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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 V-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 QV 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 theBullavirinae 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 V 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. coliMraY. 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



10

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 V 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



21

in detergent from either the thermophilic Gram-negativeAquifex 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 (O), EcSlyD154 (�), EcSlyD Y68K (�), or TtSlyD
(4). B, Similar to (A), lysis assay in a ΔslyD background with empty vector (O),
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 U3 co-expressed with
SlyD154.
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Figure 2.3: The structure of theYES 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.



27

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).




