from the aligned YES complex in (A) highlighting the change in
orientation. E, C𝛼 ribbon of the structurally aligned SlyD monomers (A: Viridis,
B: light purple).
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For protein E, following from the N-terminus in the periplasm, the TMD binds in
the groove formed between TM5 and TM9 of MraY ending in the active-site pocket
on the cytoplasmic side where it makes a sharp turn (Fig. 2.3E & 2.8A). The TMD
is followed by an amphipathic helix that crosses the active-site groove, parallel to the
membrane, presenting a positive face toward MraY and a hydrophobic face towards
a SlyD IF-domain. The remaining C-terminus is in an extended conformation that
primarily interacts with the second SlyD. This results in a cross over point between
the two protein Es with each contacting both SlyDs. Overall, the dimeric complex
(two of each of the heterotrimers) has a near two fold symmetry perpendicular to the
plane of the membrane. While the membrane and periplasmic facing regions overlay
perfectly, the symmetry is broken at the cytoplasmic face where two protein E C-
termini cross each other at different residues and the SlyD adopt slightly different
orientations (Figs. 2.3E & 2.7). For the end of protein E, we can see continuous
backbone density that positions proline 65 in the active site of the FKBP domain.
Beyond that, the density is insufficient to resolve the sequence and we see little
difference between ΦX174 and ID21 (Fig. 2.6).

Figure 2.8: The interaction of protein E with EcMraY. A, Cartoon of the YESID21
complex as in Fig. 2.3e with a 90°rotation except that MraYA is colored with the
Viridis color scheme (Saladi et al., 2020). Prolines are shown in red. Bilayer
is shown in white. The B-subunits and SlyDs are faded. Boxes indicate regions
highlighted in panels (B-D). Side chains for protein E residues that contact MraY are
shown as sticks. B, As in (A) with protein E resistance mutants in MraY highlighted
(dark cyan). C, As in (A) with residues at the interface highlighted as sticks. D, The
region where the two protein E molecules cross highlighting the asymmetry colored
as in (A) with interacting residues shown as sticks. Density for the amphipathic
helix of protein E shown as a blue mesh. SlyDs are removed for clarity. E, Lysis
assay of expressed protein EΦX174 variants. F, Similar to (D) for protein EΦX174.
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The interaction of protein E with MraY
Based on the clear density for protein E, we can analyze the results from previous
work. Functional studies have consistently revealed the requirement for a proline at
position 21 (Tanaka & Clemons Jr, 2012; Witte et al., 1997; Zheng et al., 2008).
The structure allows an elegant explanation for this requirement. The TMD binds
in the groove connecting to the active site of MraY initially entering under the kink
of TM9 (Fig. 2.8A). The proline at position 21 breaks the hydrogen bonding of the
TMD to facilitate the bend around TM9b following the groove to the active site.
Mutation of P21 to even a small change, such as alanine, would result in loss of
the kink favoring a straight TMD that could not bind in the groove. Residue P29 is
the other completely conserved proline (Fig. 2.3A & 2.1) and allows for a second
kink that completes the wrap around TM9. A P29A mutation also leads to a lysis
phenotype supporting the importance of the shape complementarity (Tanaka &
Clemons Jr, 2012; Witte et al., 1997). Additional protein E alanine mutations in the
TMD identified residues that result in a slower rate of lysis by protein E, postulated to
be due to lowering binding efficiency to MraY (Tanaka & Clemons Jr, 2012). In the
structure, most of these residues (L19, L20, L23, & M26) (Fig. 2.8C) make direct
contact with MraY. The other mutant, F27, appears to sterically position M26 into
a tight interaction with Y134 in MraY, which is conserved in most Gram-negative
bacteria (Fig. 2.9).

At the cytoplasmic interface, protein E residues A36 through M50 form an amphi-
pathic helix spanning the width of an MraY subunit. The hydrophilic face of this
helix points towards the membrane in the MraY active site. The helix contains
conserved positive charged residues that interact with conserved negative charged
residues in MraY (Fig. 2.8D). An example is the K46 salt bridge where, in our
lysis assay, a K46A mutation results in delayed lysis (Fig. 2.8E). This supports the
importance of this region for inhibition in the wild-type context. While the two
protein E isoforms are very similar, this region highlights an interesting difference.
Position 42 is a leucine in ΦX174 while it is an arginine in ID21 (Fig. 2.3). In
the latter, R42 forms a salt bridge interaction with E335 in MraY likely providing
additional stabilization. It is in this region that the asymmetry can be highlighted
where the crossover occurs at residue V54 in protein EA and A51 in protein EB.
Near the crossover, there are differing interactions with residues in MraY, such as
the essential H326.

Two mutations in protein E were identified that allowed phage propagation in a
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Figure 2.9: Multiple sequence alignment of representative MraY homologs.
Structure based multiple sequence alignment using Promals3D with ClustalW col-
oring for residues. Species were selected by using the phylogenetic tree selecting
from the cutoff shown in Fig. 2.15. Uniprot ID of species (in order): O26830,
Q9WY77, Q03521, Q182Y8, P9WMW7, O25235, A8UQI5, Q88N79, Q8E9P5,
B0BRH4, Q9KPG4, A6T4N0, P0A6W3. Secondary structure based EcMraY from
the YES complex structure is shown below the sequences, TMDs are colored as in
Fig. 2.8a. Side chains in MraY that contact protein E are labeled with a (*).
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ΔslyD background, R3H and L19F, termed Epos (Plaques on ΔslyD) (Bernhardt
et al., 2002). The protein E R3H mutant in ΦX174 results in a silent mutation in
Protein D and is found native to other species such as ID21 (Fig. 2.10). Previous
work had supported that this variant results in higher levels of protein E in the
membrane (Bernhardt et al., 2002). In the structure (Fig. 2.6G & H), this residue
does not make specific contacts and it is likely that loss of the arginine would reduce
the positive charge in the periplasm favoring the correct orientation of the TMD due
to the positive-inside rule (von Heijne, 1986).

Additionally, L19F does not result in higher levels of protein E and it likely increases
the affinity of protein E to MraY (Tanaka & Clemons Jr, 2012). Consistent with
the structure, phenylalanine residues within transmembrane domains are known
to be stabilizing by filling in pockets between side chains in neighboring helices
(Steindorf & Schneider, 2017). Another phenylalanine mutation at the interface,
L23F, increases the rate of lysis as well; although this is not a general rule as other
leucine to phenylalanine mutants did not improve lysis rates (Tanaka & Clemons Jr,
2012). Both L19 and L23 are near the conserved F182 in MraY and may add
additional stability through aromatic 𝜋 interactions (Chourasia et al., 2011) (Fig.
2.8C). The opposite mutation can show loss of binding, for example, the F288L
mutation in MraY (Bernhardt et al., 2000) is at the interface with protein E and
results in a loss of lysis, likely due to lower affinity. While the L19F mutation in
protein E should be favored, as it improves the rate of lysis, it is only found in one
species (Fig. 2.1). An explanation may be that this mutation results in an amino
acid change in Protein D that would be unfavorable for the virus, discussed below.

The structure allows for a clear explanation of the mutations in MraY that allow
resistance to protein E mediated lysis (Bernhardt et al., 2000; Zheng et al., 2008).
All of the mutations in MraY (P170L, ΔL172, G186S, F288L, V291M) are at the
interface with protein E (Fig. 2.8B). Mutant F288L, as noted above, likely results
in lowered affinity with protein E. Residue G186 is at the nearest approach between
the two proteins and a mutation to serine would prevent protein E binding. Mutant
V291M lies directly at the interface near L19 in protein E; although a specific effect
for this mutation is not clear. Finally, P170L and ΔL172 are located within the
periplasmic loop 4-5 and, although more resistant to lysis, they are predicted to still
bind protein E, albeit with lower affinity (Zheng et al., 2008).
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Figure 2.10: Sequence variability for the coding region of Proteins E from
ΦX174, ID21, and G4. A, The DNA sequence of gene E and the overlapping
gene D in the bacteriophages ΦX174, ID21, and G4. Nucleotide differences in the
sequences are highlighted in dark pink. Translated protein sequence for ΦX174
protein E is shown above the DNA sequences and Protein D. Amino acids are
colored from Benchling (Biology Software,2022). For ID21 or G4, only residues
that differ from ΦX174 in the two proteins are shown. B, Left, the structure of the
ΦX174 pro-virus capsid (PDB:1CD3) with proteins shown as cartoon and colored to
highlight the symmetry related Protein Ds (Dokland et al., 1999). Right, a zoomed
in view of one Protein D monomer colored either light blue or yellow for the region
that overlaps with protein E in yellow. The positions where sequence changes in
protein E result in sequence changes in Protein D are shown as sticks.
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The mechanism of inhibition of MraY by protein E
The YES complex structure allows us to propose a simple mechanism for inhibition
of MraY by protein E. Previous structures of MraY revealed a likely path for the
lipid substrate (Hakulinen et al., 2017; Mashalidis et al., 2019). Modeling small
molecules on the YES complex (Fig. 2.11) shows the predicted path of the isoprenyl
chain of C55P is the groove formed between TM5 and TM9, which is occluded by
protein E. Therefore, one mechanism of inhibition is that protein E prevents access
of the lipid substrate to the active site (Fig. 2.11A). Protein E is a noncompetitive
inhibitor of Park’s Nucleotide (Zheng et al., 2009) and, consistent with this, the
pocket that binds the nucleoside is fully accessible in the structure (Fig. 2.11B).
Loop 9-10 in MraY contains catalytic histidines that must move toward the binding
pocket to facilitate catalysis by completing the active site (Al-Dabbagh et al., 2008).
The cytoplasmic helix of protein E separates loop 9-10 from the rest of the active
site blocking this transition providing a second mechanism of inhibition. Overall,
protein E blocks access of the lipid substrate and prevents formation of the active
site upon substrate binding.

Figure 2.11: The mechanism of inhibition by protein E. A, Accessible surface
of MraY (colored as in Fig. 2.8A) viewed from the cytoplasm looking towards the
active site cleft. Protein E is shown in cartoon. The inhibitors tunicamycin (gray) and
carbacaprazamycin (pink) are modeled as sticks based on their respective complex
structures (PDBID:5JNQ & 6OYH). B, Similar to A from a slightly different angle
highlighting the catalytic pocket. MraY (dark cyan) is shown in cartoon. The two
substrate binding sites are highlighted by dashed boxes. Predicted catalytic residues
in MraY are shown as sticks.
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Key structural features of MraY
The YES complex contains the first E. coli MraY structure (Fig. 2.12) which is
also the first from either an important human pathogen or model organism. Overall,
comparing the YES complex MraY to those solved by crystallography, there is
significant agreement when comparing monomers with RMSDs around 1Å(Fig.
2.13A & 2.14). Our EM structure of EcMraY reveals additional regions of MraY
previously disordered in the crystal structures. Most notably, we are able to resolve
all of the cytoplasmic loops that enclose the active site. We model for the first time
loop 1-2, which likely adopts distinct conformations during the catalytic cycle and
indeed has two slightly different conformations in our dimer (Figs. 2.7C). In this
structure, loop 9-10 adopts a conformation that is similar to the other inhibited MraY
structures known to date (Chung et al., 2016; Hakulinen et al., 2017; Mashalidis
et al., 2019), distinct from the uninhibited structure, and may be a general feature of
an inhibited MraY (Fig. 2.13 & 2.14).

An unexpected structural feature in EcMraY occurs at the N-terminus. In published
structures, the N-terminus either begins at TM1 or is a helix that projects away from
the structure in an orientation incompatible with the bilayer (Fig. 2.13B). In the YES
complex, the N-terminus of the first helix (NTH) hydrogen-bonds to the C-terminal
end of TM2, effectively helical stacking (Fig. 2.13B & 2.12C). This is a unique
structural feature that, to our knowledge, has not been observed in any protein before.
A multiple sequence alignment across bacteria shows that this feature of MraY is
conserved across Gram-negative bacteria, but missing in Gram-positives (Fig. 2.9
& 2.15). While this feature is not found in the crystal structures, AlphaFold predicts
N-terminal helical stacking for E. coli and other Gram-negative bacteria, although
the hydrogen bonding and orientation is slightly different from the EM structure
(Fig. 2.15) (Jumper et al., 2021). For the AaMraY structures, the positioning of the
N-terminus is likely a product of crystallization, as AlphaFold predicts N-terminal
helical stacking for this and the related Hydrogenivirga species (Fig. 2.15) (Chung
et al., 2013; Mashalidis et al., 2019). For Gram-positive bacteria, both the EbMraY
and predicted structures begin with a slightly longer TM1 and lack the N-terminal
helical stacking (Fig. 2.13B & 2.15) (Hakulinen et al., 2017).

Protein E as a general antibacterial protein
Protein E arrived late in the evolution of ΦX174 and was overprinted into a +1
reading frame in the ORF for gene D (Fiddes & Godson, 1979; Pavesi, 2021). The
structure supports that this embedding constrains the evolution of protein E (Barrell
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Figure 2.12: Structural features of EcMraY A, Cartoon representation of EcMraY
colored in Viridis by monomeric unit A and B. Foreground transmembrane helices
are labeled 1-10. Loops 1-2, 9-10, and the NTH are labeled for reference. B,
Monomer of MraY viewed from the active site cleft (left) or the dimer interface
(right). C, Cartoon representation of the N-terminal helix of MraY with N-terminal
and TM2 residues shown as sticks. Density map is shown as a blue mesh. D,
Periplasmic (left) and cytoplasmic (right) view of the MraY monomer. Transmem-
brane helices are labeled. E, Cartoon representation with stick side chains of TM10.
Densities shown as a blue mesh. F, Stick model of Loop 9-10 with density (blue
mesh) oriented as box in (D). G, As (F) for Loop 1-2 .
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Figure 2.13: New features observed in the EM structure of E. coli MraY.
A, Cytoplasmic view of a structural alignment of EcMraY (dark cyan) against
uninhibited AaMraY (green, PDB:4J72) and carbacaprazamycin inhibited AaMraY
(pink, PDB:6OYH). RMSDs to monomer A of EcMraY are shown. The color
scheme for the various MraY crystal structures is used throughout the figures. B, A
view in the plain of the membrane showing the region that includes TM1 and TM2
in backbone ribbons. Left, the EcMraY structure colored in Viridis. Right, the
two crystal structures shown in (A) and the crystal structure from EbMraY (green,
PDB:4J72). Each structure is aligned to EcMraY. The location of each N-terminus
is indicated by an asterisk.

et al., 1976). Considering the sequence changes across protein E isoforms, we note
that from the N terminus through residue 70, with few exceptions, each position that
is not completely conserved is either silent or that there is only a slight change in
protein D (Fig. 2.10A). The silent changes vary the codon’s second position, which
is the wobble position in the overlapping codon for protein D. For example, residue
W7 in ΦX174 is replaced with a Ser or Leu in other species. Although seemingly
substantial changes, each is coded by the sequence UXG and all three variations at
this position are sampled. These variable positions generally do not contact MraY.
An exception is found in the G4 isoform where a phenyalanine occurs at position 19,
as in the Epos mutant, which results in a change from alanine to serine at position 79
in protein D. This places a polar residue in the hydrophobic core of protein D (Fig.
2.10B). This single nucleotide change increases protein E affinity to MraY but likely
lowers the stability of protein D and the overall fitness of the virus. Introduction of
this mutation results in smaller plaque formation relative to the wild type (Bernhardt
et al., 2002). The C terminus of protein D and the extensions in the longer isoforms
of protein E are likely disordered and less constrained, hence the increased sequence
variability (Fig. 2.10A & B).
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Figure 2.14: Structural alignment of experimental MraY structures. For each
panel, viewed from the active site cleft and from the cytoplasm. A, EcMraY is shown
in Viridis and transmembrane domains are labeled. Protein EID21 is shown in gray.
B, Uninhibited AaMraY (PDB:4J72) in orange. C, Carbacaprazamycin inhibited
AaMraY (PDB:6OYH) in pink. D, Tunicamycin inhibited EbMraY (PDB:5JNQ) in
green.

The role of SlyD in protein E mediated lysis
The amphipathic helix of protein E bridges the two E. coli proteins, MraY and SlyD,
which make no specific contacts to each other (Fig. 2.8A). The IF domain sits on
the hydrophobic face of this protein E helix and contacts the extended C-terminus
of the opposing protein E which then continues on to bind the FKBP domain. This
results in a bow-tie like interaction with each SlyD binding both protein E soluble
domains (Fig. 2.16B). These interfaces validate structural studies of SlyD where
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Figure 2.15: Conservation of the N-terminal helix stacking. A, Phylogenetic tree of
MraY from representative bacterial species. Species demonstrated to from ghosts when
protein E is expressed are highlighted by an asterisk (*). Selected species are highlighted
in yellow. B, EcMraY cryoEM structure colored in Viridis with the N-terminal helices
highlighted. C, AlphaFold prediction of MraY structures from Gram-negative species
oriented and shown as in (A). D, AlphaFold prediction of MraY structures from Gram-
positive species oriented and shown as in (A).
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extended peptides bind to each of the interfaces seen here including 𝛽-augmentation
in a groove in the IF domain (Fig. 2.16C & D) (Quistgaard et al., 2016). This is the
first evidence of the IF domain binding to an 𝛼-helix, which may be an important
chaperoning interaction. The FKBP domain accounts for the highest variability
in our particles (Fig. 2.17) and the lowest resolution (Fig. 2.4). This flexibility
is consistent with NMR structures of SlyD (Weininger et al., 2009) and the only
contact of this domain to the rest of the YES complex is the flexible linker to the IF
domain and binding to the extended C-terminus of protein E. At the FKBP active
site, P65 is not completely conserved (Fig. 2.1), although other species have a
proline at residue 63 which could reach the active site with additional tilting of the
FKBP domain. A proline near this position may help to localize the chaperone to
the complex.

Figure 2.16: Interactions between protein E and SlyD. A, The amphipathic helix
of protein E (yellow) as a cartoon with side chains contacting SlyD as sticks. SlyD
(purple) is shown as transparent accessible surface and cartoon. B, Full view of
SlyD bound to two protein E molecules shown in different shades of yellow. C,
As in A highlighting the 𝛽-augmentation of the extended C-terminal protein E. D,
Structures of SlyD from the YESID21 complex and Thermus thermophilus SlyD
(PDB:7OXI) (green) aligned to the IF domains. The two S2 peptides bound to the
TtSlyD are shown in pink.

The lack of contacts between SlyD and MraY suggest the soluble domain of protein
E alone could form a complex with SlyD. We co-expressed EcSlyD with N-terminal
truncations of protein E from either ID21 (residues 33-76) or the shortest isoform 𝛼3
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Figure 2.17: Structural variability in the YES complex. 3D-variability analysis
of the YES complex. Movement is visualized by highlighting the first (A) and last
frame (B).

(residues 33-75). Both form stable complexes that could be purified by an affinity
tag on the soluble domain (Fig. 2.2C). These observations point to a high-affinity
interaction between SlyD and the C-terminal domain of protein E.

protein E is unstable in the absence of SlyD and rapidly degraded (Bernhardt et al.,
2002; Roof et al., 1994). While it has been speculated that prolyl-isomerization
was central to the lysis mechanism, evidence points to the contrary. Non-proline
mutations in protein E can rescue lysis in a ΔslyD background, as well as complete
replacement of the cytoplasmic domain of protein E with a globular protein (Buckley
& Hayashi, 1986; Roof et al., 1994; Roof & Young, 1995; Tanaka & Clemons Jr,
2012). To explore this we performed our lysis assay with several SlyD variants in the
ΔslyD strain (Fig. 2.2A). As before, protein EΦX174 was unable to lyse in the absence
of SlyD, however this could be rescued by expression of either EcSlyD or EcSlyD154.
TtSlyD has high structural homology to EcSlyD maintaining all the same features
(Fig. 2.16D) and it was also able to rescue lysis in the ΔslyD strain (Fig. 2.2A).
We generated a EcSlyD Y68K mutant that dramatically reduces prolyl-isomerase
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activity (Ikura & Ito, 2007) and this too could rescue lysis. Finally, we purified a
complex of protein E using the Epos rescue mutants (R3H & L19F) in the ΔslyD
strain; however, this complex was very unstable and showed significant aggregation
by SEC (Fig. 2.2C) (Roof & Young, 1995) . This all supports that the primary role
of SlyD is not prolyl-isomerization, but to protect protein E and stabilize the YES
complex. This does not obviate a role for proline binding in complex assembly.
In fact, the two prolines in the soluble domain have a lysis phenotype which may
indicate an importance of the FKBP domain in the initial assembly of the YES
complex (Witte et al., 1997).
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Figure 2.18: Model for inhibition by protein E. protein E (yellow) would be
targeted to the membrane through the normal secretory pathway. Upon insertion, it
must remain stable long enough to find and bind to MraY (cyan). During this time
SlyD (purple) likely binds to the C-terminus of protein E through proline residues
recognized by the SlyD FKBP domain. In the absence of protein E, MraY catalyzes
the transfer of a phospho-MurNAc-pentapeptide from Park’s Nucleotide onto lipid
C55P, producing Lipid I. The protein E-SlyD complex eventually arrives at MraY
and forms a stable dimer of heterotrimers. The binding of protein E prevents access
of C55P to the active site of MraY. Symbols used throughout the scheme are defined
in the bottom left. Stars highlight key proline residues P21 and P65 (EID21). N-
acetylmuramic acid is depicted as a flattened hexagon. Uridine is shown as a square,
phosphates as red circles, and the pentapeptide as five blue circles.

2.3 Discussion
We have determined two structures of an inhibited complex of the peptidoglycan
biosynthesis enzyme MraY bound to the viral protein E and a native chaperone
SlyD. The structures reveal detailed interactions in the YES complex and provide a
clear mechanism for inhibition of MraY by protein E from the historically important
ΦX174 and the entire Bullavirinae subfamily. The mechanism for inhibition is
remarkably simple. Protein E binds in the active site cleft preventing access of
the lipid substrate and blocking conformational changes needed for catalysis (Fig.
2.18).

The YES complex structure provides a template for interpreting all of the previous
results for lysis by ΦX174. Notable among these are that all of the functional
mutations in protein E and MraY map to the interface between the two proteins.
Protein E exploits the C55P binding site by complementing the active site cleft in
MraY. SlyD binds to the cytoplasmic domain of protein E to stabilize the inhibited
MraY/protein E complex. As we demonstrated, the requirement for SlyD is not
species dependent, with TtSlyD supplementation in a ΔslyD background being
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sufficient to restore lysis. SlyD in this case does not serve directly in the mechanism
of inhibition of MraY, and can be functionally replaced.

While there remain many important functional questions about MraY, the EcMraY
structure by cryoEM provides new insight and allows access to previous features
that were disordered in the crystal structures. The NTH is an example of this, and
this unique structural feature merits further study on its own. The resolving of
loop 1-2 and the inhibited conformation of loop 9-10 provide additional mechanistic
insight. The many lipid densities in our map support the importance of these in the
function of MraY including supporting evidence for a C55P binding site near the
dimer interface (Oluwole et al., 2022). While providing no further resolution to the
identity of the molecule in the periplasmic cavity, the density supports that it is an
ordered hydrophobic molecule and identification of this molecule will likely have
important functional implications.

One of the most remarkable features of protein E is its simplicity. During the
evolution of a phage, a lysis mechanism likely evolves late, as phage that have
their lysis genes removed can still propagate, albeit much less efficiently (K. R.
Chamakura & Young, 2020). This can be seen in action in ssRNA phages whose
hosts vary due to their receptor being plasmid-borne pili which can transfer across
species and, therefore, require new lysis genes in new hosts (Kannoly et al., 2012;
Rumnieks & Tars, 2012). For these phage, new lysis genes rapidly develop and can
overprint across the entire genome (K. R. Chamakura et al., 2020). For protein E, it
clearly evolved late likely due to the introduction of a ribosome binding site (Pavesi,
2021). This new peptide would be inefficient, but constrained against improvement
by being embedded in an essential gene. A feature of protein E is that it is rapidly
degraded, likely due to its disordered C-terminus, and SlyD binding would protect
this region from the degradation machinery. We know that simple mutations, such
as L19F, can improve the efficiency of lysis. All of this points to the fact that protein
E can likely be dramatically improved to become more efficient at inhibiting MraY.

The YES complex structure sheds light on the distinct ΦX174 lysis mechanism first
observed over 50 years ago. While this mode of SGL inhibition of a membrane
protein is novel, evidence supports that there will be many more examples. SGL
proteins provide a unique route towards developing tools towards killing bacteria.
While direct use of hydrophobic peptides as drugs is not likely, one can imagine sev-
eral ways in which these peptides can immediately be used towards the development
of therapies. The first is that protein E binding to EcMraY identifies additional MraY
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pockets that can be exploited by small molecules and provides a new template for
structure based drug design. Next, with the need for tools towards killing synthetic
bacteria, the small SGL peptides will be potent programmable genetic kill switches.
One can imagine that a lysis operon encoding several of these in parallel can be
designed to turn on in response to an external signal. Finally, the most obvious
utility is in the optimization of phage therapeutics. These genetically efficient SGLs
will be important tools for optimizing phage potency. The use of phage for medical
therapies, while known for a hundred years, has only recently become possible in
the West (Schooley et al., 2017). The desperate need to combat the dangerous rise
of antibacterial resistance will include phages. SGL genes, such as protein E from
ΦX174, will play an important role.
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2.4 Methods
Co-Expression of EcMraY, protein E and EcSlyD
ΔslyD BL21(DE3) competent cells were co-transformed with pET22b-SlyD154 and
either pRSFDuet-EcMraY-EID21 or pRSFDuet-EcMraY-EΦX174 and plated in LB-
agar containing 35 𝜇g/ml Kanamycin and 100 𝜇g/mL Ampicillin. Our pET22b-
SlyD154 construct expresses E. coli SlyD, modified by the removal of the flexible
C-terminus. The pRSFDuet-EcMraY-EID21 plasmid contains the ID21 isoform of
protein E, along with a wild-type EcMraY to prevent cell lysis from the overexpres-
sion of protein E. Cells were grown in 2xYT media at 37°C, 225 r.p.m., and induced
at an OD600 of 0.9 with 0.4mM IPTG at 18°C overnight. The culture was harvested
by centrifugation for 10 minutes at 9,000xg, 4°C then frozen or used immediately
for purification.

Purification of the YES complex
The cells were resuspended in lysis buffer (20mM Tris-HCl pH 7.5, 300 mM NaCl,
10% Glycerol, 5mM 𝛽ME, 0.1mM PMSF, 0.1mM Benzamidine) and homogenized
using a M-110 L microfluidizer (Microfluidics). The lysate was cleared by a 20
minute centrifugation at a speed of 22,000xg. The supernatant was then centrifu-
gated at 167,424xg and the resulting membrane pellet was then solubilized in the
extraction buffer (10 mM HEPES pH 7.5, 300 mM NaCl, 5% Glycerol, 5mM 𝛽 mer-
captoethanol (BME), 0.1mM phenylmethylsulfonyl fluoride, 0.1mM benzamidine,
10 mM imidazole and 1% dodecyl 4-O-𝛼-D-glucopyranosyl-𝛽-D-glucopyranoside
(DDM)) After allowing for extraction for 1.5 hours at 4°C, the solution was cen-
trifuged at 167,424xg for 30 minutes and the remaining lysate was mixed with 1mL
NiNTA resin (Qiagen, Alameda, CA) then nutated at 4°C for two hours. This solu-
tion was loaded onto a gravity column and then washed with five column volumes
of wash buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 5mM BME,
& 0.03% DDM) with 10mM imidazole followed by five column volumes of wash
buffer with 30 mM imidazole. The YES complex was eluted in 20mL of wash buffer
containing 200 mM imidazole. The final purification step was SEC (Superdex 200
5/150 GL, Milipore Sigma) in 10mM HEPES pH 7.5, 75 mM NaCl, 5% Glycerol,
5mM BME and 0.03% DDM. Fractions were assessed by SDS-PAGE and directly
used for cryo-EM sample preparation.
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Co-expression of EcMraY and protein E in various SlyD backgrounds
The pRSFDuet-E-EcMraY and pRSFDuet-Epos-EcMraY expression vectors were
transformed into BL21-Star cells (Novagen). Similarly, the pRSFDuet-E(C-term)-
SlyD154 was transformed into SlyD-knockout cells. The cultures were grown at 37
°C to an OD600 0.8 and induced with 1 mM IPTG. Induced cultures were grown
for 3 hours followed by harvesting by centrifugation at 9,000xg for 20 min. Cell
pellets were resuspended in lysis buffer and lysed by sonication. The lysate was
then cleared by centrifugation at 22,000xg, followed by a second centrifugation at
234,78xg for 1 hour to isolate the membrane fraction. The complex was extracted
in 20 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% Glycerol, 10 mM Imidazole, and
1% n-Decyl-𝛽-Maltoside (DM) and incubated at 4 °C for 1.5 hours. The debris
was cleared by centrifugation at 234,788xg for 30 min. The sample was incubated
with 1 mL NiNTA resin for 1 hour, followed by a wash with 50 column volumes
lysis buffer with 30mM Imidazole. The protein E complexes were similarly eluted
in 300mM Imidazole. The elutions were concentrated and further purified by size
exclusion chromatography (Superdex 200 5/150 GL, Milipore Sigma).

Lysis assays of WT protein E ΦX174 and ID21
LEMO DE3 competent cells were transformed with a pRSF-Duet vector either
empty, with protein EΦX174, or protein EID21. Cultures were grown to an OD600

of 0.2 and inoculated into a Corning 96-well Clear Flat Bottom plates in 100𝜇L
triplicate aliquots and induced as described previously. Cultures were incubated at
37C with orbital shaking at 220rpm using an Infinite M Nano+ (Tecan, Switzerland).
Readings were taken in 5 minute intervals for 90 minutes.

Lysis assay for protein E constructs
LEMO DE3 competent cells (New England Biolabs, MA, USA) were transformed
with a pRSF-Duet vector either empty, with C-terminally FLAG tagged protein
EΦX174 variants (WT, P21A, K46A). The lysis assays were performed in triplicates
as previously described (Tanaka & Clemons Jr, 2012). Absorbance readings were
recorded in 5 minute intervals for 1 hour and 30 minutes. Manual readings were
taken using a Biowave Cell Density Meter CO8000. The values were plotted using
GraphPad Prism version 9.1.1 for macOS.
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Lysis assays based on SlyD variants
ΔslyD (Roof et al., 1994) cells were transformed with either a control empty
pRSF-Duet vector or pRSF-Duet-ProteinΦX174 and either pET22b-EcSlyD, pET22b-
SlyD154, pET22b-EcSlyD Y68K, or pET22b-Thermus thermophilus SlyD. Cultures
were grown in 2xYT media at 37°C and induced with 0.4mM IPTG once at an OD600

of 0.2. Absorbance measurements were manually recorded in 5 minute intervals for
70 minutes. Similarly, ΔslyD cells were transformed with either a control empty
pRSF-Duet vector or pRSF-Duet-ProteinID21 either alone, with pET22b-EcSlyD, or
with pET22b-EcSlyD154 and induced with 0.4mM IPTG. Readings were recorded
using an Infinite M Nano+ plate reader as described above.

Sample preparation for CryoEM
The YES complex was diluted to 5.0 mg/mL in 10 mM HEPES ph 7.5, 75 mM NaCl,
5% Glycerol, 5mM 𝛽ME and 0.03% DDM, supplemented with 1mM E. coli total
lipid extract (Avanti Polar Lipids, 100600P). Quantifoil holey carbon films R1.2/1.3
300 Mesh, Copper (Quantifoil, Micro Tools GmbH) grids were glow discharged
with a 2 minute 20Å plasma current using a Pelco easiGlow, Emitech K100X. Grids
were prepared using a Vitrobot (FEI Vitrobot Mark v4 x2, Mark v3) by appling
3𝜇L of sample onto the grid followed by a 3.5 second blot using a +8 blot force and
plunge frozen into liquid ethane.

Data acquisition and analysis
The grids were imaged in a 300 kV cryo-TEM microscope equipped with a Gatan
K3 6k x 4k direct electron detector and a Gatan Energy Filter (slit width 20eV)
in super-resolution mode using Serial EM. Data-sets were collected at a 105 k
magnification with a pixel size of 0.416 Å/pixel. Movies with 40 frames were
recorded with a total expousre dose of 60 e-/Å2 and a defocus range of -1.0 to -2.0
𝜇m. A total of 12,070 movies were recorded. Movies were normalized by gain
reference and motion corrected using the patch motion correction built in function
in cryosparc (v3.3.2) with a twofold bin that resulted in a pixel size of 0.832
Å/pixel. The contrast transfer function (CTF) was estimated using CTFFIND4
(Rohou & Grigorieff, 2015). Micrographs were manually curated, and low-quality
images were removed for further analyses. A total of 2,462,335 particles were
obtained followed by the generation of 6 ab-initio models. Out of the 6 models, two
models are selected for classification into "good" and "trash" volumes. All of the
particles were then sorted in these two volumes through heterogeneous refinement
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using particles extracted with a 4x bin, which produced 6,589,696 good particles.
Heterogeneous refinement was used in an iterative manner to sort the particles into
the 5 volumes (4 good and 1 trash). The 1,151,777 good particles were used for
non-uniform homogeneous refinement to generate a higher resolution volume. The
particles were then extracted with a 3x bin and sorted into 4 iterations of the higher
resolution volume and 1 trash volume. Iterative rounds of heterogeneous refinement
at 3x bin produced 935,754 particles. Particles were then extracted in a 2x bin
and heterogeneously refined into either high or low resolution volumes. At this
point, discerning features in the soluble region of the model were used to select
the most complete volumes. The volumes were individually refined through non-
uniform refinement and the particles that composed the volumes with most complete
and highest resolution were used. A total of 122,452 particles were used for the
most complete model obtained upon non-uniform refinement. The half-maps were
then used for post-processing through DeepEMhancer (Sanchez-Garcia et al., 2021)
with the high-resolution model selected for our most complete density map. Post-
processing through DeepEMhancer removed the micelle and improved the features
on the soluble portions of the map, however the lipid densities were also removed.
The lipid densities described in this work are those observed before post-processing.
For further characterization of the transmembrane region of the map, the particles
were further refined through heterogeneous refinement using 3 good volumes with
C2 symmetry imposed. Particles within the two highest resolution volumes and
the highest resolution volume were used for a final non-uniform refinement with
C1 symmetry, yielding higher resolution in the transmembrane domains of MraY
and protein E. The local resolution of both complete and transmembrane maps was
performed on cryosparc (v3.3.2).

Model building
The model for EcMraY was built using PDBID:4J72 as a starting model, and
PDBID:2K8I for EcSlyD using phenix.dock. Protein E was modeled de-novo using
Coot 0.8.9.2. The structure was refined using phenix.real space refinement and
validated with PHENIX-1.19.2. RMSDs were calculated using ChimeraX Match-
maker chain alignment. Structure figures were made using ChimeraX and sequence
alignments using Jalview (Pettersen et al., 2021; Waterhouse et al., 2009).
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Table 2.1: YES Complex - Cryo-EM data collection, refinement, and validation
statistics

YESID21 YESΦX174
(EMDB-29641) (EMDB-29642)

(PDB 8G01) (PDB 8G02)

Data collection and processing
Microscope FEI Titan Krios FEI Titan Krios
Magnification 105,000 105,000
Voltage (kV) 300 300
Electron exposure (e–/Å2) 60 60
Defocus range (𝜇m) -1 to -2.5 -1 to -2.5
Pixel size (Å) 0.832 0.832
Symmetry imposed C1 C1
Initial particle images (no.) 11,700,795 1,516,368
Final particle images (no.) 122,452 155,270
Map resolution (Å) 3.47 3.6
FSC threshold 0.143 0.143

Refinement
Software PHENIX 1.19.2 PHENIX 1.19.2
Initial model used (PDB code) 4J72, 2K8I 8G01
Resolution of unmasked reconstructions (Å, FSC=0.5) 3.72 3.8
Resolution of masked reconstructions (Å, FSC=0.5) 3.72 3.79
Correlation coefficient (CCmask) 0.71 0.69
Map sharpening B factor (Å2) 142.4 148.3
Model composition
Atoms (Hydrogens) 18153 (9214) 18198 (9232)
Protein residues 1148 1148
Ligands 0 0
B factors (Å2)
Protein (min/max/mean) 60.55/203.29/93.87 48.57/311.57/93.33
Ligand - -
R.m.s. deviations
Bond lengths (Å) 0.002 (0) 0.003 (0)
Bond angles (°) 0.436(0) 0.636(2)

Validation
MolProbity score 1.12 1.53
Clashscore 3.31 10.33
Poor rotamers (%) 0 0.1
Ramachandran plot
Favored (%) 99.03 98.15
Allowed (%) 0.97 1.85
Disallowed (%) 0 0
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ABSTRACT

In bacterial cells, the synthesis of surface glycans, such as the peptidoglycan layer,
involves single units that are linked to a lipid carrier. The distribution of this carrier
among competing biosynthetic pathways is a critical, yet not fully understood as-
pect of bacterial metabolism. In this study, we focus on the structural and dynamic
aspects of MraY, which catalyzes the initial step in forming the lipid-linked pepti-
doglycan precursor. The cryoEM structure of E. coli MraY derived from its native
environment brought the observation of several lipids, likely including the lipid
carrier substrate. Additionally, we identify several hyperactive MraY mutants that
cause the overproduction of lipid II. These variants are located within a previously
uncharacterized cavity at the periplasmic side of the MraY dimer interface, distal to
the active site. Through detailed structural analysis and molecular dynamics simu-
lations, we propose that this cavity acts as a novel binding site for periplasmic lipid
II. The interaction at this site likely leads to allosteric inhibition of MraY, serving
as a feedback mechanism that regulates lipid carrier availability in peptidoglycan
biosynthesis. This structural insight not only elucidates a new regulatory mechanism
but also opens pathways for targeting bacterial cell wall synthesis in drug-resistant
strains.
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3.1 Introduction
The integral membrane enzyme MraY plays an essential role in the synthesis of
the bacterial cell wall. MraY catalyzes the attachment of Park’s Nucleotide to the
lipid carrier undecaprenyl phosphate (C55P), yielding the peptidoglycan precursor
lipid I. C55P is central to the biosynthesis of cell wall polymers in both Gram-
positive and Gram-negative bacteria (reviewed in (Bouhss et al., 2008)). Within this
pathway, MraY catalyzes the transfer of the MurNAc-pentapeptide to C55P, which
undergoes an attachment of a GlcNAc molecule and is flipped onto the periplasm for
building the peptidoglycan mesh. Following its role in precursor transport, the sugar
pentapeptide moiety of lipid II is removed, yielding undecaprenyl pyrophosphate
(C55PP). The C55PP lipid is then dephosphorylated and flipped onto the cytoplasmic
side of the bilayer for recycling (Fig. 3.1). Beyond peptidoglycan biosynthesis, C55P
also serves as a carrier molecule for synthesis of the outermembrane polysaccharide
O-antigen, and lipoteichoic acid (Mancuso & Chiu, 1982; Samuel & Reeves,
2003). The amount of C55P in the membrane is rate limiting and essential for cell
morphology and survival, meaning the distribution of this carrier must be tightly
regulated between pathways (Jorgenson & Young, 2016; Lehrman, 1991).

Lipid Dependencies of MraY
Studies utilizing cell-free systems have demonstrated that E. coli MraY, along with
other Gram-negative homologs, requires anionic lipids with phosphoglycerol head-
groups to retain enzymatic activity (Henrich et al., 2016). This contrasts with the
B. subtilis MraY homolog, which shows no such lipid selectivity (Henrich et al.,
2016). Recent insights from mass spectrometry data suggested that the inactivity in
non-anionic lipids is caused by impaired dimerization, opening the possibility that
lipids play a role in the correct interactions between the MraY subunits (Henrich
et al., 2017). However, the specific structural interactions that result in dimerization
of MraY have yet to be defined. A mechanistic understanding of MraY protein-lipid
interactions could pave the way for the development of novel antibiotic strategies
targeting the lipid composition of pathogenic bacteria. Interestingly, other pro-
teins that are involved in peptidoglycan biosynthesis and re-organization -notably
FtsA and MinD- have been shown to directly interact with anionic phospholipids
(Mileykovskaya & Dowhan, 2005).
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Figure 3.1: C55P recycling model Cytoplasmic C55P is first used as a carrier
lipid by MraY to attach a phospho-MurNAc-pentapeptide. MurG follows by the
attachment of a GlcNAc sugar and the product, lipid II, is flipped onto the periplasmic
side of the bilayer by MurJ. PBPs then catalyze the cross-linking and cleavage of
the carried molecule leaving C55PP. Phosphatases dephosphorylate the C55PP lipid
and the lipid then gets flipped onto the cytoplasm for further cycles.

New Insights from Mass Spectrometry and Molecular Dynamics
Besides the importance of an anionic phospholipid environment, recent work has
demonstrated MraY is often bound to the lipid substrate undecaprenyl phosphate
(C55P) or to the product lipid I. Native mass spectrometry experiments demonstrated
that endogenous C55P or lipid I binds to MraY dimers in a 4:2 stoichiometric ratio
of C55P lipid to MraY molecules (Oluwole et al., 2022). Molecular dynamics
simulations of MraY in a bilayer with enriched C55P, lipid I, and lipid II identified
a putative lipid-binding region in MraY, which is thought to be located near the
cytoplasmic dimer interface and in a region distinct from the active site (Oluwole
et al., 2022). This study also showed that alanine substitutions at the identified
charged residues cause a dramatic reduction in the dimeric MraY population. This
suggests a structural basis for lipid-induced dimerization, highlighting an important
aspect of MraY stability in its lipid environment.

The MraY, Protein E, SlyD (YES) complex density we obtained (Chapter 2) allowed
us to assay the structure of MraY in a more native lipidic environment. Several obser-
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vations regarding the lipids surrounding MraY were consistent with the aforemen-
tioned recent publications. Additionally, we sought to investigate MraY mutants that
allowed the cell to survive in the presence of conditionally lethal defective cell wall
synthases, class A penicillin-binding proteins, through the overproduction of lipid
II. Altogether these studies support a feedback inhibition of MraY by accumulated
lipid II through periplasmic interactions.
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3.2 Results
Lipids bound to the YES complex
The YES complex was solubilized from its native environment and, for the YESID21

complex, the final detergent solution was supplemented with E. coli lipids. We
observe lipid densities around the membrane surface of MraY (Orta et al., 2023)
(Fig. 3.2A & B). Previous work supports a functional role for anionic phospholipids
with MraY including stabilizing the dimer (Henrich et al., 2016; Henrich et al.,
2017; Oluwole et al., 2022). We observed a substantial density of lipids near the
dimer interface with characteristics consistent with glycerophospholipids, although
these densities could not be definitively assigned (Fig. 3.2A & B). In agreement
with previous MraY structures (Chung et al., 2013; Hakulinen et al., 2017), we
observed a hydrophobic periplasmic cavity within the MraY dimer that contains
unexplained density (Fig. 3.2C). Although this density has clear structure, we are
unable to fit typical E. coli phospholipids.

Recently, a study using native mass spectrometry and molecular dynamics identi-
fied a binding site for C55P at the dimer interface with the phosphate head-group
predicted to bind to R341 in EcMraY (R340 in AaMraY) (Oluwole et al., 2022).
In our structure, we observed a long density tube at the dimer interface (Fig. 3.2A,
purple) that ends at R341 and is consistent with C55P (Fig. 3.2D). The role of this
putative binding site remains to be elucidated, and merits further studies.

A structural comparison of MraY dimers
Published MraY structures have shown significant variability in the distance be-
tween the monomers. This is especially noticeable when the structures are aligned
to a single MraY protomer. To compare the movement between dimers, we per-
formed a structural alignment to the periplasmic half of the MraY transmembrane
helices of a single protomer. This alignment was between the MraY of Aquifex
aeolicus without bound ligands, the AlphaFold predicted structure, and the protein
E-inhibited EcMraY (Fig. 3.3). The distance between the same residue (Asn223
in EcMraY) in each MraY monomer was calculated. The shortest distance was ob-
served in the unbound AaMraY structure, with a distance of approximately 11.4Å.
The AlphaFold 2.0 structures varied between 14.7Å and 16.2Å at the same residue.
The EcMraY structure was similar to the AlphaFold 2.0 predicted dimers, with a
distance of 15.7Å. Therefore, the MraY molecules in the unbound conformation
(PDB:4J72) have a shorter distance between dimers at the periplasmic face.
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Figure 3.2: Likely lipid densities bound in the YES complex
A, Cartoon representation of the YES(ID21) complex (gray) with likely lipid densities
in orange. Purple density is possible C55P. Inset shows possible phospholipid
densities. B, As in (A) with a 90° rotation viewed towards the active site cleft.
C, Accessible surface of EcMraY (cyan) and unmodeled densities (orange/purple)
that are likely a mix of lipids and detergent. The inset is a view of the periplasmic
cavity viewed from a removed monomer. D, Putative pocket (Oluwole et al., 2022)
for binding the phosphate of C55P. The putative binding residues and the modeled
C55P (purple) are shown as sticks.
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Figure 3.3: Structural alignment of MraY dimers
Structural alignment between EcMraY, AaMraY, and the predicted AlphaFold stuc-
tures. A, Structure of the 𝛼-carbon atoms of EcMraY within the YES complex
(PDB:8G01) (sticks, Viridis). The distance between residue R341 to the opposing
protomer at the same residue is 15.7 Å. B, Stick models of the 𝛼-carbon atoms of
AaMraY from AlphaFold 2.0 (light blue and navy blue) and the apo-crystal structure
(PDB:4J72, green). The AlphaFold 2.0 models shown were selected by the longest
(light blue) and shortest (navy blue) distance between protomers. C, Structural
alignment between a single protomer of both AlphaFold 2.0 predictions shown in
(B). The distance between residues R340 are 16.2 Åand 14.7 Årespectively. D,
As in (C), single protomer structural alignment between the shortest AlphaFold
2.0 predicted distance and the crystal structure (PDB:4J72, green). The distance
between residues R340 in the apo-structure is 11.4Å.

Periplasmic regulation of MraY
Penicillin-binding proteins (PBPs) play a crucial role in the synthesis of the bacterial
cell wall and their activity is located in the periplasm. PBPs catalyze the final steps
of peptidoglycan biosynthesis, cross-linking peptidoglycan strands, and maintaining
the structural integrity of the cell wall (reviewed in Sauvage et al., 2008). Pseu-
domonas aeruginosa uses two class A penicillin-binding proteins (aPBPs), PBP1a
and PBP1b, encoded by ponA and ponB respectively. These aPBPs are activated by
outer membrane lipoproteins LpoA (PBP1a) and LpoP (PBP1b), encoded by lpoA
and lpoP respectively (Fig.3.4A) (Greene et al., 2018; Paradis-Bleau et al., 2010).
The Bernhardt group developed a P. aeruginosa double knockdown ΔponB ΔlpoA
strain that produces only one aPBP, PBP1a, without its activator LpoA (Fig.3.4B)
(Greene et al., 2018). A spontaneous mutation in MraY (T23P) was found that
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Figure 3.4: Pseudomonas aeruginosa experimental scheme.
A, Activation scheme of PBP1a (light purple) by LpoA (dark purple) and of PBP1b
(pink) by LpoP (maroon). Inner membrane, outer membrane and peptidoglycan
are shown for reference. B, As in (A), Dotted and opaque molecules represent the
gene knockouts in the P. aeruginosa strain used in this study. An inactive PBP1b is
denoted by an asterisk (*). C, Hyperactive MraY mutants identified in this study.
The residue number corresponding to both species is shown on the left of the tables
as ’Res’. The corresponding amino acid at this position is shown for P. aeruginosa
(Pa) and E. coli (Ec). D, AlphaFold 2.0 predicted structure of PaMraY shown from
the dimer interface (left) or towards the active site (right). Residues identified in
this study are highlighted in a darker hue. Essential residues in the active site are
labeled in red.

rescued survival in minimal media. Suprisingly, the mutation T23P localizes to the
cavity on the periplasmic side of the MraY dimer far from the active site.

To understand the functional implications of the T23P mutation in MraY of Pseu-
domonas aeruginosa, a series of biochemical assays were implemented. These
assays were designed to quantitatively evaluate the mutation’s impact on the en-
zyme’s ability to synthesize lipid II. By comparing the enzymatic activity of the
T23P mutant with that of wild-type MraY, it was discovered that this mutant T23P
produced a higher lipid II output than in wild-type cells. Given the uncontrolled pro-
duction of lipid II, it was hypothesized MraY would sequester any available C55P,
which hinders its usage for synthesis of surface glycans such as O-antigen. This
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was shown to be the case as P. aeruginosa cells with a T23P MraY mutation which
had substantially less O-antigen than the wild type. Altogether these biochemical
assays showed hyperactivity of MraY caused by a mutation in the periplasmic face
of the protein. Further assays identified twenty-one additional mutants that rescued
the cell in the P. aeruginosa ΔponB ΔlpoA strain (Fig. 3.4C & 3.5). Interestingly,
none of these mutants were found at the active site. Instead, they were all located at
the MraY dimer interface and the periplasmic side of the protein (Fig. 3.4D).
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Figure 3.5: Multiple sequence alignment of representative MraY species
Structure based multiple sequence alignment using Promals3D with ClustalW col-
oring for residues. Secondary structure based EcMraY from the YES complex
structure is shown below the sequences, TMDs are colored as in viridis. Upside-
down triangles (▽) above the sequences denote mutants identified in this study
colored by weak (white), medium (orange), and strong (red) phenotype. Asterisks
(*) denote the dimer interface of MraY.
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Figure 3.6: Slab of MraY dimers colored by hydrophobicity
Surface model slabbed at the dimer interface of the structures of MraY from E. coli
(PDB:8G01), A. aeolicus (PDB:4J72), E. boltae (PDB:5JNQ), and the AlphaFold
2.0 prediction of P. aeruginosa MraY. Models are colored using the Kyte, Dootlittle
hydrophobicity scale (Kyte & Doolittle, 1982).

Both the A. aeolicus and E. boltae MraY structures revealed the presence of a
cavity located at the dimer interface that is lined by hydrophobic residues (Chung
et al., 2013; Hakulinen et al., 2017). This hydrophobic cavity is a conserved
characteristic of the enzyme (Fig. 3.6) and it was suggested that the unidentified
electron density within it could accommodate one or more lipid molecules. Although
it has been speculated to be C55P (Chung et al., 2013), the identity of the lipid has
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remained unclear. A recent study identified lipid molecules that co-purify with
MraY, including C55P, lipid I, and lipid II (Oluwole et al., 2022). Thus, MraY
may bind a lipid molecule within the dimer interface near the residues that we have
implicated in controlling the activity of the enzyme.

Clues to the potential identity of the lipid bound at the MraY dimer interface came
from structural analysis of EcMraY in complex with a phage-encoded inhibitor
(protein E) and the E. coli chaperone SlyD (YES complex) (Orta et al., 2023). We
leveraged the benefits of purifying EcMraY in the presence of SlyD and protein E to
obtain the structure of EcMraY(T23P) within the same complex (Fig.3.9 and Table
3.1). In both cases, electron density was observed at the MraY dimer interface.
Focused refinement of MraY alone in the EcMraY(T23P) complex substantially
improved the potential lipid density at the MraY dimer interface (Fig.3.9).

Similar to previous A. aeolicus and E. boltae MraY structures, this electron density
fills the hydrophobic cavity found at the MraY dimer interface. However, we
uniquely observed this electron density that extends into the periplasmic space above
MraY molecules, where the environment is more hydrophilic (Fig.3.6). Although
the density could not be conclusively modeled, the electron density is consistent
with a large head group such as the disaccharide-pentapeptide found on lipid II. The
structure of EcMraY (T23P) reveals a hydrogen bonding network between residues
Y21 in one protomer and Y227, and K358 in the second protomer (Fig.3.7). The
proline appears to stabilize a down conformation of residue Y21, which is further
enhanced by the tyrosine and lysine in the second molecule.

We wondered whether the gap between the MraY protomers was large enough to
allow lipid entry into the cavity. The Stansfeld group applied molecular dynamics
simulations for a deeper analysis of MraY in the lipid bilayer. The structure of
EcMraY from the YES complex (PDB:8G01) was used to perform coarse-grained
molecular dynamic simulations. The simulations consisted of MraY in a bilayer in
the presence of lipids C55P, C55PP, lipid I, or lipid II.

The coarse-grained simulations demonstrated that lipid I and lipid II spontaneously
would enter the periplasmic cavity with the highest occupancy time, while C55P and
C55PP occasionally enter but do not stably remain in the cavity. The phospholipids
from the bilayer did not enter the cavity during the simulations. These experiments
identified residues in which MraY putatively make contact with lipid II in nearly
100% of the experiments. Amongst these residues were Y21, T23, W217, F224,
Y227, and K358, identified in the previously described mutagenesis screening.
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Figure 3.7: Structural differences between the wild-type and the T23P MraY
mutant
A, Overlay of densities of MraY(WT) (EMD-29641)(green) and MraY(T23P) (pur-
ple) viewed in the plane of the membrane. B, Enlarged view of the densities around
the T23P mutant. Residues are shown in stick representation. Residues 21-23 are
labeled for reference. C, As in (B) for the wild-type complex. D, Hydrogen bonding
network observed in MraY(T23P) (left, purple) compared to WT (right, green) at
the mutagenesis site involving Y21, Y227, and K358. E, Similar to (D), overlay of
the two models highlighting the conformational differences of residue Y21.

Residues Y21, L22, T23, W217, G220, F224, A225, Y227, L228, G238, L347,
L354, K358 are neighboring the electron density in the periplasmic cavity of MraY.

The simulations showed that C55P-linked lipids, such as lipid I and lipid II, are
capable of entering the periplasmic cavity and have long occupancy periods before
exiting the cavity. Lipid I is not a periplasmic lipid, which suggests lipid II is
the likely electron density in the periplasmic cavity. This preferential binding was
evident in the higher binding constants observed for lipid II. Lipid II simulations
showed the carbon tails curling into the cavity, with the sugar and amino acid moieties
positioned towards the MraY periplasmic loops. In these simulations, two lipids
would occupy the cavity simultaneously. We observed similarities between these
putative lipid bound molecules and the electron density, including the curled carbon
tail, density that could account for two lipids, and a density above the periplasmic
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loops potentially accounting for the disaccharide-pentapeptide (Fig.3.8).

Figure 3.8: Lipid fitting into densities from Molecular Dynamics experiments
A, Electron density after the subtraction of density accounted for by MraY (orange).
View of the dimer interface of a single MraY molecule (gray, ribbon). One of the
orientations of the two lipid II molecules simulated by molecular dynamics (green,
stick) is fitted for reference into the density. B, Top view of model shown in (A).
The second MraY molecule is shown in a darker shade of gray.

3.3 Discussion
In this study, we have explored the interactions between MraY and specific lipid
molecules within the YES complex, particularly focusing on the structural and
functional implications of these interactions. Our findings highlight the crucial
role of lipid environments in stabilizing and regulating the MraY enzyme, a key
component in bacterial cell wall biosynthesis.

The identification of lipid densities around the membrane surface of MraY, espe-
cially at the dimer interface, points to a direct role of lipids in modulating the MraY
activity. Further insights were gained from the structural alignment between differ-
ent MraY configurations, revealing significant variability in the distance between
monomers across different species and conditions. These variations could poten-
tially explain the differential lipid binding patterns observed, suggesting that the
enzyme’s conformational flexibility might be a mechanism for adapting to various
lipid environments.

Outstanding questions remain regarding the role C55P takes in bacterial physiology,
and its potential as a target for antibiotics. Further studies are required to investigate
the mechanisms through which C55P gets distributed to different pathways. The
putative C55P density observed in our data merits further study, it is likely that
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lipid binding at this site is biochemically relevant. Further structural and mass
spectrometry studies with crosslinking lipids to MraY can conclusively identify this
lipid.

The presence of an occupied periplasmic hydrophobic cavity within the MraY dimer,
consistently observed across different studies, is likely to be a critical site for lipid
interaction. The biochemical analyses presented in this study detail MraY mutants
capable of suppressing an aPBP deficiency in E. coli and P. aeruginosa. We infer
this is through the saturation of lipid II bypassing the requirement for activators
LpoA and LpoB (LpoP in E. coli). These hyperactive MraY mutants are in the
periplasmic interface, distant from the active site in the cytoplasmic interface. As
demonstrated by mass spectrometry, these mutants produce large amounts of lipid II.
Additionally, the structural analysis of MraY provides new evidence of a periplasmic
lipid II binding site, particularly through the identification of a long curled density
at the dimer interface.

The application of molecular dynamics simulations has further elucidated the in-
teraction dynamics within the MraY lipid bilayer, revealing that lipid II can spon-
taneously enter the periplasmic cavity and remain there for extended periods. This
suggests affinity for lipid II over other phospholipids, C55P, and C55PP. In sum-
mary, our study provides compelling evidence that specific lipid interactions are not
merely supportive of MraY stability but are integral to its functional regulation. We
propose a feedback regulation mechanism where overproduction of lipid II leads to
binding MraY at the periplasmic cavity, inactivating MraY. These interactions high-
light potential targets for antibacterial strategies, especially through the design of
molecules that can alter lipid interactions at critical sites on MraY. Further research
into the detailed mechanisms of these interactions will be crucial in leveraging this
knowledge towards the development of novel antibacterial therapies.
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3.4 Methods
Expression and Purification of the YES Complex
The YES complex was expressed as described previously (Orta et al., 2023). Briefly,
ΔslyD BL21(DE3) competent cells were transformed with pET22b-SlyD1–154 and
pRSFDuetEcMraY-EID21, and plated in LB agar containing 35 𝜇g ml−1 kanamycin
and 100 𝜇g ml−1 ampicillin. The culture was grown in 2xYT media at 37◦C and
225 r.p.m., and induced at an OD600 of 0.9 with 0.4 mM IPTG at 18◦C overnight.
The culture was collected by centrifugation at 9,000 × g for 10 min at 4◦C, followed
by flash freezing.

The cells were lysed using an M-110L microfluidizer (Microfluidics) in 20 mM
Tris-HCl pH 7.5, 300 mM NaCl, 10% glycerol, 5 mM 𝛽-ME, 0.1 mM phenylmethyl
sulfonyl fluoride, and 0.1 mM benzamidine. The lysate was cleared by a 20-min
centrifugation at 22,000 × g. The membrane was isolated by ultracentrifugation at
167,424 × g and solubilized in 10 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol,
5 mM 𝛽-ME, 0.1 mM phenylmethyl sulfonyl fluoride, 0.1 mM benzamidine, 10 mM
imidazole, and 1% DDM. The extract was cleared by ultracentrifugation and then
nutated with 1 ml NiNTA resin (Qiagen) at 4◦C for 2 hours. The resin was washed
with 5 CVs of wash buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol,
5 mM 𝛽-ME and 0.03% DDM) with 10 mM imidazole and eluted in 20 ml of
wash buffer containing 200 mM imidazole. The eluent was further purified by size
exclusion chromatography (Superdex 200 5/150 GL, Millipore Sigma) in 10 mM
HEPES pH 7.5, 75 mM NaCl, 5% glycerol, 5 mM 𝛽-ME and 0.03% DDM. Fractions
were assessed by SDS–PAGE, concentrated, and directly used for cryo-EM sample
preparation.

Sample Preparation for Cryo-EM
The protein sample was diluted to a concentration of 5 mg ml−1 in 10 mM HEPES
pH 7.5, 75 mM NaCl, 2% glycerol, 5 mM 𝛽-ME, 0.03% DDM, and 1 mM E. coli
total lipid extract (Avanti Polar Lipids, 100600P). Quantifoil holey carbon films
R1.2/1.3 300 mesh copper grids (Quantifoil, Micro Tools) were glow discharged
with a 2 min 20 Å plasma current using a Pelco easiGlow, Emitech K100X. Grids
were prepared using a Vitrobot system (FEI Vitrobot Mark v4 x2, Mark v.3) by
applying 3 𝜇l of 5 mg ml−1 YES (T23P) complex onto the grid, followed by a 3.5s
blot using a +8-blot force and plunge frozen into liquid ethane.
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Data Acquisition and Analysis
Datasets were collected at ×105,000 magnification with a pixel size of 0.416 Å
pixel−1 using a 300 kV cryo-TEM Krios microscope equipped with a Gatan K3
6k × 4k direct electron detector and a Gatan energy filter (slit width 20 eV) in
super-resolution mode using Serial EM. Movies with 40 frames were recorded with
a total exposure dose of 60 e− Å−2 and a defocus range of −1.0 to −2.5 𝜇m. A total
of 7,083 movies were gain reference and motion corrected using the patch motion
correction built-in function in cryosparc (v.3.3.2) with a 2-fold bin that resulted in
a pixel size of 0.832 Å pixel−1 (Punjani et al., 2017). The contrast transfer function
(CTF) was estimated using CTFFIND4 (Rohou & Grigorieff, 2015). A total of
3,885,223 particles were obtained by template picker using PDB 8G01 (Orta et al.,
2023) as reference. Four ab-initio models were obtained using 500,000 particles,
from which the best and worst volumes were used to sort 4x binned particles through
heterogeneous refinement.

Iterative rounds of heterogeneous and non-uniform refinement were performed be-
fore re-extracting particles using a 2x bin. This process was continued and the
resulting particles were re-extracted using a 1.3x bin. After several rounds of het-
erogeneous and non-uniform refinement, 575,243 particles were extracted without
binning and used to create a map through non-uniform refinement. Using the MraY
model from PDB 8G01, a mask covering only the density encompassing MraY was
created using ChimeraX (Pettersen et al., 2021). Density outside of this mask was
removed using particle subtraction, followed by ab-initio modelling. The best fitting
map was then used for further refinement using global CTF, heterogeneous, and
non-uniform refinement. The final map with a 3.8 Å resolution was composed by
287,765 particles and sharpened using the autosharpen module in PHENIX-1.19.2.
The data processing pipeline is summarized in Figure 3.9. The data collection,
refinement, and validation statistics can be found in Table 3.1.
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Figure 3.9: CryoEM data processing of EcMraY(T23P)
Processing was done using cryosparc v3.2.0. The order of processing follows the
arrows. The number of particles after each step is shown. Local resolution is shown
in a Viridis color scheme ranging from 3.5Å(yellow) to 6.0Å(purple) resolution.
Overall GSFSC resolution was determined on cryosparc.
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Table 3.1: EcMraY - Cryo-EM data collection, refinement, and validation
statistics

EcMraY
(EMDB:41373)
(PDB: 8TLU)

Data collection and processing
Microscope FEI Titan Krios
Magnification 105,000
Voltage (kV) 300
Electron exposure (e–/Å2) 60
Defocus range (𝜇m) -1 to -2.5
Pixel size (Å) 0.832
Symmetry imposed C1
Initial particle images (no.) 3,885,223
Final particle images (no.) 287,765
Map resolution (Å), FSC threshold 3.8, 0.143

Refinement
Software PHENIX 1.19.2
Initial model used (PDB code) 8G01
Resolution of unmasked reconstructions (Å, FSC=0.5) 4.1
Resolution of masked reconstructions (Å, FSC=0.5) 3.8
Correlation coefficient (CCmask) 0.76

Model composition
Atoms (Hydrogens) 11180 (5703)
Protein residues 698
Ligands 0

B factors (Å2)
Protein (min/max/mean) 20.34/79.77/41.69
Ligand -

R.m.s. deviations
Bond lengths (Å) 0.003
Bond angles (°) 0.536

Validation
MolProbity score 1.43
Clashscore 7.87
Poor rotamers (%) 0

Ramachandran plot
Favored (%) 98.40
Allowed (%) 1.60
Disallowed (%) 0
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84

ABSTRACT

The study presented here explores the adaptability and efficacy of ΦX174 bacte-
riophage protein E as a broad-spectrum MraY inhibitor across different bacterial
species, including Gram-positive. As a proof of concept, we select for protein E
variants that inhibit the Gram-positive Bacillus subtilis MraY. Utilizing deep mu-
tational scanning, we identify a double mutant of protein E that includes a residue
previously characterized as essential for lysis. In this work, we demonstrate that
truncations at the N-terminus of protein E and a C-terminal fusion to lysozyme res-
cues the ability of protein E to lyse BsMraY-expressing E. coli. The study highlights
the role of specific residues that are critical for the protein E mechanism of action
and its potential expansion as a generalized antibacterial agent.
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4.1 Introduction
The lytic activity of protein E makes it an attractive tool for the development of novel
antibacterial agents. It has been observed that expression of recombinant protein
E can cause host lysis as soon as 20 minutes after induction in actively growing
bacteria (Bernhardt et al., 2000).

Figure 4.1: EcMraY conservation of the
substrate binding regions. MraY dimer
(PDB:8G01) with one protomer shown as
a surface model (gray) and the second in
ribbon colored by conservation using a
representative species alignment. Lower
conservation is shown in red, higher con-
servation in blue. The periplasm (Peri)
and cytoplasm (Cyto) are annotated for
reference.

Protein E-mediated lysis has been
demonstrated in all tested Gram-
negative species to date (Cai et al.,
2013; Marchart et al., 2003; Muham-
mad et al., 2019; Simon et al., 2011;
Szostak et al., 1996). In contrast,
Gram-positive species are thought to
be resistant to lysis induced by pro-
tein E. For instance, heterologous ex-
pression of protein E in the Gram-
positive Staphylococcus carnosus failed
to produce host lysis (Halfmann et al.,
1993). Moreover, it has been estab-
lished that replacing the endogenous
MraY in E. coli with its homolog from
the Gram-positive Bacillus subtilis pre-
vents protein E-mediated lysis (Zheng
et al., 2008). This finding suggests
that intrinsic differences in the MraY
sequences between Gram-negative and
Gram-positive bacteria may determine
their susceptibility to inhibition by pro-
tein E.

The first goal in the design of a generalized protein E is to optimize a sequence that
can bind to MraY homologs from Gram-positive bacteria. Although the soluble
substrate binding site is conserved, significant sequence and structural variability
is observed in the periplasmic-facing loops connecting the transmembrane helices,
which includes the lipid binding site (Fig. 4.1). Intriguingly, most mutations in
MraY that confer resistance to protein E are localized to this region and some are
already present in Gram-positive homologs. For example, the phenylalanine at
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position 288 in E. coli is replaced by leucine in both E. bolteae and C. difficile
and by isoleucine in B. subtilis—all Gram-positive species. Additionally, proline
at position 170 in E. coli is typically replaced by bulkier residues in Gram-positive
species. These substitutions at F288 and P170 might partially account for the
disrupted binding of protein E to MraY in these homologs.

Another requirement for protein E-mediated lysis is the presence of the chaperone
SlyD, which is absent in Gram-positive bacteria. It was previously established
that the proline residue at position 21 of protein E is essential for lysis (Tanaka &
Clemons Jr, 2012; Witte et al., 1997). Initially, several hypotheses were proposed to
explain this requirement. One such hypothesis suggested that the prolyl-isomerase
chaperone SlyD facilitated the isomerization of P21, which was thought crucial for
membrane insertion. However, this hypothesis was disproved when ΦX174 protein
E mutants L19F and R3H, called Epos, were found to bypass the requirement for
SlyD (Roof et al., 1994). These mutants occur naturally in the G4 phage within the
Bullavirinae species and are silent mutations in gene D, which encodes a procapsid
scaffolding protein. From the YES structure (Chapter 2), it was suggested that the
L19F mutant allows for 𝜋-stacking with residue F182 in EcMraY. It has been noted
that phenylalanine residues contribute to the stabilization of membrane proteins
(Steindorf & Schneider, 2017). The R3H mutant is believed to facilitate membrane
insertion in accordance with the positive-inside rule (vonHeijne, 1989). These
findings, coupled with the YES structure, support the notion that the role of SlyD is
primarily for protein stability.

Further studies on protein E have refined our understanding of the minimal regions
required for its inhibitory action. It has been demonstrated that truncating the first
ten N-terminal residues does not substantially affect the lytic activity (Tanaka &
Clemons Jr, 2012). Interestingly, truncation of the C-terminus appears to compro-
mise protein E stability; however, this stability can be restored by fusion to soluble
globular proteins such as maltose-binding protein (MBP) and lysozyme (Buckley &
Hayashi, 1986; Maratea et al., 1985). For instance, a truncated version of protein E,
comprising only the first 29 amino acids, exhibits inhibitory properties when fused
to MBP (Tanaka & Clemons Jr, 2012). The shortest length tested that was viable
for lysis included the N-terminal ten residue truncation and a lysozyme fused at
position 29, which contained only residues 11-28 of protein E from ΦX174 (Tanaka
& Clemons Jr, 2012).

Bacillus subtilis serves as a model organism for Gram-positive species, widely
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used in molecular biology due to its non-pathogenic nature and well-documented
genetic accessibility. As previously described, protein E appears unable to inhibit
BsMraY, likely due to low affinity (Zheng et al., 2008). In this study, we extend
our exploration into engineering protein E through various strategies, including
mutagenesis, deletions, and protein fusions. Our objective is to develop protein E
into a versatile MraY inhibitor by specifically targeting the Bacillus subtilis MraY
homolog.
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4.2 Results
To pursue the mutagenesis of protein E towards a generalized MraY inhibitor, deep
mutational scanning was applied to assay a broad range of mutants in a high-
throughput manner. Deep mutational scanning has emerged as a transformative
technique in the field of protein engineering, providing a comprehensive approach to
understanding protein function and enhancing protein design. This high-throughput
method involves creating a library of protein variants covering every possible amino
acid substitution at regions of interest in the protein sequence. These variants are
then expressed in a suitable system, in this case E. coli, and subjected to a selection
process from which each mutant is enriched at different ratios.

Library Screening
The Epos mutants evolved in a ΔslyD background and are beneficial mutations for
protein E while being silent in protein D (Roof et al., 1994). Despite being one of
the few allowed mutations, L19F appears to greatly enhance the affinity of protein E
for MraY, which is surprising as it is not found broadly in ΦX174 variants. We used
deep mutational scanning to search for mutations that select for protein E-induced
cell death, without the constraints of being embedded in protein D. We developed
a BL21 E. coli strain where the wild-type E. coli mraY gene was replaced with B.
subtilis mraY. This was accomplished using the INTEGRATE system, which allows
for the insertion of transposable elements by guide RNA-assisted targeting (Vo et al.,
2021). This method yielded a new E. coli strain that mostly relies on BsMraY for
survival. Of note, PCR experiments showed that 100% insertion efficiency was
not attainable, and therefore EcMraY is still present at low quantities in this cell
population. This cell strain BL21-Gold ΔmraY +mraYBs, is hereby referred to as
BL21-BsmraY.

We targeted the site-saturation library to assay residues around the essential proline at
position 21 (Tanaka & Clemons Jr, 2012). This library limited the codon variability
to only G and T bases at the wobble position, reducing the number of codons
generated at each position from 64 to 32, while still including every amino acid
mutant (NNK) (Acevedo-Rocha et al., 2015). Two libraries were generated, NNK2
and NNK4, with 2 (F19,P21) and 4 (F19, P21, S22, and L23) residues targeted
for mutagenesis, respectively. Overall, the NNK2 library can generate 400 unique
protein variants and the NNK4 library can generate 160,000 unique protein variants.
In this study we developed a survival assay, through which protein E variants that
are non-lytic remain in the cells, while lytic variants lyse the host and get released in
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the media (Fig. 4.2A). By Next Generation Sequencing of the resulting supernatant,
we observed that a double mutant (L19V P21S) of protein E was the most prevalent
variant in a wild-type E. coli background. The proline residue at position 21 has
been shown to be essential for lysis (Tanaka & Clemons Jr, 2012; Witte et al.,
1997). It is intriguing that a mutation at position 21 is possible without the loss of
function and that this is accompanied by a second mutation at position 19. Lysis
assays corroborating the efficiency of this mutant were performed in E. coli BL21,
with a cell lysis profile comparable to the wild-type protein E (Fig. 4.2C). This
result merits further research.

Figure 4.2: Protein E mutant selection, isolation and characterization.
A, Schematic of the protocol followed for the isolation of lytic mutants. A cell
culture with a NNK E library is transformed onto cells where the cells are pelleted
and the release supernatant is isolated. The DNA is extracted and labeled for
analysis. Primer P7.2 is used as a label with a different sequence per sample for
analysis purposes. B, Structure of protein E from the YES complex. Inset shows
the residues targeted in this mutagenesis screen. C, Cell growth as a function of
time of E. coli upon induction of the protein E mutant L19V, P21S.

Truncation Tests
The majority of the MraY mutants that confer resistance to protein E were at the
interface with the N-terminus of protein E (Fig. 4.3A). We hypothesized that an
N-terminally truncated protein E might bind and inhibit B. subtilis MraY.

The substitution of E. coli MraY with the B. subtilis homolog conferred cells with the
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ability to withstand the recombinant expression of wild-type protein E (Fig. 4.3B).
We then used truncated forms of protein E in IPTG-inducible expression vectors
to test for cell lysis in the BL21-BsmraY strain. Truncations of the first 9 (EΔN9)
and 10 (EΔN10) residues (retaining the N-terminal methionine) were tested and the
cell growth profiles upon IPTG induction are shown in Figure 4.3B. Interestingly,
mutants EΔN9 and EΔN10 caused a defect in growth. This is distinct from the effect
in wild-type BL21 E. coli where EΔN10 lysed with a similar profile to wild-type
protein E.

Figure 4.3: N-terminal truncations of protein E
A, Structure of the YES complex (PBD:8G01) with inset showing the protein
E resistant mutant positions in EcMraY (top). Predicted structure of BsMraY
structurally aligned to the YES complex (bottom) showing putative position of
MraY relative to protein E. Residues shown in BsMraY are the those corresponding
to the protein E resistant mutants in E. coli. B, Lysis assay measuring cell density
of BL21-Gold ΔmraY +mraYBs as a function of time after induction of WT protein
E (circles), truncations of the first 9 residues of protein E (triangles), truncations of
the first 10 residues of protein E (squares).

E-lysozyme
Protein E requires the host chaperone SlyD for stabilization. This dependency on
SlyD for wild-type protein E may be another barrier for function in Gram-positive
bacteria. slyD is only found in Gram-negative species and it is unlikely that protein
E will be stabilized by a different chaperone posing another barrier for function
in Gram-positive bacteria. To address this, we turned to a chimera of protein E
with an inactive lysozyme appended after the transmembrane domain (Tanaka &
Clemons Jr, 2012). We further hypothesized that the L19F mutant would also be
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stabilizing for the interaction with BsMraY.

We expressed protein E(L19F)-lysozyme in BL21-BsmraY and observed the growth
profile upon induction. The expression of protein E(L19F)-lysozyme led to a
lytic phenotype (Fig. 4.4A). Due to this observation, we wondered if a stable
complex similar to YES could be isolated. For this, we generated a pRSFDuet
vector containing protein E(L19F)-lysozyme-His6 in MCS1 and BsMraY-StrepTag
in MCS2. Cells were lysed, the membrane was pelleted, and protein was extracted
in DDM. After NiNTA pull-down, we were unable to conclusively confirm the
complex had been purified. Analysis of these results awaits further study.

Figure 4.4: Truncated E and fusion lysis assays
A, Lysis assay measuring cell density of BL21-Gold ΔmraY +mraYBsas a function
of time after induction of WT E (circles) and E(L19F)-Lysozyme (triangles). B, As
in (A), cell density plot against time upon induction of truncations of the first 10
residues of E(L19F) (squares), E(L19F)-Lysozyme (triangles), and WT E (circles).
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4.3 Discussion
The exploration of ΦX174 protein E as a broad-spectrum antibacterial agent, par-
ticularly its application beyond its native context, is an important step towards
development of protein E as a tool. Our findings extend the understanding of pro-
tein E interactions with MraY, underscoring the critical role of specific amino acids
in its mechanism of action. The mutagenesis studies focusing on the L19F and R3H
mutations elucidate how subtle alterations can drastically enhance the capability
of protein E to interact with and disrupt the function of MraY in Gram-negative
bacteria. This increase likely reflects a stabilization of protein-protein interactions
in the membrane.

Efforts to extend the application of protein E to Gram-positive species have faced
challenges, likely due to the inherent sequence differences in MraY releative to
Gram-negative species. The inability of protein E to effectively inhibit BsMraY sug-
gests a possible differences in the lipid substrate binding. These insights highlight
the necessity for a targeted approach when designing broad-spectrum antibacteri-
als. The data from the BsMraY experiments, including the use of IPTG-inducible
expression systems and mutagenesis libraries, reveal that while the adaptation of
protein E to new targets is feasible, it requires precise modifications.

The integration of a lysozyme fusion strategy represents a simple approach to over-
coming the stability issues associated with truncated forms of protein E. This strategy
bypasses the requirement for SlyD . The preliminary results from the E(L19F)-
lysozyme construct are promising, indicating that such chimeric proteins could
maintain lytic activity beyond E. coli MraY.

In conclusion, while the extension of the protein E lytic activity to Gram-positive
bacteria remains a complex challenge, these studies illustrate conditions in which
protein E can interact with BsMraY. Continued exploration of protein engineering,
coupled with deep mutational scanning and structural analysis will allow overcoming
barriers posed by diverse bacterial sequences.
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4.4 Methods
Transposition of B. subtilis MraY into E. coli
The cargo block in pSPIN (Addgene, pSL1425) was substituted with mraYBs (strain
168) . The pSPIN-BsMraY plasmid was then used to transform E. coli BL21 Gold.
The cells were recovered for 1 hour at 37°C with shaking at 225rpm and plated
onto 50ug/mL streptomycin selection plates. The colonies were then restreaked
onto streptomycin plates supplemented with 0.1mM IPTG and allowed to grow at
room temperature for 36 hours. Successful replacement of mraYEc with mraYBs

was confirmed through colony PCR. Colonies were grown in 5mL of LB overnight
at 37°C with shaking at 225rpm. Glycerol stocks were then prepared to a final
concentration of 25% glycerol, flash frozen, and stored at -80°C for future use.

Plasmid library design and construction
An oligo-library was designed using error-prone nucleotides, oPools (IDT), of the
nucleotide sequence corresponding to the transmembrane domain residues 2 through
29 of protein E from ΦX174. Primers were designed to contain the wild-type
nucleotide sequence with a randomization of each codon at all three bases using
“N”, which assigns a canonical nucleotide at random. This was repeated with every
codon accounting for residues 2 through 28. Additionally, every primer contained
a 5’ NcoI cut site and a 3’ BsmbI cut site. Base pairs 87-273 were amplified with
an additional 5’ BsmbI cut site and a 3’ SacI cut site. The primers were used to
amplify the transmembrane domain of protein E using Q5 DNA polymerase (NEB).
The amplified product was digested with 1 unit of restriction enzyme for 2 hours at
55°C. The fragments were then ligated using KLD (NEB) and incubating at 55°C
for 1 hour. The product was then used to transform BL21-DE3 competent cells in
triplicate. The cells were allowed to recover for 1 hour with shaking at 225rpm at
37°C in SOC media and plated in LB plates supplemented with 35 mg/L Kanamycin.
18,000 colonies were established as the minimal requirement for this transformation
as it accounts for the number of variants required to encompass all mutations.
The colonies were pooled together into 50 mL of LB media supplemented with
35mg/mL Kanamycin and incubated overnight with shaking at 225rpm at 37°C.
The cells were then harvested and DNA extracted by midi-prep (Qiagen). Three
libraries were generated from the same PCR product for statistical analysis. This
method was repeated to generate the NNK libraries 2 (F19,P21) and 4 (F19, P21,
S22 and L23) using Epos as template. The libraries were confirmed by the isolation
of a single colony in LB+Kan plates, miniprep plasmid purification, and Primordium
full plasmid sequencing.
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Survival assay
BL21-Gold and BL21-GoldΔmraY +mraYBs were transformed with 200ng of the
transmembrane library and grown directly in 40mL LB + Kanamycin to an OD600
of 0.5. The culture was then split into three 10mL culture tubes, one of which was
harvested proceeded by DNA extraction of the pre-induction cells. One sample
was then induced with 0.4mM IPTG while the other was grown under the same
conditions as a control. After a 4-hour induction, the cells from both induced and
uninduced samples were harvested at 6000rpm 4°C followed by mini-prep DNA
extraction. This protocol was repeated with the replicate transmembrane libraries.

Twelve samples were obtained and the genes encoding for protein E within each
sample were labeled with Illumina Index primers using NEBNext Multiplex Oligos
for Illumina as follows:

Index Cell strain IPTG
1 BL21-Gold ΔmraY +mraYBs +
2 BL21-Gold ΔmraY +mraYBs -
3 BL21-Gold ΔmraY +mraYBs +
4 BL21-Gold ΔmraY +mraYBs -
5 BL21-Gold ΔmraY +mraYBs +
6 BL21-Gold ΔmraY +mraYBs -
7 BL21-Gold +
8 BL21-Gold -
9 BL21-Gold +
10 BL21-Gold -
11 BL21-Gold +
12 BL21-Gold -

The libraries were then sequenced using a 50 base-pair paired end flow cell with one
million reads per sample using an Illumina HiSeq2500 high throughput sequencer
at the Millard and Muriel Jacobs Genetics and Genomics Laboratory - Caltech.
The results were multiplexed based on the index sequence. The adapter sequences
were removed and filtered on a minimal length of 75 base pairs using Fastp through
the Galaxy server (Chen et al., 2018; The Galaxy Community et al., 2022). The
filtered sequences were then analyzed as translations and the amino acid count was
then compared to the wild-type sequence and plots were generated using Enrich2
(Fowler & Fields, 2014).

Mutant screening
The highest count mutant in the wild-type E. coli assay was tested for lytic efficiency
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by a lysis assay. The plasmid was isolated by plating and single colony selection
followed by Primordium sequencing, which was then used to transform BL21 Gold
competent cells. The cultures were grown in 100uL aliquots using a plate reader
Infinite M Nano+ (Tecan, Switzerland) with shaking at 220rpm incubated at 37°C.
Once the cell density reached early to mid log phase, the cultures were induced with
0.5mM IPTG and cell density was measured in 5 minute intervals.
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C h a p t e r 5

CONCLUDING REMARKS
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The recently elucidated structures of E. coli MraY in complex with viral protein E and
the chaperone SlyD offer insights into the inhibition of peptidoglycan biosynthesis,
a critical aspect of bacterial cell wall synthesis. These structures, protein E from
ΦX174 and Bullavirinae relative ID21, provide a detailed view of the YES complex,
highlighting the simplicity of the protein E mechanism of inhibition. Protein E
binding within the active site cleft of MraY both obstructs the lipid substrate access
and precludes active-site residues from conformational changes.

The role of SlyD is crucial but indirect; it stabilizes the inhibited complex by
binding to the cytoplasmic domain of protein E, enhancing the overall structural
stability of the complex, without being involved directly in the inhibition mechanism
itself. The intial binding of SlyD to protein E likely is initiated by the presence of
proline residues in the unstructured C-terminal domain. SlyD not only binds the
hydrophobic face of the cytoplasmic helix of protein E, but also orders the C-terminal
tail of the opposite protein E molecule likely protecting it from degradation. Thus,
protein E brings together two E. coli proteins, MraY and SlyD, that would otherwise
not interact. This is likely a coincidence of evolution and the constraints of small
phage genomes against evolution.

The structure enhances our understanding of MraY inhibition by the phage derived
protein E and also serves as a template for exploring novel antibacterial strategies.
The structural studies have uncovered previously unresolved features of EcMraY,
providing insights into essential loops and lipid densities that underscore the impor-
tance of the C55P binding site at the dimer interface. These findings are instrumental
in advancing our knowledge of bacterial cell wall synthesis.

The feedback regulation of MraY provides insights into the distribution of the shared
C55P lipid carrier among various glycan biogenesis pathways. The enzyme’s ability
to catalyze the formation of lipid-linked peptidoglycan precursors marks a pivotal
step in bacterial cell wall synthesis. In this work we show substantial evidence that
the regulatory mechanism of MraY is mediated by feedback inhibition involving
periplasmic lipid II, a derivative of the product lipid I, which accumulates under
specific cellular conditions. This feedback inhibition ensures that MraY activity is
adjusted in response to the availability and demand for lipid II, thereby balancing
its production. The observation that the MraY(T23P) mutation can increase lipid II
levels and compensate for deficiencies in peptidoglycan biosynthesis underlines the
enzyme’s role in managing cellular resource allocation.

Further supporting this model, biochemical assays with purified MraY variants
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illustrate that the enzyme’s regulatory control is intrinsic and not dependent on
additional proteins. This finding is critical because it shows that MraY can au-
tonomously adjust its activity based on the lipid II levels within the cell, which
acts as a feedback signal. Molecular dynamics simulations and structural analyses
suggest that the regulatory effect is exerted through specific binding interactions at
the MraY dimer interface. These interactions likely affect the enzyme’s activity by
altering the structural dynamics necessary for its catalytic function. This regulatory
mechanism underscores the importance of MraY in peptidoglycan biosynthesis but
also positions it as a potential target for novel antibacterial strategies. Historically,
targeting the active site of MraY has proven to be difficult as potential molecules
must cross two membranes in diderms. Having a periplasmic regulatory site allows
for new approaches towards targeting MraY to disrupt bacterial cell wall synthesis
selectively in a more accessible manner.

Outstanding questions behind the regulatory mechanisms of MraY and the inhibi-
tion by protein E remain. Future work should aim at further detailing the lipidic
environment and requirements for MraY. The putative C55P binding site near the
dimer interface presented by Oluwole et al. is consistent with our electron density
should to be further studied. It is unknown whether binding at this site in our maps is
physiologically relevant, or an artifact of purification. Additionally, we underscore
the importance of the periplasmic lipid binding site for regulation of Gram-negative
MraY. This regulation was consistently observed in both P. aeruginosa and E. coli.
An interesting remaing question is whether the Gram-positive MraY homologs also
are regulated this way.

Our investigations into the interactions between protein E and the enzyme MraY have
identified critical amino acids that play key roles in the mechanism of inhibition.
However, expanding the scope of the protein E antimicrobial activity to include
Gram-positive bacteria presents significant challenges, primarily due to sequence
variations in MraY across different bacterial classes. The ineffectiveness of wild-
type protein E against BsMraY highlights these challenges, pointing to differences
in the the interfaces that may influence lipid-substrate binding. This underscores
the need for a highly targeted approach in the development of broad-spectrum
antibacterials. Moreover, the adoption of lysozyme fusion strategies to improve the
stability and efficacy of protein E variants, like the E(L19F)-Lysozyme constructs,
shows promise in inhibition of Gram-positive MraY. These approaches in protein
engineering and the encouraging preliminary results mark significant strides towards
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expanding the utility of phage-derived lytic proteins, potentially paving the way for
novel treatments against a diverse array of bacterial pathogens.


