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Abstract 

 

 The bacterial cell wall plays a crucial role in cellular viability and is an important drug 

target. The bacterial cell wall is constructed using a complex biosynthetic pathway, which 

ultimately terminates in the activity of peptidoglycan synthases. These synthases act to polymerize 

the lipid-linked cell wall precursors and crosslink these strands into the existing sacculus.  The 

activity of these synthases can be modulated in two key ways. First, there are proteins which 

modulate the type of synthase activity. In most bacteria, the peptidoglycan synthase crosslinking 

reaction uses D,D-transpeptidase activity. However, an alternate crosslinking mechanism 

involving the formation of a complex between peptidoglycan synthases and the L,D-transpeptidase 

YcbB can lead to bypass of D,D-transpeptidation, β-lactam resistance, typhoid toxin release, and 

stress linked cell wall crosslinking. Second, there are proteins which associate with peptidoglycan 

synthases to stimulate or inhibit the canonical synthase activity. In E. coli, there are the positive 

regulators LpoA and LpoB, and the negative regulator CpoB. These proteins seen in E. coli are 

conserved across a large number of Gram-negative organisms, though the human pathogen P. 

aeruginosa is seen to have an alternative to LpoB, known as LpoP. Here, we provide insight into 

the structure and function of YcbB and LpoP. We show that the crystallographic structure of YcbB 

from E. coli, S. Typhi, and C. rodentium consists of a conserved L,D-transpeptidase catalytic 

domain, substrate capping loop subdomain, peptidoglycan-binding domain and scaffolding 

domain. Meropenem and ertapenem acylation of YcbB gives insight into inhibition by 

carbapenems, the singular antibiotic class with significant activity against L,D- transpeptidases. 

Additionally, we probe the interaction network of this pathway, assay β-lactam resistance in vivo, 

and provide insight into the role of YcbB in acute bacterial infection. Second, we show that the 
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crystallographic structure of LpoP consists of tandem tetratricopeptide repeats, distinct from the 

structure of the canonical LpoB. Using in vitro glycosyltransferase and transpeptidase assays, we 

compare and contrast the structure of LpoP- and LpoB-PBP1b systems. As a whole, this thesis 

provides insight into both forms of modulation of peptidoglycan synthase activity and lays the 

groundwork for further understanding of this complex biosynthetic pathway. 
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Lay Summary 

 

Bacteria have a wall around their cells, which is important to the maintenance of bacterial 

life. This cellular wall is made through the use of a complex set of stepwise enzymatic reactions. 

This set of reactions, or pathway, terminates with enzymes called peptidoglycan synthases. These 

enzymes perform the last two steps in the pathway. Due to the complexity of bacterial life, these 

enzymes are tightly controlled, and their activity can be modulated by other proteins. Two such 

proteins which can modulate the activity of these peptidoglycan synthases are YcbB and LpoP. 

YcbB acts to change the way in which the synthase performs its final step, while LpoP acts to 

stimulate both of the normal activities of the synthase. In this work, we show the structure of both 

YcbB and LpoP and provide crucial insight into their modulation of the synthases. This work can 

assist in the development of better antibiotics. 
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Chapter 1: Introduction 

 

1.1 Introduction to peptidoglycan biosynthesis 

 

The bacterial cell wall, and the unique enzymes and chemistries responsible for its 

biogenesis remain as attractive targets for the development of novel antibiotics. The effectiveness 

of disrupting peptidoglycan (PG) synthesis for treating bacterial infections is long proven and best 

exemplified by β-lactam antibiotics, which inhibit penicillin-binding proteins (PBPs) from 

catalyzing the crosslinking transpeptidation of PG (King, Sobhanifar, and Strynadka 2016). PG is 

composed of polymerized glycan strands of alternating β-1-4 linked N-acetylglucosamine 

(GlcNAc) and N-acetylmuramic acid (MurNAc), with the latter covalently bound via the D-lactoyl 

moiety to characteristic pentapeptide “stems” (commonly L-Ala-γ-D-Glu-meso-DAP (or L-Lys)-

D-Ala-D-Ala where DAP is diaminopimelic acid). Crosslinking of adjacent glycan strands 

generally occurs between the carboxyl group of the penultimate D-Ala at position 4 and the amino 

group of the diamino acid at position 3, either directly or through a short peptide bridge, with the 

terminal D-Ala lost during the reaction. PG crosslinking is essential for the strength and viability 

of a bacterium and disruption of any step of PG biosynthesis, up to and including the late stage 

transpeptidation, typically results in cell death of bacteria in their physiological environs (Fleming 

1929; Liu and Tomasz 1985; Tomasz 1986). Despite several decades of successful efforts to 

effectively target PG biosynthesis by the pharmaceutical industry, specifically PBP mediated 

transpeptidation, bacteria have inevitably developed a variety of mechanisms of resistance to these 

antibiotics. Examples include expression of β-lactam hydrolyzing enzymes known as β-

lactamases, production of PBPs with low affinity for β-lactams, and particularly in Gram-negative 
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bacteria, utilization of drug efflux pumps (Sobhanifar, King, and Strynadka 2013). Another 

resistance mechanism of particular relevance to this is thesis is that of the L,D-transpeptidase 

YcbB, which has been shown to provide resistance to β-lactams through the formation of an 

alternate PG synthase complex with canonical PG synthase machinery (Hugonnet et al. 2016; 

Caveney et al. 2019). While research into developing novel β-lactams, new classes of 

transpeptidase inhibitors and combinatorial strategies for combating the resistance crisis are 

ongoing, this represents only a molecular tip of the potential multi-enzyme PG pathway to be 

capitalized on therapeutically. A major hurdle in this regard has been the lack of atomic level detail 

on many of the critical enzymes in the pathway, particularly those spanning or associated with the 

cytosolic membrane. Several recent structures however have now helped pave the way for future 

drug discovery efforts. Notably, peptidoglycan is initially synthesized in the cytoplasm on a lipid 

carrier, commonly undecaprenyl phosphate (C55-P), with lipid-bound precursors then necessarily 

flipped across the membrane for covalent attachment of the polar “head” groups onto the existing 

cell wall in the periplasm. Subsequent recycling of the released lipid carrier back to the cytoplasmic 

leaflet for PG biogenesis to continue efficiently is also an essential and catalyzed end point of the 

process. The lipid carrier is an energetically costly molecule to synthesize and potentially 

membrane perturbing at high concentrations. Here, I will provide a structural overview (Figure 

1.1) of recently characterized enzymes with key roles in PG biogenesis and provide additional 

insight into the role of two proteins, YcbB and LpoP, in the modulation of PG synthase activity. 
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Figure 1.1 The peptidoglycan biosynthetic pathway. 
Overview of the core peptidoglycan biosynthesis pathway. MurNAc-pentapeptide synthesis in the 
cytosol by the Mur enzymes (A-F), lipid II assembly by MraY and MurG, lipid II flipping by MurJ, 
and peptidoglycan synthase activity by class A PBPs or SEDS-class B PBP pairs. Enzymes are 
labelled in black and bold, key inhibitors of the various steps of the pathway are labelled in red, 
and substrates and products are coloured and described in the legend (upper right of figure). PDB 
IDs for the various models used are as follows: MurA – 3SPB, MurB – 4JB1, MurC-F – 1UAG, 
MraY – 4J72, MurG – 1NLM, MurJ – 5T77, class A PBP (PBP1b) – 5HLD, SEDS (RodA) – 
6BAR, class B PBP (FtsI) – 4WEK.  
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1.2 The peptidoglycan biosynthetic pathway 

 

1.2.1 Peptidoglycan pentapeptide synthesis 

 

The first steps of PG biosynthesis occur in the bacterial cytoplasm catalyzed by several 

well characterized enzymes (the Mur pathway) which act successively to form a uridine 

diphosphate (UDP)-MurNAc pentapeptide. The first of these, MurA, transfers enolpyruvate from 

a phosphoenolpyruvate (PEP) acceptor substrate to donor UDP-GlcNAc (Figure 1.2 A). MurA 

structures have been determined from several species, in both the apo-enzyme form and in complex 

with a variety of ligands (Skarzynski et al. 1996; Schönbrunn et al. 1996; Zhu et al. 2012; 

Eschenburg et al. 2003). The bi-lobal domain architecture, each consisting of a threefold repeat of 

a four-stranded β-sheet, two helix subdomain, is seen to rearrange into a more compact form upon 

substrate binding, bringing the active site residues into position to act on the substrates. A covalent 

adduct of PEP is initially formed through nucleophilic attack of PEP C2 by a cysteine sulfanion. 

Enolpyruval UDP-GlcNAc is formed, via a tetrahedral reaction intermediate, and subsequently 

acted upon by the second enzyme in the cascade, the acetylenolpyruvylglucosamine reductase 

MurB (Figure 1.2 B). This results in conversion to UDP-MurNAc in an NADPH dependent 

manner. Several structures of MurB have been solved in the apo-enzyme form and in complex 

with substrate, revealing NADPH and enolpyruval UDP-GlcNAc bind successively to the same 

site, with two distinct hydride transfer reductions via a FAD cofactor occurring for each (Benson, 

Walsh, and Hogle 1996; Lees et al. 1996; Benson, Walsh, and Hogle 1997; Chen et al. 2013).  
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Subsequently, the product UDP-MurNAc undergoes a series of stepwise amino acid 

additions initiating at the carboxylate of the C3 D-lactoyl moiety and catalyzed by the amino acid 

ligases MurC-F (Figure 1.2 C). The ligases act in an ATP dependent manner and are known to 

have structural commonalities, despite low sequence homology. These include an N-terminal 

Rossmann fold, here involved in coordination of the growing substrate, a central ATPase domain 

and a second C-terminally disposed Rossmann fold which serves to bind the amino acid to be 

ligated (Spraggon et al. 2004; Yan et al. 2000; Gordon et al. 2001; Bertrand et al. 1997). MurC 

and MurD catalyze the addition of L-Ala and D-Glu respectively, followed by addition of 

mesodiaminopimelic (meso-DAP) acid in E. coli or L-Lys in S. aureus by MurE and finally the 

addition of a D-Ala-D-Ala dipeptide to form the completed UDP-MurNAc pentapeptide by MurF. 

The catalytic mechanism of these Mur ligases is conserved. The first step in the ligation mechanism 

is the activation of the nucleotide substrate by ATP through magnesium ion facilitated 

phosphorylation. The phosphate of the formed acyl-phosphate intermediate is then displaced by 

the condensing amino acid substrate via a nucleophilic attack to form the elongated peptide product 

(Kouidmi, Levesque, and Paradis-Bleau 2014). It has been speculated that the cytosolic Mur 

pathway enzymes form a complex with facilitated passage of successive products, but this remains 

to be demonstrated. 
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Figure 1.2 First steps in pentapeptide synthesis catalyzed by MurA through MurF.  
(A i) Large conformational changes are seen as the substrates, UDP-GlcNAc (magenta) and PEP 
(green in covalent complex with C115), bind MurA (blue) (E. cloacae, 3SPB – unliganded, 3SWA 
– UDP-GlcNAc and PEP, 3SWQ – enolpyruval UDP-GlcNAc). The two domains close in on the 
active site and the loop containing the catalytic C115 (green) swings inward to form a covalent 
linkage to PEP. (A ii, iii) After substrate binding, the conversion of UDP-GlcNAc to enolpyruval 
UDP-GlcNAc proceeds via a tetrahedral intermediate (E. Cloacae, 1Q3G), which resolves to the 
product with a release of inorganic phosphate. (Bi) MurB (red-orange) performs two successive 
reactions, the first involving the binding of FAD and NADPH and resulting in FADH2 (green) and 
release of NADP+ (purple) (P. aeruginosa, 4JB1). Upon NADP+ release, enolpyruval UDP-
GlcNAc (magenta) (E. coli, 2MBR) binds and is reduced to UDP-MurNAc. (B ii) The first 
reduction-oxidation reaction, involving NADPH and FAD, and (B iii) the second, involving 
enolpyruval UDP-GlcNAc and FADH2. (C i) Tri-domain architecture of MurD (E. coli, 1UAG), 
characteristic of MurC-F, showing the N-terminal substrate binding domain (blue), ATPase 
domain (orange) and C-terminal amino acid binding domain (green). The MurC product and MurD 
substrate, UDP-MurNAc-L-Ala, is seen bound to the substrate binding domain. (C ii) An outline 
of the various enzymatic amino acid additions to UDP-MurNAc, which form UDP-MurNAc 
pentapeptide. Adapted from (Caveney, Li, and Strynadka 2018). 
 
 
 
1.2.2 Assembly of the lipid II building block of peptidoglycan 

 

In the first membrane-associated step of PG synthesis, this product is transferred to a C55-

P lipid carrier. De novo synthesis of C55-P occurs through successive condensation catalyzed by 

the synthase UppS to form C55-PP (Fujihashi et al. 2001). This product is then dephosphorylated 

by the polytopic membrane spanning phosphatase UppP to form the membrane localized C55-P 

lipid carrier (Manat et al. 2014) (Figure 1.3 A). The structure of E. coli UppP has recently been 

solved, providing the first structural insight into lipid carrier recycling (Workman, Worrall, and 

Strynadka 2018; El Ghachi et al. 2018). UppP is largely composed of ten transmembrane (TM) α-

helices, six of which are full-span TM helices and four which, unexpectedly, form two antiparallel 

re-entrant helix-loop-helix regions. UppP is a dimer both in solution and in the crystal packing 

with a twofold axis of symmetry bisecting the membrane. The UppP active site is a membrane 
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embedded hydrophobic cleft, as opposed to the surface localized active sites of other characterized 

phosphatases. A monoolein lipid used in the lipidic cubic phase crystallization lies within the 

active site, acting as a substrate mimic of C55-PP and allowing for insight into the phosphatase 

mechanism (Workman, Worrall, and Strynadka 2018). The catalytic serine carries out nucleophilic 

attack on the terminal phosphate of the C55-P, with the pentavalent transition state stabilized by a 

coordinated metal ion and arginine. The resultant phosphoenzyme intermediate is then hydrolyzed 

by a glutamate-activated water, resulting in the release of C55-P and inorganic phosphate. 

Interestingly, UppP has structural similarities to various proteins involved in cross-membrane 

transport suggesting the possibility for a phosphatase activated transport mechanism of C55-P back 

to the cytoplasmic leaflet, a recycling process that ostensibly plays an important role in the 

generation of dephosphorylated lipid carrier for ongoing biosynthesis of PG. 

 

The subsequent phospho-MurNAc pentapeptide transfer to C55-P and membrane is 

catalyzed by a second polytopic membrane protein MraY, a member of the polyisoprenyl-

phosphate N-acetylglucosaminosugar-1-phosphate-transferase (PNPT) superfamily of prokaryotic 

and eukaryotic prenyl sugar transferases (Figure 1.3 B). Recent structures of MraY from both 

Aquifex aeolicus and Clostridium bolteae in the apo and inhibitor bound forms have provided 

important first insights into this critical step of PG biosynthesis (Chung et al. 2013, 2016; 

Hakulinen et al. 2017). MraY is comprised of 10 TM α-helices per monomer. A homodimeric form 

is observed in all structures with 2 monomers arranged in a parallel fashion relative to the 

membrane axis and the predicted active site regions of both monomers lying at the cytosolic face. 

Although structures with donor (UDP-MurNAc pentapeptide) or acceptor (C55-P) substrates were 

not captured in these studies, an observed extended hydrophobic groove is proposed to 
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accommodate the acyl lipid tail of the substrate. In structures of MraY in complex with the natural 

product inhibitors muraymycin D2 and tunicamycin there is seen to be rearrangement of TM 

helices 1,  5 and cytosolic loops 5, 7 and 9 to accommodate the compounds and allowed for 

prediction of potential nucleotide binding and active site candidates near the cytoplasmic face of 

the enzyme (Chung et al. 2016; Hakulinen et al. 2017). The conformational plasticity of MraY 

observed in comparisons of the apo form and these complexes may be important for enzyme 

catalysis, as well as presumably enable the accommodation of the wide array of diverse natural 

product inhibitors identified for this enzyme class. The natural product inhibitor tunicamycin is of 

note, as it is seen to effectively inhibit both PG and WTA biosynthesis through inhibition of MraY 

and paralog TarO respectively, and indeed is commonly used as an inhibitor in other members of 

the PNPT family including those involved in N-linked glycosylation (Yoo et al. 2018). The 

structure of one such N-linked glycosylase, human GlcNAc-1-P-transferase (hGPT), was recently 

solved in complex with tunicamycin (Yoo et al. 2018). Modification of the GlcNAc portion of 

tunicamycin is seen to reduce the inhibition of hGPT while maintaining inhibition of MraY (Yoo 

et al. 2018) and gives promise that downstream structure-guided drug design can lead to the 

development of further novel and specific MraY inhibitors. The chemical mechanism of MraY has 

been debated with latest evidence lending support to a one-step, single-displacement over a two-

step variant (Al-Dabbagh et al. 2016; Stickgold and Neuhaus 1967; Al-Dabbagh et al. 2008). 

Regardless of whether a covalent intermediate is formed, the mechanism is proposed to involve 

deprotonation of the phosphate moiety of C55-P by a catalytic aspartate. Also of note is an essential 

magnesium which presumably coordinates the phosphate groups of the nucleotide substrate. 

Transfer of phospho-MurNAc pentapeptide to C55-P results in the first lipid precursor of PG 

biosynthesis, termed lipid I. 
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Lipid I is subsequently converted into lipid II with the transfer of a GlcNAc from a UDP-

GlcNAc donor by the membrane-tethered glycosyltransferase (GT) MurG (Figure 1.3 C). This 

conversion is presumably closely coupled to MraY activity, as little lipid I is observed to exist in 

the bilayer (van Heijenoort et al. 1992; Bouhss et al. 2004). Structures of MurG have a common 

GT-B fold comprised of two α/β domains with an extended active site cleft at their interface (Hu 

et al. 2003). MurG catalysis occurs via a sequential Bi Bi ordered mechanism, whereby the UDP-

GlcNAc donor binds first, inducing the requisite rearrangements in a loop containing a conserved 

GGS motif to facilitate subsequent lipid I acceptor binding and conversion to lipid II product (Hu 

et al. 2003).  

 

 

1.2.3 Lipid II transfer across the cytoplasmic membrane 

 

For PG assembly to proceed, the large, electronegative head group of lipid II must be 

efficiently flipped to the outer leaflet to be acted upon by PBPs in the final stages of the 

biosynthetic pathway. It has long been proposed that the necessary flipping would be specifically 

catalyzed by a component of the biosynthetic machinery, as transfer of lipid II across the bilayer 

is non-spontaneous (van Dam et al. 2007). Two candidates for the lipid II flippase role have been 

previously suggested, MurJ and FtsW/RodA.  

 

Bioinformatic approaches first identified MurJ as a potential flippase of lipid II, and recent 

structural studies have supported this claim (Ruiz 2008; Kuk, Mashalidis, and Lee 2017) (Figure 

1.3 D). MurJ belongs to the mouse virulence factor (MVF) subfamily of the 
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multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) superfamily. Of note in MurJ are two α-

helices in addition to the 12 core TM helices common to most members of the MOP superfamily. 

The structure of MurJ from Thermosipho africanus recently solved was observed to be in an 

inward facing “N-shaped” conformation, distinct from the outward facing “V-shaped” 

conformations of all other MOP superfamily structures solved to date. At the intramembranal 

interface of the bi-lobed structure lies an internalized polar cavity, a commonly localized binding 

site for cargo in the MOP superfamily. In the inward facing conformation of MurJ, a hydrophobic 

groove, formed by the additional two helices, extends toward the central portal suggesting a unique 

modification that can accommodate the hydrophobic tail of lipid II with the negatively charged 

head group occupying a cationic portion of the central portal. It is likely that MurJ acts to flip lipid 

II in an alternating-access transport mechanism (Kuk, Mashalidis, and Lee 2017), with MurJ 

transitioning between inward and outward facing conformations to export lipid II to the outer 

leaflet. 

 

Despite the evidence for MurJ as a lipid II flippase, there is a compelling argument that 

FtsW also has potential to play a role in this critical step of PG synthesis. FtsW, a member of the 

SEDS protein family (shape, elongation, division and sporulation), has been shown to directly 

translocate 7-nitro-2,1,3-benzoxadiazol-4-yl lipid II across membranes (Mohammadi et al. 2011). 

In the same work, no appreciable activity from MurJ could be detected by the assay. As well, it is 

known that FtsW and other closely related SEDS proteins, RodA and SpoVE, interact with PBPs 

(Fraipont et al. 2011; Leclercq et al. 2017). This aligns with the notion that lipid transfer is coupled 

to the GT/TP activities of PBPs (van Dam et al. 2007). Remarkably, SEDS proteins have recently 

been proposed to have in of themselves inherent lipid II polymerizing GT activity (Meeske et al. 
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2016; Emami et al. 2017), albeit with as yet little clarity toward their ability to also or instead act 

as lipid II flippases. One appealing proposal is that these SEDS proteins act as coupled lipid II 

flippase-glycosyltransferases, perhaps the latter driving the flipping energetically. Using 

evolutionary guided de novo structural prediction, a model of FtsW was developed which supports 

this dual-functionality hypothesis (Ovchinnikov et al. 2015). In 2018, the structure of RodA from 

the thermophile Thermus thermophilus was solved via lipid cubic phase crystallography (Sjodt et 

al. 2018). The structure loosely supports the notion that these SEDS proteins are indeed 

glycosyltransferases, while not strictly precluding the possibility they may be involved in 

transmembrane transport. Further structural studies are required to further inform the role of these 

proteins in either glycosyltransferase or flippase activity. 
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Figure 1.3 Initial membrane associated steps of peptidoglycan biosynthesis.  
Lipid carrier synthesis and recycling, membrane associated Lipid II synthesis, and transfer to the 
outer leaflet of the cytosolic membrane. (A i) Structure of UppP (green) in complex with structural 
lipid and substrate mimic, monoolein (pink) (E. coli, 6CB2). (A ii) Proposed reaction mechanism 
for UppP mediated dephosphorylation of C55PP. (A iii) Schematic representation of UppP’s 
proposed UPP phosphatase-coupled lipid flippase activity. (A iv) Twofold symmetry axis of the 
UppP dimer (black) and twofold pseudosymmetry axes of each monomer (grey). (B i) Apo MraY 
dimer (purple) (Aquifex aeolicus, 4J72) with placement in the cytosolic membrane (grey). The 
catalytically important aspartate residues and magnesium ion are shown in green. (B ii) The 
proposed one-step mechanism for MraY. (B iii) Conformational changes seen upon binding of 
either muraymycin D2 (Aquifex aeolicus, 5CKR) or tunicamycin (Clostridium bolteae, 5JNQ) 
inhibitors. Catalytic aspartate residues and the two inhibitors are shown in green. Changes are seen 
to the end of TM helix 1 (blue), the end of TM helix 5 and loop 5 (yellow), loop 7 (cyan) and loop 
9 (red). It is proposed that the conformational flexibility seen could play a role in MraY binding 
and function with its natural substrate. (C i) The bi-domain architecture of MurG (green) in 
complex with UDP-GlcNAc substrate (magenta) (E. coli, 1NLM), shown in relation to the 
cytosolic membrane. MurG is seen to associate with the cytosolic membrane and thought to receive 
lipid I substrate directly from MraY. (C ii) Chemical structures of the MurG catalyzed transition 
from lipid I to lipid II with the addition of GlcNAc. (D i) Structure of inward facing MurJ 
(Thermosipho africanus, 5T77). With the N lobe (blue), C lobe (purple) and TMs 13-14 (green) 
forming a unique N-shaped architecture. (D ii) The proposed alternating-access mechanism for 
lipid II flipping by MurJ. Upon lipid II binding, the inward N-shaped conformation (Thermosipho 
africanus, 5T77) switching to a proposed V-shaped conformation, as modelled previously (Kuk, 
Mashalidis, and Lee 2017), allowing transfer of the lipid II to the outer leaflet of the cytosolic 
membrane. Adapted from (Caveney, Li, and Strynadka 2018). 
 
 
 
1.2.4 Glycopolymerization and transpeptidation by penicillin binding proteins 

 

The final steps in the biosynthesis of PG involve catalysis by membrane anchored PBPs 

on the outer leaflet of the cytoplasmic membrane. These PBPs first act to polymerize lipid II 

disaccharide units into PG strands, followed by (regulated) transpeptidase-mediated crosslinking 

to the existing sacculus to form mature PG (Sobhanifar, King, and Strynadka 2013) (Figure 1.4). 

 

In most bacterial species the bulk of the GT activity has historically been proposed to 

involve specific PBPs, with various species having several acting in different capacities during 
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growth, division, environmental stress and antibiotic resistance. These PBPs exist within complex 

regulatory networks, involving numerous protein-protein interactions, to ensure proper spatial and 

temporal regulation of PBP activity (reviewed in (Egan et al. 2015)). Of note are the 

crystallographic and nuclear magnetic resonance (NMR) structures of two regulatory outer-

membrane anchored lipoproteins LpoA (Sathiyamoorthy et al. 2017) and LpoB (Egan et al. 2014; 

King, Lameignere, and Strynadka 2014), which have been observed to interact with selected PBP 

partners to stimulate late stage PG synthesis (Egan et al. 2015). The high molecular weight Class 

A PBPs, bifunctional enzymes which encapsulate both GT and transpeptidase (TP) activities in 

distinct active sites, as well as monofunctional GT variants, act to catalyze the attachment of the  

lipid II disaccharide to the C4’ OH of the donor PG strand via a β1,4-glycosidic linkage 

(Sobhanifar, King, and Strynadka 2013). The first structures of full-length class A PBPs revealed 

an unprecedented GT domain with an active site cleft at the interface between a solvent exposed 

α-helical ‘head’ subdomain somewhat reminiscent of the PG hydrolase lysozyme and a distinct 

membrane embedded ‘jaw’ subdomain common only to these lipid activated family of PG 

glycosyltransferases (Lovering et al. 2007). As with lysozyme, the structure indicated six sugar 

moieties occupy the active site cleft and orient the growing PG donor strand away from the 

identified catalytic glutamate. A hydrophobic channel in the ‘jaw’ subdomain acts as a binding site 

for the extended acyl chain of the donor lipid II. Co-crystallization with a natural product inhibitor, 

Moenomycin A (Moe A) (Lovering et al. 2007; King et al. 2017), and lipid II analogs (Huang et 

al. 2012) validated these predictions and has provided further insight into PG polymerization. The 

Moe A complex structures indicate this potent, sub nM inhibitor acts as a substrate mimic of the 

tetrasaccharide-C55PP product of the first round of polymerization, lipid IV (Lovering et al. 2007; 

Huang et al. 2012; King et al. 2017). The GT mechanism is initiated with action of the catalytic 
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glutamate acting as a Brønsted base in deprotonation of the acceptor C4 hydroxyl of the lipid II, 

followed by a nucleophilic attack on the donor MurNAc anomeric C1 of the glycosylphosphate in 

an SN2 like reaction with inversion of stereochemistry to form the β1,4-glycosidic linkage (Huang 

et al. 2012; Lovering et al. 2007). 

 

The final step in PG biosynthesis is the periodic crosslinking (transpeptidation) of glycan 

strands into the existing PG sacculus. TP activity provides rigidity and structure to the PG layer 

necessary for its protective function (Sobhanifar, King, and Strynadka 2013) and occurs through a 

two-step mechanism that begins with a serine-mediated acylation of the penultimate residue, D-

alanine, of the pentapeptide on the growing PG strand. The covalent acyl-enzyme intermediate is 

subsequently deacylated via a nucleophilic attack of a side chain or terminal amino group of the 

third residue, meso-DAP, L-lysine, or L-lysine-pentaglycine, on an adjacent PG strand. This 

reaction is famously inhibited by β-lactam antibiotics, such as penicillin, which act as a substrate 

mimic of donor peptide and inhibit through long lived acylation of the catalytic serine. Alternate 

PBPs, such as PBP2a in MRSA, which are poorly acylated by  β-lactam antibiotics, can be 

upregulated in the presence of β-lactam stress to provide resistance (Lim and Strynadka 2002). 

Further, structural and computational analysis of PBP2a indicates the potential for allosteric effects 

of bound PG fragments in its resistance phenotype (Otero et al. 2013; Mahasenan et al. 2017).  For 

class A bifunctional PBPs, TP activity is thought to be coupled to intramolecular GT activity, with 

the glycan strand snaking from the membrane embedded GT catalytic domain directly to the 

extracellular TP domain (Sung et al. 2009). For class B monofunctional PBPs such as the 

aforementioned PBP2a, TP activity is likely coupled to the GT activity of a class A PBP or a 

monofunctional glycosyltransferase (including the recently proposed SEDS family). Indeed, the 
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major class A and B PBPs of cell division in E. coli are thought to exist only in tight complex with 

FtsW at the divisome (Leclercq et al. 2017). It is clear that these final stages of PG synthesis are 

far more complex than previously thought, with recent work suggesting that many of the enzymes 

involved interact as a highly regulated macromolecular machine (Egan et al. 2015).  
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Figure 1.4 Final stages of PG biosynthesis by PBPs.  
(A) Acyl-aztreonam and moenomycin A (Moe A) inhibited PBP1b, a bi-functional PBP (E. coli, 
5HLB). GT domain seen in green, TP domain in blue, TM helix in purple and UB2H interaction 
domain in orange. (B) GT domain of PBP1b inhibited by Moe A (magenta) (E. coli, 5HLB), which 
acts as a donor PG strand mimetic to inhibit the GT activity of PBPs. Lipid II acceptor mimetic 
(cyan) from a monofunctional GTase co-structure (S. aureus, 3VMT) is shown aligned with its 
potential position in the GT domain of PBP1b. The catalytic glutamate is shown (green) in its 
position between the donor and acceptor. (C) Active site of PBP1b with acyl-aztreonam (E. coli, 
5HLB). Aztreonam (magenta) is a monobactam which acts as a peptide mimetic and suicide 
inhibitor of the TP activity of PBPs. (D) The catalytic mechanism of PBP GT activity, showing 
the polymerization of an acceptor lipid II into the donor, growing strand. (E) The catalytic 
mechanism of the 3-4, D-D, transpeptidase activity of PBPs. Adapted from (Caveney, Li, and 
Strynadka 2018). 
 
 

1.3 The role of YcbB in modulation of the peptidoglycan biosynthetic pathway 

 

The continued use and misuse of β-lactam antibiotics in the clinic has led to the increasing 

development of bacterial resistance to whole classes of β-lactams. This has necessitated the 

targeting of alternate or tangential pathways of bacterial biogenesis to combat infections 

effectively. One such potential avenue for inhibition is the targeting of L,D-transpeptidases (Ldts), 

which, unlike PBPs, catalyse the formation of DAP3donor - DAP3acceptor crosslinks (Magnet et al. 

2008; Hugonnet et al. 2016) and are largely uninhibited by b-lactam antibiotics. At the moment, 

only carbapenems (e.g., meropenem and imipenem) exert any inhibition of Ldt activity. It is 

reasonable to assume, therefore, that continued reliance on this subclass of antibiotics will 

eventually lead to the further emergence of bacterial resistance. 

 

One Ldt in particular, YcbB (alternately named LdtD), has come into the spotlight recently 

due to its role in a number of stress-related situations including outer envelope stress (Morè et al. 

2019), b-lactam stress  (Hugonnet et al. 2016), and a role in secretion of typhoid toxin under stress 
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of host infection (Geiger et al. 2018). In addition, copper has recently been found to inhibit Ldts, 

resulting in suppression of b-lactam resistance due to Ldt-mediated bypass of PBPs (Peters et al. 

2018) and YcbB was discovered to play a role in crosslinking of stalk PG in Caulobacter 

crescentus (Stankeviciute et al. 2019). Due to the increasing relevance of YcbB as a potential drug 

target, the X-ray crystallographic structure of E. coli YcbB was recently determined (Caveney et 

al. 2019) to provide structural insight into these aforementioned mechanisms and allow for 

structure guided design of novel and specific YcbB inhibitors. Here, we will discuss the in vivo 

observations regarding the role of YcbB under stress conditions to provide comprehensive insight 

into the role of YcbB at a cellular level. 

 

YcbB was originally linked to its role in cell wall crosslinking (Magnet et al. 2008) without 

a clear understanding of the physiological activation and role of these enzymes. It was only with 

the fortuitous identification of ycbB in a microarray screen of genes modulated by the Cpx 

envelope stress response (Raivio, Leblanc, and Price 2013) that the understanding of the 

physiological role of YcbB began to grow. This was subsequently followed up by in vitro and in 

vivo studies (Bernal-Cabas, Ayala, and Raivio 2015; Delhaye, Collet, and Laloux 2016) 

definitively linking ycbB expression to the Cpx stress response and the Cpx promoter (CpxR). 

 

The importance of YcbB was then noted through its role in a b-lactam resistance 

mechanism found in E. coli (Hugonnet et al. 2016). Here, it was discovered that the PBP1b-PBP5-

YcbB pathway can equip the bacterium with resistance to b-lactam antibiotics upon upregulation 

of alarmone (ppGpp) synthesis. This phenomenon was unraveled using combinatorial techniques 

involving the generation of a variety of mutant E. coli strains that constitutively resist b-lactam 
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antibiotics, as well as validation of YcbB activity using mass spectrometry. This pivotal study laid 

the foundation for further study of YcbB and the role of Ldts in a clinically relevant context.  

 

Next, it was discovered that YcbB and a variety of other Ldts tested are susceptible to 

inhibition by CuCl2 (Peters et al. 2018). This effect was shown by analysis of PG from E. coli 

cultured in the presence of CuCl2 at 0.5 ´ minimum inhibitory concentration (MIC), revealing a 

lack of L,D-crosslinking. Also, it was observed that purified E. coli YcbB could be inhibited with 

low micromolar concentrations of CuCl2 in an in vitro assay, while sub-MIC levels of CuCl2 were 

found to resensitize YcbB-mediated b-lactam resistant strains. 

 

Shortly thereafter, YcbB was implicated in the release of typhoid toxin in pathogenic S. 

Typhi (Geiger et al. 2018). Using combinatorial bacterial knockout strains and validation with both 

secretion assays and in vitro TtsA muramidase activity assays, typhoid toxin release was shown to 

depend on the effect of a muramidase, TtsA, which in turn depends on YcbB. The L,D-

transpeptidation of YcbB acts to guide and presumably regulate the activity of TtsA, with TtsA 

activity only seen on PG with L,D-crosslinks.  Interestingly, the authors show that low levels of 

both detergents and antimicrobial peptides, which both destabilize the outer membrane, could be 

used to trigger the process of typhoid toxin release. 
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In a more recent publication (Morè et al. 2019), it was discovered that YcbB mediates 

survival in bacteria with severe outer envelope deficiency. It was observed that an increase in L,D-

crosslinking takes place in bacteria with defective lipopolysaccharide export. Through deletion of 

individual ldt genes, Morè et al. concluded that YcbB is the Ldt responsible. The authors also 

performed experiments to show that, similar to the initial steps of the YcbB-mediated b-lactam 

resistance pathway, a likely transient complex of PBP1b-PBP6-YcbB is involved in this stress 

condition. In this study the authors probed the conditions under which the ycbB promoter is 

activated. Using promoter-lacZ fusion plasmids, it was determined that pycbB, rather than the 

promoter of other Ldts, is activated under envelope stress conditions. The other Ldts were shown 

to be regulated by known housekeeping pathways, while the stress induced pycbB activation 

presumably ties into the Cpx stress response pathway under these conditions. 

 

As a collective body of work, we begin to appreciate the intricacies of YcbB activity in the 

context of its important role in bacterial cell wall biogenesis. One underlying theme behind these 

rather distinct situations of YcbB-mediated survival is stress. In the case of b-lactam antibiotic-

induced and outer envelope stress there is an activation and mobilization of these alternative PG 

synthase complexes that compensate for the compromised activities of conventional PG synthesis 

enzymes. This would then play a role in the structural interplay between the outer membrane and 

PG sacculus (Rojas et al. 2018), allowing for continued resistance to environmental stress. Given 

the activation of typhoid toxin release by detergents and antimicrobial peptides, it would be logical 

that the general outer envelope stress during infection triggers activation of pycbB in S. Typhi 

through the analogue of the E. coli Cpx response. This system could then act as a rudimentary 

signaling pathway to transduce the notion of infection, through L,D-transpeptidation and 
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subsequently TtsA muramidase activity, to the final release of typhoid toxin. Clearly, the specifics 

of this gene activation under these stressful conditions are an area of interest for future 

investigation as not only inhibition of YcbB itself but also inhibition of its upregulation, could 

represent susceptible nodes for pharmaceutical intervention in both pathogenic E. coli and S. 

Typhi. 
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Figure 1.5 Cellular mechanisms of YcbB L,D-transpeptidation.  
(A) The cellular roles of YcbB have been explored in both E. coli and S. Typhi. (B) Due to the 
nature of these mechanisms, it is likely that some or all of the YcbB-related cellular mechanisms 
occur in either enteropathogenic E. coli or S. Typhi infection of a human host. (C) Graphical 
summary of cellular processes that influence YcbB levels and recognized cellular effects on the 
cell. The Cpx response related activation of ycbB, YcbB-mediated b-lactam resistance, YcbB in 
mediating typhoid toxin release, and YcbB in surviving an outer membrane transport deficiency 
are represented with green arrows (from darkest to lightest). Susceptibility of Ldts to CuCl2 is 
represented in red. D,D-crosslinked PG/cell wall is represented in grey, while L,D-crosslinked PG 
is represented in dark blue. The gene ycbB and its promoter pycbB are represented grey and dark 
grey respectively. 
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1.4 The role of LpoP in modulation of the peptidoglycan biosynthetic pathway 

 

Over the last years, it became evident that the activities of some class A PBPs are regulated 

by cognate outer membrane-anchored lipoprotein activators, LpoA and LpoB (Typas et al. 2010; 

Paradis-Bleau et al. 2010). Moreover, E. coli subjects the LpoB-mediated stimulation of PBP1B 

to regulation by CpoB, which functions together with members of the Tol system to coordinate 

outer membrane constriction with septal PG synthesis (Gray et al. 2015). These regulators were 

all identified in Escherichia coli and recent work provided insights into their structures, interface 

with the PBP and mechanisms of PBP activation (Egan et al. 2014; King, Lameignere, and 

Strynadka 2014; Jean et al. 2014; Egan et al. 2018; Kelley, Vijayalakshmi, and Saper 2019). These 

studies suggest that activators bind to a non-catalytic docking domain causing conformational 

changes in the PBP that ultimately affect active site residues. Pseudomonas aeruginosa has a 

lipoprotein activator of PBP1B, termed LpoP, which likely functions in a similar way as LpoB in 

E. coli (Greene, Fumeaux, and Bernhardt 2018). However, while LpoP was shown to be essential 

for PBP1B function in the cell, the structure of LpoP is not known and the previous work did not 

demonstrate the direct mechanism of activation for PBP1B by LpoP (Greene, Fumeaux, and 

Bernhardt 2018). 

 

1.5 Treatment and resistance of bacterial infections 

 

As a large component of this thesis centres around potential antibiotic targets for inhibition 

during bacterial infection, it is of interest to provide a brief comment on current strategies to treat 

bacterial infections and the resistance mechanisms currently being faced in the clinic. The targets 
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in this thesis broadly relate to three species; E. coli, S. enterica, and P. aeruginosa, all of which 

are prevalent human pathogens. 

 

1.5.1 Escherichia coli infection treatment and resistance 

 

Escherichia coli, one of the most widespread model organisms in microbiology, is an 

increasingly prevalent human pathogen, causing diarrheagenic infections which can be broadly 

classified into six major categories: enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli 

(EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli 

(EIEC), and diffusely adhering E. coli (DAEC) (Torres, Zhou, and Kaper 2005). In addition, E. 

coli is a main component of urinary tract infections (UTIs), with such strains known as 

uropathogenic Escherichia coli (UPEC). Regardless of the mode or region of infection, treatment 

of cases warranting clinical intervention largely falls in the hands of antibiotics. Due to increased 

cases of resistance, antibiotic selection is typically tailored to the site, severity, and antibiotic 

susceptibility of the particular infection (Bush and Perez 2018a). Strains are often resistant to 

ampicillin (a β-lactam, TPase inhibitor) and tetracycline (a ribosomal translation inhibitor). 

Treatment often includes β-lactam antibiotics such as cefazolin and piperacillin (Vancouver 

Coastal Health 2016), though there is an increasing presence of E. coli encoding extended-spectrum 

β-lactamases, resulting in resistance to penicillins, cephalosporins, and monobactams (TPase 

inhibitors) (Bush and Perez 2018a). Treatment in these cases is often through the use of carbapenem 

antibiotics (a TPase inhibitor), though carbapenemase producing isolates (CP-Ec) have begun to 

emerge and are now labelled as a “critical” level pathogen for the development of new antibiotics 

(WHO 2017). 
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1.5.2 Salmonella enterica infection treatment and resistance 

 

In addition to E. coli, Salmonella enterica is an increasingly troublesome human pathogen, 

with both carbapenemase producing Salmonella and fluoroquinolone resistant Salmonella ranking 

on the WHO priority pathogens list, as “critical” and “high” priority respectively (WHO 2017). In 

humans, Salmonella infection can broadly be classified into typhoidal and non-typhoidal infections 

(Gibani, Britto, and Pollard 2018), with treatments largely centering around β-lactam antibiotics 

in typhoidal and severe non-typhoidal infections (Vancouver Coastal Health 2016). Carbapenem 

and fluoroquinolone antibiotics are currently in use of resistant infections as “last resort” 

antibiotics, though new antibiotics are direly needed as we begin to enter into a post carbapenem 

and fluoroquinolone era. 

 

1.5.3 Pseudomonas aeruginosa infection treatment and resistance 

 

Finally, the third human pathogen of relevance to this thesis work is Pseudomonas 

aeruginosa. P. aeruginosa infection is often hospital acquired, particularly among 

immunocompromised patients (Bush and Perez 2018b). Among the most common P. aeruginosa 

infections are hospital-acquired pneumonia (HAP) and ventilator-associated pneumonia (VAP) 

(Bush and Perez 2018b), which are commonly treated with β-lactam antibiotics, and in severe 

cases carbapenem antibiotics (Vancouver Coastal Health 2016). As in both E. coli and S. enterica 

infections, β-lactam resistance is increasingly common, resulting in increased usage of 

carbapenem antibiotics. This in turn has led to the emergence of carbapemase producing P. 
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aeruginosa, which tops the WHO priority pathogens list with a “critical” priority ranking (WHO 

2017). 

 

1.6 Research questions and thesis goals 

 

In this work, we provide insight into the structural and functional features of various forms 

of modulation of peptidoglycan synthase activity. We will focus on the structural and functional 

features of the L,D-transpeptidase YcbB and the aPBP activator LpoP. With these insights, we 

allow for the further understanding of the complex nature of peptidoglycan biosynthesis and 

promote the pursuit of novel antibacterial therapies that target the key proteins studied herein. 
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Chapter 2: Structural insight into YcbB mediated β-lactam resistance in 

Escherichia coli 

 

2.1 Introduction 

 

The bacterial cell wall plays a critical role in the strength and viability of bacteria within 

their natural environs. Underscored by the development of β-lactam antibiotics such as penicillins 

and cephalosporins, biosynthesis of the major structural component of the bacterial cell wall, 

peptidoglycan (PG), has been long recognized as an important drug target. PG is composed of 

extended polymerized glycan strands of alternating β-1,4 linked N-acetyl-glucosamine-N-acetyl-

muramic acid which crosslink into a net-like mesh via short peptide segments covalently attached 

at the C3-OH position of the latter sugar (Sobhanifar, King, and Strynadka 2013). The precursor 

subunits of PG are synthesised in the cytosol and  transferred to an undecaprenyl phosphate lipid 

carrier (Lovering, Safadi, and Strynadka 2012). This moiety is then flipped to the periplasmic face 

of the membrane, where polymerisation into glycan strands, release from lipid carrier and peptide 

crosslinking to the existing PG sacculus occur in concert (Lovering, Safadi, and Strynadka 2012; 

Caveney, Li, and Strynadka 2018).  

 

In Escherichia coli, this peptide crosslinking reaction is primarily carried out by class A 

and B penicillin-binding proteins (PBPs). These proteins have D,D-transpeptidase activity and 

catalyse the cleavage of a D-Ala4-D-Ala5 peptide bond of the acyl donor and subsequent 

crosslinking of the D-Ala4 carbonyl to the primary amine of a diaminopimelic acid (DAP) residue 
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on the acceptor. This results in a D-Ala4donor-DAP3acceptor crosslink (Sobhanifar, King, and 

Strynadka 2013). This D,D-transpeptidase activity can be blocked by β-lactam antibiotics, which 

act as a substrate mimetic of the donor strand peptide bond. Inhibition of this final and crucial step 

in PG biosynthesis results in destabilisation of the cell wall and ultimately cell death (King, 

Sobhanifar, and Strynadka 2016). 

 

Despite the success of β-lactam antibiotics in the clinic, it has recently been shown that an 

alternate crosslinking mechanism can lead to the bypass of PBP mediated D,D-transpeptidation. 

The L,D-transpeptidase YcbB (alternately named LdtD), with remarkably few additional 

accessory factors, is able to undertake this recovery of PG crosslinking function, even in the 

presence of many clinically used β-lactam antibiotics. The factors required include the 

upregulation of alarmone (ppGpp) synthesis, the class C monofunctional PBP5, and an associated 

glycosyltransferase (GTase) activity attributed to the class A bifunctional PBP1b (Hugonnet et al. 

2016) which harbours both GTase and TPase activities in distinct active sites. As with D,D-

crosslinked PG, the bypass pathway initiates with GTase catalyzed polymerisation of PG; the 

resultant growing product strand is subsequently acted upon by PBP5 which catalyses a 

carboxypeptidase reaction targeting removal of the terminal D-Ala5 resulting in a donor glycan-

tetrapeptide for YcbB to act upon. In the last step of the bypass pathway, YcbB catalyses the L,D-

transpeptidation using a tetrapeptide-containing donor to form a DAP3donor-DAP3acceptor crosslink 

(Hugonnet et al. 2016). L,D-transpeptidases, including YcbB, are not efficaciously inactivated by 

β-lactams except by the carbapenems (Hugonnet et al. 2016). The formation of thioester-

containing L,D-transpeptidase-β-lactam adduct is slow for penicillins and cephalosporins 

(Triboulet et al. 2013). This is in large part due to the mM KD values for Ldts and most β-lactam 
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antibiotics (Triboulet et al. 2013). The acylation in the case of non-carbapenem β-lactam 

antibiotics is followed by fragmentation of the acylated antibiotic and swift hydrolysis, thereby 

preventing inactivation of the enzyme and rendering the antibiotic useless for further inhibition. 

(Triboulet et al. 2013). The D,D-carboxypeptidase PBP5, required for production of the 

tetrapeptide donor of the L,D-transpeptidation reaction, is inhibited only at high concentrations of 

β-lactam (Curtis et al. 1979).  

 

Despite YcbB’s resistance to most β-lactam antibiotics, it is susceptible to inhibition by 

carbapenem antibiotics such as meropenem and imipenem (Hugonnet et al. 2016). Carbapenem 

antibiotics are a subset of β-lactam antibiotics which have previously been shown to inhibit other 

L,D-transpeptidases (Kumar et al. 2017). This class of antibiotic is of interest, not only due to its 

ability to inhibit YcbB, but as well the carboxypeptidase activity of PBP5 and the D,D-

transpeptidase activity of PBP1b. Further insight into the inhibition of the enzymes in the D,D-

transpeptidase bypass pathway could lead to the development of novel inhibitors to better address 

the current β-lactam resistance crisis. Additionally, it was recently shown that copper can inhibit 

L,D-transpeptidation of bacterial cell walls and specifically inhibit YcbB (Peters et al. 2018). This 

plays an important role in the inherent antimicrobial activity of copper. 

 

In this work, we report the structure of E. coli YcbB acylated with meropenem. YcbB is 

seen to consist of a conserved L,D-transpeptidase catalytic domain, with the notable additions of 

a subdomain on the substrate capping loop, a PG binding domain, and a large scaffolding domain 

potentially important in mediating partner interactions. This complex domain architecture is 

unique in comparison to that of well characterised Gram positive and Mycobacterium L,D-
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transpeptidases. In addition, we report in parallel, the structure of a PBP5-meropenem acyl enzyme 

complex in order to completely describe the molecular interactions which facilitate meropenem 

inhibition of the YcbB and PBP5 partners. Our results provide structural insight into D,D-

transpeptidase bypass in E. coli and structural insight into the role of L,D-transpeptidation of PG 

in Gram negative bacteria. Additionally, we probe the protein interaction network and affinities 

for the D,D-transpeptidase bypass pathway and assay YcbB mediated β-lactam resistance in an in 

vivo setting allowing further mechanistic insight into this drug resistance pathway and generated 

phenotype. 

 

2.2 Results and discussion 

 

2.2.1 E. coli YcbB X-ray crystallographic structure 

 

To investigate the role of YcbB in β-lactam resistance at the atomic level and provide 

insight into L,D-transpeptidase activity in Gram negative bacteria, the x-ray crystallographic 

structure of E. coli YcbB was pursued. Cocrystals, generated in the presence of 1 mM meropenem 

at pH 7.5, displayed P43212 symmetry with unit cell dimensions of a = 126.5 Å, b = 126.5 Å, c = 

88.8 Å and a diffraction resolution of 2.76 Å. There is one molecule of YcbB in the asymmetric 

unit. The structure solution was phased using a distinct SIR dataset of a heavy atom (ethyl mercury) 

soaked crystal with final refinement statistics presented in Table 2.1. The resulting maps showed 

well resolved electron density for the majority of the enzyme chain, allowing near complete tracing 

of the YcbB model (see methods). As in solution, the structure indicates a monomeric form of the 

enzyme with no obvious crystallographic formation of larger oligomers. The overall dimensions 
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of the enzyme are 74 x 73 x 40 Å with a total surface area of ~24,400 Å2, and with a largely 

positive electrostatic distribution across the catalytic domain and largely apolar distribution across 

the PG and scaffolding domains. An extended electropositive active site demarcated by bound 

meropenem antibiotic lies across the catalytic domain with appropriate clefts for both donor and 

acceptor substrates adjacent and continuous (Figure 2.1). The observed overall architecture of 

YcbB (Figure 2.1) has several distinct features from all currently deposited L,D-transpeptidase 

structures, as suggested from the unique insertions and substitutions in sequence alignments with 

previously characterized Gram positive and mycobacterial species (7.1-14.3% sequence identity). 

The well ordered central catalytic domain, comprised of residues 375-576, forms a canonical L,D-

transpeptidase fold harbouring an extended active site cleft with the expected conserved active site 

motif (Bianchet et al. 2017) (HX15-18[S/T]XGCh[R/N], where X represents any residue, and h is 

any hydrophobic residue), but with the notable insertion of a unique substrate capping sub-domain 

(residues 422-495), unprecedented in size and observed secondary structural elements and lying 

adjacent to the meropenem-acylated catalytic site. On the opposite face of the central catalytic 

domain, an also unprecedented N-terminal region, central helix, and C-terminal helical tail 

(residues 37-233, 352-374, and 605-615 respectively) are proximal and form a collective helical 

bundle we term the scaffold domain, and predict to play a potential role in protein-protein 

interactions in YcbB-mediated resistance (Hugonnet et al. 2016). Residues 234-351 form a small 

antiparallel three helical bundle, with features reminiscent of previously observed peptidoglycan 

binding regions – and thus we term here the PG domain (Maciejewska et al. 2017). The residues 

(577-604) form a β-hairpin linker between the catalytic domain and the C-terminal recursion.  
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Figure 2.1 Overall architecture and activity of E. coli YcbB.  
(A) The crystal structure of YcbB-meropenem acyl-enzyme complex in ribbon representation, 
coloured in rainbow from N-terminus (blue) to C-terminus (red). Meropenem stick representation 
is coloured in black and by heteroatom. Two views related by a 90° rotation along the y-axis. (B) 
Topology diagram of YcbB-meropenem acyl-enzyme complex, coloured as in A. The catalytic, 
PG and scaffolding domains are annotated and circled in grey. (C) Electrostatic surface 
representation of YcbB in two views related by a 180° rotation around the y-axis. (D) Diversity of 
structurally characterised L,D-transpeptidases. Gram negative (green background), soluble YcbB 
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in sky blue; Mycobacterial (blue background), lipoprotein LdtMt1 (PDBID 5E5L (Kumar et al. 
2017)) and LdtMt2 (PDBID 5DU7(Kumar et al. 2017)) in red and green; Gram positive (red 
background), TM anchored Ldtfm (1ZAT (Biarrotte-Sorin et al. 2006)) in dark blue. Adapted from 
(Caveney et al. 2019). 
 
 
Table 2.1 E. coli YcbB and PBP5 data collection, phasing and refinement statistics. 
 

 YcbB Refined YcbB Native YcbB Hg PBP5 
Data collection     
Space group P 43 21 2 P 43 21 2 P 43 21 2 C 2 
Cell dimensions     
   a, b, c (Å) 126.499, 126.499, 88.8011 126.824, 126.824, 87.903 127.689, 127.689, 87.5560 124.81, 50.8, 80.22 
   a, b, g  (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 118.688, 90 

Resolution (Å) 72.68 - 2.76 (2.859 - 2.76)* 47.92 - 2.19 (up to 3.10 used 
by SHARP) 47.83 - 2.10 46.08 - 2.2 (2.279 - 2.2) 

Rmerge 0.168 (2.723) 0.075 0.169 0.1767 (1.558) 
I / sI 9.96 (1.05) 9.2 5 4.86 (0.78) 
Completeness (%) 99 (100) 71 (96% up to 2.7A) 89 (100% up to 2.6A) 100 (99) 
Redundancy 12.5 (12.8) 6.4 10.7 3.3 (3.2) 
Rcullis  0.773  
     
Refinement     
Resolution (Å) 2.76   2.2 
No. reflections 18942 (1826)   22576 (2204) 
Rwork / Rfree 25.61 (42.21) / 29.85 (41.93)   21.03 (39.82) / 25.65 (44.21) 
No. atoms     
   Protein 4066   2942 
   Ligand/ion 51   26 
   Water 21   78 
B-factors (Å2)     
   Protein 76.8   53.6 
   Ligand/ion 85.0   70.7 
   Water 55.7   53.8 
R.m.s deviations     
   Bond lengths (Å) 0.016   0.006 
   Bond angles (°) 1.88   0.99 

*Values in parentheses are for highest-resolution shell. 
Adapted from (Caveney et al. 2019). 
  



35 

 

2.2.2 YcbB scaffold domain structure 

 

The scaffold domain of YcbB is comprised of ten helices packed into a helical bundle. The 

seven core α-helices are contributed by residues 100-213, with the eighth α-helix contributed from 

the C-terminal recursion involving residues 600-615 (Figure 2.1). Two additional helices (residues 

214-233 and 352-374) cap the domain and structurally link the catalytic and PG binding domains. 

Residues downstream (31-99) form a generally less ordered region with interspersed α-helical 

segments which sit distal to the other domains of YcbB. The scaffold domain is unique to the YcbB 

sub-family of L,D-transpeptidases, suggesting a specific functional and/or regulatory role we 

predict to involve interaction with the known YcbB unique protein partners PBP5 and PBP1b 

(Hugonnet et al. 2016). These interactions are likely crucial for localization of YcbB to the site of 

late stage PG synthesis, as, unlike L,D-transpeptidases from Gram positive bacteria or 

Mycobacterium, YcbB does not have a α-helical transmembrane tether or N-terminal lipidation 

(Figure 2.1 D). Rather, YcbB is predicted to be targeted to the periplasmic space using a 

characteristic sec-dependent signalling sequence (residues 1-30 – SignalP 4.1 (Petersen et al. 

2011)), which is subsequently processed through proteolytic cleavage with release of soluble 

YcbB. 

 

2.2.3 YcbB peptidoglycan binding domain 

 

Many characterized L,D-transpeptidases have been shown to contain PG binding 

motifs/domains, often a LysM domain consisting of a βααβ fold with the two α-helices located on 

the same side of an antiparallel β-sheet (Bielnicki et al. 2006). In YcbB, residues 234-351 form a 
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small antiparallel three helical bundle which, based on these prior observations, is suggestive of a 

putative PG binding domain (Figure 2.2) albeit a PG binding domain more characteristic of lytic 

phage enzymes and a Zn-dependent bacterial amidase than PG binding motifs observed in other 

structurally characterized L,D-transpeptidases. Structural homology analysis, via the DALI protein 

structure comparison server (Holm and Rosenström 2010), finds close structural homologues – 

gp144, a Pseudomonas aeruginosa phage phiKZ endolysin (PDB ID 3BKH (Fokine et al. 2008), 

Z-score 9.7, root-mean-square deviation (RMSD) 1.9), a Clostridium acetobutylicum zinc-

dependent amidase (PDB ID 4XXT, Z-score 9.6, RMSD 1.9), a Clostridioides difficile PBP (PDB 

ID 5TV7, Z-score 9.4, RMSD 2.0), and gp15, a Burkholderia AP3 phage endolysin (PDB ID 

5NM7 (Maciejewska et al. 2017), Z-score 9.4, RMSD 2.0). The three antiparallel helices are 

common to all five PG binding domains, though in YcbB the loop region between the first and 

second helices contains a dynamic and relatively conserved extension (residues 262-318 with the 

central region therein highly disordered). Due to the lack of this loop extension in the above 

identified structural homologues, it is possible that these residues become more stabilised upon 

PG binding, increasing the effective interaction interface or specificity with PG substrates in this 

family. The PG domain of YcbB contains many conserved residues with other YcbB family 

members primarily in the hydrophobic core of the motif (Val252, Leu259, Ala324, Val325, 

Phe328, Gln329, Leu334, Thr344, Leu348) as well as in two surface exposed residues, Arg244 

and Asp337, which have been implicated previously as essential in peptidoglycan binding 

(Maciejewska et al. 2017). 
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Figure 2.2 Structure of the E. coli YcbB peptidoglycan binding domain.  
(A) The structure of the E. coli YcbB peptidoglycan binding domain, residues 241-351, with 
residue conservation mapped to backbone colour from red to blue in decreasing conservation. 
Conserved core packing residues labelled in black and key, surface exposed, peptidoglycan 
binding residues labelled in red. (B) Overlay of YcbB peptidoglycan binding domain and high 
scoring peptidoglycan binding domains from a structural homology search on the Dali server 
(Holm and Rosenström 2010). YcbB in red, gp144, a Pseudomonas aeruginosa phage phiKZ 
endolysin in salmon (PDB ID 3BKH (Fokine et al. 2008)), a Clostridium acetobutylicum zinc-
dependent amidase in white (PDB ID 4XXT), a Clostridium difficile PBP in pale blue (PDB ID 
5TV7), and gp15, a Burkholderia AP3 phage endolysin in dark blue (PDB ID 5NM7 (Maciejewska 
et al. 2017)). Peptidoglycan binding domain structures are coloured from red to blue based on 
decreasing structural homology. (C) The sequence of E. coli YcbB (YcbB_Ec) aligned with 
peptidoglycan binding domains from phiKZ gp144 (gp144_phiKZ), C. acetobutylicum zinc-
dependent amidase (Zn_amidase_Ca), C. difficile PBP (PBP_Cd), and AP3 gp15 (gp15_AP3). 
Secondary structure of E. coli YcbB is displayed atop the sequence alignment, with the extended 
loop shown in red and the unstructured region in grey. Adapted from (Caveney et al. 2019). 
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2.2.4 YcbB catalytic domain 

 

The central YcbB catalytic domain adopts a characteristic L,D-transpeptidase fold (Figure 

2.3) constructed of two (five and six stranded) curved, mixed β-sheets disposed in a clam-shell 

like manner with α-helices 15 and 16 situated in the cleft between. Acting as a hinge, β-strand 3 

participates in both β-sheets of the domain. Situated just downstream of β-strand 11, the active site 

is demarcated by the meropenem acylated catalytic cysteine nucleophile (Cys528) with the 

conserved histidine base (His509) protruding from β-strand 10. The oxyanion hole, presumed to 

stabilize the developing tetrahedral oxyanion transition state during acylation and deacylation is 

comprised of the main chain nitrogen atoms of Cys528 and Tyr507. 

 

One notable feature of the catalytic domain of YcbB is the large substrate capping sub-

domain (residues inserted between β-strands 5 and 9). This region has been seen to be variant in 

currently solved structures of L,D-transpeptidases, ranging from small turns (YkuD (Bielnicki et 

al. 2006)) to larger loops of up to 19 residues which extend over the active site (Ldtfm (Biarrotte-

Sorin et al. 2006; Lecoq et al. 2013)) (Figure 2.3 B). However, YcbB is the first structure 

characterized which contains significant secondary structural elements and consequent folded sub-

domain in this region (residues 423-487). In YcbB this putative substrate capping sub-domain is 

comprised of a small three stranded β-sheet (β6,8,7) and α-helix 13, which sits perpendicular to 

the β-sheet at one end. Between β-strand 7 and 8 there is a large loop region from residue 453 to 

481. β-strand 6 and α-helix 13 are seen to hinge towards the active site in the meropenem acyl-

enzyme complex structure. It has been proposed previously that the substrate capping loop in 

earlier structures serves to provide inherent flexibility during roles in substrate entrance, capping, 
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and release (Gokulan et al. 2018).  Despite the more structured and significant nature of the YcbB 

sub-domain, the density, although traceable, was less well resolved and displayed generally higher 

temperature factors, all in keeping with an analogous inherent flexible nature and potential similar 

role(s) in catalysis. Further, crystallographic structures and molecular dynamics simulations of 

LdtMt2 from Mycobacterium tuberculosis have recently shown that the substrate capping  loop can 

have variable flexibility dependent on the presence of differing inhibitors with obvious 

implications for drug discovery efforts against this family (Gokulan et al. 2018; Fakhar et al. 2017). 

To probe further the potential analogy with the more structured sub-domain in YcbB, we 

performed 10 ns molecular dynamics simulations (Figure 2.4) using a CHARMM36 forcefield 

(see methods) which additionally supported the propensity for its highly mobile nature.  

Interestingly, simulations with meropenem showed increased RMSD spread in the capping loop 

region but an overall stabilisation of the remainder of the catalytic domain, while in apoenzyme 

simulations there was increased motion not only in the capping sub-domain but as well over the 

entirety of the catalytic domain. It is likely that in the action of YcbB on extended native PG 

substrates, this motion would provide for additional interactions to facilitate binding and product 

release.  In the YcbB-meropenem acyl-enzyme complex structure, the capping subdomain is seen 

to be stabilised in a position adjacent to the active site, creating a distinct cap over the two substrate 

binding clefts (Figure 2.3 C). Meropenem occupies, as expected of a β-lactam antibiotic, the donor 

site, further demarcating the adjacent and unoccupied acceptor site. The corresponding volume 

under the cap in the closed conformation observed is approximately 810 Å3, as calculated by the 

3V server (Voss and Gerstein 2010). 
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Figure 2.3 Structure of the E. coli YcbB catalytic domain.  
(A) A ribbon representation of the YcbB catalytic domain, residues 375-576, coloured in rainbow 
from red (N-terminus) to blue (C-terminus). Meropenem is represented in black and coloured by 
heteroatom. The unique capping sub-domain is highlighted in a bold silhouette. (B) The catalytic 
domain architecture of Enterococcus faecium LdtFm (PDB ID 3ZGP (Lecoq et al. 2013)) and 
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Bacillus subtilis YkuD (PDB ID 1Y7M (Bielnicki et al. 2006)) highlighting the differences seen 
among L,D-transpeptidase catalytic domains in the capping loop region. (C) Cut surface 
representation of the YcbB catalytic domain, showing the capped cleft formed between the donor 
and acceptor sites by the capping loop sub-domain. The catalytic Cys528 and His509 are coloured 
in yellow and blue respectively. Meropenem (blue) is overlaid in its position in the donor site, 
acylating the catalytic cysteine. (D) The active site architecture of E. coli YcbB. The catalytic 
Cys528 is acylated by meropenem and the sulphide is rotated away from the Nτ of His509 (4.2 Å) 
which activated the cystine prior to acylation. The Nπ of His509 is seen to be in close proximity 
with the backbone carbonyl of the adjacent Asp510 (2.7 Å), stabilising and promoting formation 
of the histidine cation. (E) The sequence of E. coli YcbB (Ec_YcbB) aligned with the 
aforementioned catalytic domains from E. faecium and B. subtilis (Ef_Ldtfm and Bs_Yku, 
respectively) as well as LdtMt1 and LdtMt2 from Mycobacterium tuberculosis (Mt_LdtMt1 and 
Mt_LdtMt2, respectively). Adapted from (Caveney et al. 2019). 
 
 
 
 

 
 

Figure 2.4 Molecular dynamics of E. coli YcbB.  
(A) 10 ns simulation of YcbB and meropenem at 1ns increments, catalytic domain show, coloured 
from red to blue. (B) 10 ns simulation of YcbB at 1ns increments, catalytic domain show, coloured 
from red to blue. (C) RMSD of catalytic domain backbone carbons, in angstrom, of YcbB in 
complex with meropenem (top) and as apoenzyme (bottom). Adapted from (Caveney et al. 2019). 
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2.2.5 YcbB L,D-transpeptidase mechanism 

 

From the structure of meropenem acylated YcbB, we propose a catalytic mechanism of the 

L,D-transpeptidase activity of YcbB, which despite the architectural differences is in keeping to 

what has been proposed for other L,D-transpeptidases previously (Erdemli et al. 2012) (Figure 

2.5). In the proposed mechanism, the conserved Cys528 carries out a nucleophilic attack on the 

penultimate residue, meso-DAP, of a tetrapeptide on the donor PG strand, resulting in the release 

of the terminal D-Ala. This acyl-enzyme intermediate is subsequently deacylated via nucleophilic 

attack of a side chain amino on the meso-DAP on an adjacent acceptor PG strand. Conserved 

His509 of the catalytic dyad is seen to be located in close proximity to the catalytic Cys528 

(distance Nτ to acylated Cys S of 4.2 Å); we suggest the hydrogen bond distance and angle between 

base and nucleophile are presumably optimized only in the apo form of the enzyme due to steric 

restraints induced by the covalently bound substrate in the subsequent acyl intermediate as 

captured here. Indeed several structures of acylated and apo forms of PBPs support this with high 

resolution structures showing the hydroxyl group of the catalytic serine nucleophile swings away 

from the conjugate base upon acylation (King et al. 2017). As well, we observe this in our apo 

molecular dynamics simulations, where the serine swings toward His509 within 10 ns of 

simulation to a final distance of 3.1 Å between the His Nτ to apo Cys S. The backbone carbonyl 

of the adjacent Asp510 is seen to be located near the Nπ of His509 (2.7 Å), forming a stabilising 

hydrogen bond and potentially modulating the pKa of the His509 to improve its role as a general 

base. His509 is seen to be positioned both proximal to not only the catalytic cysteine, but as well 

the acceptor site of the catalytic cleft (Figure 2.3 C, D). This supports the notion that His509, 

stabilised by Asp510, acts as the general base for the activation of both the acylation and 
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deacylation steps of the L,D-transpeptidase reaction. It has been proposed previously for other 

L,D-transpeptidases that the catalytic histidine may act as both the general base, as well as to 

protonate the leaving groups (Erdemli et al. 2012), but from our YcbB-meropenem complex 

structure we propose that Tyr507 is a more likely candidate for this protonation in the case of 

YcbB. Tyr507 is more appropriately positioned, in angle and at 4.2 Å from the leaving group 

nitrogen, than the catalytic histidine, which is positioned 7.2 Å away and appears unlikely to donate 

this proton. As well, the nearby electropositive Lys497 (4.5 Å away) and potential hydrogen bond 

partner Trp425 (3.6 Å away) could serve to reduce the pKa of the Tyr507 and allow for its role in 

protonation of the leaving group. The role of the Tyr507 at this position would be analogous to the 

role of the SXN motif serine (Ser139 in PBP5) in PBPs (Alexander et al. 2018), a role which has 

been very well characterized. We note that while a tyrosine residue exists at this position in L,D-

transpeptidases from a variety of other species, it is not completely conserved at this position in 

the L,D-transpeptidase motif. The specific nature of these protonation events can perhaps be 

unravelled in future Michaelis complex structures of L,D-transpeptidases. 
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Figure 2.5 Catalytic mechanism of E. coli YcbB L,D-transpeptidase activity.  
(1,2) Activation of Cys528 by His509 and subsequent cysteine mediated acylation of the 
penultimate residue, meso-DAP, of the tetrapeptide on the growing donor PG strand. This results 
in the release of the terminal D-Ala residue of the tetrapeptide. (3,4) Deacylation of the covalent 
acyl-enzyme via nucleophilic attack of a side chain meso-DAP on an adjacent acceptor PG strand. 
(5) The resultant 3-3, L,D crosslink is formed and the enzyme is returned to its starting state. 
Adapted from (Caveney et al. 2019). 
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2.2.6 Inhibition of the L,D-transpeptidase mediated resistance pathway 

 

In order to probe the inhibition of the YcbB-mediated β-lactam resistance pathway to the 

fullest extent, meropenem acylation of both the L,D-transpeptidase and D,D-carboxypeptidase 

activities required was investigated (Figure 2.6). The YcbB-meropenem complex map had ordered 

density defining the active site residues including the thiol ester covalent link of Cys528 and 

acylated meropenem (Figure 2.6 B). A 2.2 Å resolution structure of PBP5 acylated with 

meropenem was also solved with very well ordered density for the covalently bound meropenem 

(Figure 2.6 C). Relative to previously published PBP5 structures, we were able to trace additional 

residues at the C-terminus of PBP5 (387-397; likely afforded by the differential packing with a 

neighboring molecule in our unique crystal lattice). Regardless, the conserved binding mode of the 

ligands between the PBP5-meropenem structure and the PBP5-imipenem structure (PDB ID 

3MZF (Nicola et al. 2010)) indicates similar modes of enzyme acylation and binding. On the other 

hand, despite the similarity in the PG substrates for the YcbB L,D-transpeptidase and PBP5 D,D-

carboxypeptidase, we observe the binding and stabilisation of meropenem between the two 

enzymes is quite distinct.  

 

Meropenem binds PBP5 in a typical PBP fashion using the conserved SXXK, SXN, and 

KTG active site sequence motifs common to this broad class of activated serine carboxypeptidases. 

The meropenem is acylated at C7 by the Ser73 side chain hydroxyl of the SXXK motif (the 

proximal Lys76 of the motif playing the general base role) and stabilised through an extensive 

hydrogen bond and electrostatic network (Figure 2.6 C, G). The carbonyl oxygen on C7 of 

meropenem occupies the enzyme oxyanion hole comprised of main chain nitrogens at position 73 
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and 245, forming strong hydrogen bonds that polarize and stabilize the carbonyl during acylation 

and formation of oxycarbanion intermediates (Figure 2.6 D).  The side chain hydroxyl of Ser 139 

of the SXN motif resides adjacent to the leaving group nitrogen of meropenem, the likely source 

for protonation of that moiety to promote acylation. The Asn141 side chain amide of the SXN 

motif hydrogen bonds with the 1-hydroxyethyl group on C6 of meropenem, while the Thr243 side 

chain hydroxyl of the KTG motif forms bidentate hydrogen bonds to the carboxylic acid group of 

meropenem (C3). The latter is further stabilized by longer range electrostatic interactions with the 

side chain amido of Lys242 of the motif as well as the guanidinium group of Arg277. As well 

there are typical hydrogen bonds formed, backbone amide of His245 and water-mediated 

interactions with the backbone amide of Arg227 and the backbone carbonyl of Leu137.  

 

In contrast, meropenem binding of YcbB is void of this extensive network of hydrogen 

bonds, instead consisting of acylation at C7 by the catalytic Cys528 and a few key hydrogen bonds 

(Figure 2.6 B, F). The carbonyl oxygen on C7 of acylated meropenem protrudes into an oxyanion 

hole consisting of, analogous to the PBPs, the amide nitrogen of the nucleophile, here Cy528. 

However, the second commonly observed main chain nitrogen amide of the PBPs is replaced in 

YcbB by a close interaction to the carbonyl oxygen at Ala 505 which has an interaction with the 

substrate. A further markedly distinct feature in the meropenem complex is the minimal non-

covalent interactions of the C3 carboxylate of meropenem with enzyme. One hydrogen bond to 

the backbone carbonyl of Ala505 is the primary interaction, replacing the typical electrostatic 

interactions observed for this ubiquitous functional group of β-lactam antibiotics. Despite the 

relative proximity of electropositive groups such as Arg407, Arg433, Lys434, and Lys497 the 

proline rich insertion centered at Pro428 appears to provide a structural ridge that prevent 
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meaningful interaction.  At the same time hydrophobic interactions between enzyme and substrate 

appear more prominent, with, for example, Trp425, Pro428 and Leu431 forming an explicit apolar 

pocket for binding of the C1 methyl of meropenem. The general lack of complex hydrogen bonding 

and increased hydrophobic interactions is characteristic of L,D-transpeptidase acyl-enzyme 

complexes with carbapenem inhibitors and is seen in meropenem acylation of LdtMt2 (PDB ID 

4QR7 (Gokulan et al. 2018)). Pre-acylation, there could be additional stabilisation of meropenem 

from residues of both the active site and the capping loop that allow for proper positioning of the 

drug for acylation by the catalytic cysteine.   

 

Despite the similarities in the activities of PBP5 and YcbB and therefore some of the 

common attributes to the inhibition of these enzymes by meropenem, there are vast differences in 

the overall stabilization of these drugs post-acylation. It is likely that PBPs were the target of the 

evolution of this class of antibiotics, originally in Streptomyces cattleya and in subsequent drug 

development (Birnbaum et al. 1985). This is exemplified by structural properties of the inhibition 

of these enzymes, with the generally more stabilized meropenem of the acylated PBP5 proving a 

better inhibitor. As we continue to unravel the importance of L,D-transpeptidase mediated β-

lactam resistance, it will become increasingly relevant to revisit this important class of antibiotic 

and, using structure guided design, improve upon the binding and inhibition of L,D-transpeptidases 

by carbapenems. 
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Figure 2.6 Meropenem inhibition of E. coli YcbB and PBP5.  
(A) Chemical diagram of meropenem pre- and post-acylation by YcbB and PBP5. (B) mFo-DFc 
simulated annealing omit map for the acylated meropenem on Cys528 of YcbB, contoured at 2σ. 
YcbB is in blue and meropenem in grey. The catalytic diad (Cys528 and His509), relevant residues, 
and meropenem are coloured by heteroatom. Hydrogen bonding between meropenem and the 
backbone carbonyl of Ala505 is represented with dashed lines. (C) mFo-DFc simulated annealing 
omit map for the acylated meropenem on Ser73 of PBP5, contoured at 2σ. PBP5 is in blue and 
meropenem in grey. PBP5 residues involved in the stabilization of meropenem, relevant water 
molecules, and meropenem are coloured by heteroatom. Hydrogen bonding between meropenem, 
relevant residues, and water is represented with dashed lines. Relative arrangement of nucleophile, 
general base and oxyanion hole (backbone atoms shown) for PBP5 (D) and YcbB (E). (F,G) 
LigPlot diagrams of meropenem acyl-enzyme complexes. (F) YcbB-meropenem complex with 
meropenem in grey and protein residues in white, with atoms coloured by heteroatom. (G) PBP5-
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meropenem complex coloured as in F. (H) Overlay of meropenem-acylated catalytic residues of 
YcbB (darker blue and green) and PBP5 (lighter blue and pink) showing a similar general 
curvature of both meropenem molecules, with the notable exception of an approximate 180° 
rotation about meropenem C6 due to the differing active site architectures of YcbB and PBP5. 
Adapted from (Caveney et al. 2019). 
 
 
2.2.7 In vivo assay of YcbB mediated β-lactam resistance 

 

In order to correlate the sequence and structural aspects of E. coli YcbB to its role in 

antibiotic resistance, antibiograms using a β-lactam disk diffusion assay were performed (Figure 

2.7). The antibiotics ampicillin and ceftriaxone were chosen for use in these assays, as they are 

well characterized, non-carbapenem, β-lactam antibiotics that provide insight into the general 

trends in β-lactam resistance apart from carbapenems. Unsurprisingly, replacements of both the 

catalytic cysteine and histidine resulted in a complete loss of the β-lactam resistance (β-lacR) 

phenotype seen in the assay with wild type YcbB.  

 

Of greater interest was the contribution of the capping loop to antibiotic resistance. To this 

end, the assay was performed with a truncated YcbB containing a YkuD-like capping stub (ycbB 

Δ426-491), as well as with a Trp425Ala replacement designed to interfere with the significant 

hydrophobic interactions the indole side chain was observed to mediate with meropenem in our 

complex structure. Both of these replacements resulted in an β-lactam sensitivity (β-lacS) 

phenotype. This further validates the proposition that the capping loop, despite its inherent 

flexibility, plays a crucial role in facilitating YcbB mediated L,D-transpeptidation. 
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Replacements of the catalytic domain and capping sub-domain provide insight into the 

requirement for functional L,D-transpeptidase activity in antibacterial resistance, yet an 

understanding of the role of the PG domain in this resistance and the activity of L,D-

transpeptidases in general was poorly understood. While many L,D-transpeptidase enzymes have 

PG domains of one type or another, these domains have yet to be specifically linked to their role 

LD-transpeptidation in vivo. Replacements of both the presumed PG binding residues of the YcbB 

PG domain (Asp337 and Arg244), as well as a truncation to the extended loop (ycbB Δ268-312) 

unique to the YcbB PG domain in comparison to homologous PG domains in other enzymes, were 

tested in the in vivo β-lactam resistance assay. Interestingly enough, only the Asp337Ala 

replacement and Δ268-312 deletion resulted in β-lactam sensitivity. The Arg244Ala replacement 

resulted in a continued β-lactam resistance phenotype. We propose that this is likely due to a 

greater contributing role of the Asp337 in the binding of PG in comparison to Arg244. Asp337 is 

positioned more closely to the cleft between the catalytic and PG domains (Figure 2.7 A), where 

the acceptor PG strand would likely lie in order to have access to the acceptor site of the catalytic 

domain. In contrast, Arg244 is positioned further away from the cleft and less likely to be forming 

as strong an interaction with the acceptor PG strand (Figure 2.7 A). Regardless of the contribution 

of Arg244 in PG binding, this is the first evidence of how an accessory PG binding domain can 

have implications on L,D-transpeptidase function in an in vivo setting. As the extended loop on 

the PG domain is on the opposite side of the domain from the proposed residues that are involved 

in binding the acceptor PG strand, it is possible that it is mediating additional interactions with the 

existing PG sacculus that are important in the context of the greater YcbB mediated resistance 

pathway. Overall, this clearly shows the importance of the accessory PG binding domains in L,D-

transpeptidase function in vivo.  
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Figure 2.7 In vivo assay of YcbB mediated β-lactam resistance.  
(A) Various replacements and deletions of the catalytic residues (in red), capping loop region (in 
green) and PG binding domain (in blue), mapped onto the catalytic and PG domains of YcbB. 
Replacements retaining YcbB mediated β-lactam (ampicillin and ceftriaxone) resistance are 
denoted as β-lacR, while replacements and deletions resulting in β-lactam (ampicillin and 
ceftriaxone) susceptibility are denoted as β-lacS. (B) Replacements and deletions of pTK2(ycbB) 
(i-viii) are listed with their resulting phenotype. Adapted from (Caveney et al. 2019). 
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2.2.8 Interaction of YcbB with PBP1b and PBP5 

 

Ycbb, PBP5 and PBP1b are known to contribute sequentially in a D,D-transpeptidase 

bypass pathway in E. coli (Hugonnet et al. 2016). It was of interest, therefore, to determine whether 

YcbB interacts directly with these PBPs that provide substrate. To do this assessment, YcbB-

PBP1b and YcbB-PBP5 interactions were assayed using microscale thermophoresis (MST). 

Styrene-maleic acid co-polymer solubilised PBP1b was used to mitigate protein aggregation issues 

in the capillary that were encountered with detergent-solubilised PBP1b. The YcbB-PBP1b 

interaction was seen to have a Kd of 250 ± 30 nM (Figure 2.8 A). The YcbB-PBP5 interaction was 

seen to be somewhat weaker, with the MST data suggesting at most a Kd in the low micromolar 

range (~2 µM) (Figure 2.8 B). These affinities are consistent with the generally-accepted 

understanding regarding the dynamic nature of PG biosynthetic complexes in response to 

environmental challenges or the particular stage in the life cycle of the bacterium (Pazos, Peters, 

and Vollmer 2017). Due to the relatively apolar nature of the scaffolding domain of YcbB (Figure 

2.1) we postulate that these interactions with PBP1b and PBP5 primarily occur through 

interactions with apolar regions of PBP1b and PBP5. Both PBP1b and PBP5 are seen to exhibit 

similar electrostatic surface charge characteristics to YcbB, with localized electropositive surface 

regions about their active sites and more apolarity to their other surface regions (Figure 2.9). The 

association of YcbB to the apolar hinge region of PBP5 and the apolar regions of PBP1b’s 

glycosyltransferase domain would localise YcbB to receive the proper substrates from PBP1b and 

PBP5 to successfully mediate β-lactam resistance. 

  



53 

 

 

Figure 2.8 E. coli YcbB interaction with PBP1b and PBP5.  
Microscale thermophoresis analysis of PBP1b (A) and PBP5 (B) interaction with YcbB. (A) 
YcbB-PBP1b interaction was evaluated using relative fluorescence and the data was best fit by a 
binding isotherm with a Kd of 250 ± 30 nM and a Hill coefficient of 3.8. (B) YcbB-PBP5 
interaction was evaluated using relative MST response. While it was not possible to work with 
PBP5 concentrations sufficiently high to observe saturation of all binding sites on YcbB, fitting 
the data to a binding isotherm yielded Kd and Hill coefficient values of 2.1 ± 0.5 µM and 1.3, 
respectively. The affinity between YcbB and PBP5 is the estimated maximum affinity for the 
complex. Measurements for the YcbB-PBP1b interaction were performed in triplicate with two 
technical replicates of each. Measurements for the YcbB-PBP5 interaction were performed in 
triplicate. Error bars represent the standard deviation of the measurements in both cases. Adapted 
from (Caveney et al. 2019). 
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Figure 2.9 Electrostatic surface potential of E. coli PBP5 and PBP1b.  
(A) Electrostatic surface representation of PBP5-meropenem acyl-enzyme complex in three views 
related by a 90° rotation around the x-axis and a 180° rotation around the y-axis. (B) Electrostatic 
surface representation of PBP1b-CENTA acyl-enzyme complex (PDBID 5HLD (King et al. 
2017)) in two views related by a 180° rotation around the y-axis. Electro positive transpeptidase 
active sites marked with white arrows in both A and B. Adapted from (Caveney et al. 2019). 
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2.2.9 Implications on YcbB mediated β-lactam resistance 

 

The structures reported here further develop our understanding of YcbB mediated β-lactam 

resistance and allow us to expand upon the previously proposed model of the resistance pathway 

(Hugonnet et al. 2016) (Figure 2.10). Under conditions of increased alarmone production, YcbB 

and PBP5 are likely able to form a transient complex with PBP1b. The soluble protein YcbB is 

likely able to couple to the two monotopic membrane proteins, PBP1b and PBP5, to interact 

directly through its putative interaction/helical domain. As well, YcbB is likely assisted in this 

localisation and oriented in position to crosslink a polymerising PG strand by its PG binding 

domain mediated interaction with the existing sacculus. This is distinct from the role of the LysM-

like PG binding domain of YkuD (Schanda et al. 2014) and other Ldt enzymes, in which the PG 

binding domain is oriented adjacent to the donor site of the catalytic domain, as opposed to the 

acceptor site seen in YcbB. Once the complex has been formed, PBP1b could act to polymerise 

periplasmicaly oriented lipid II into a growing PG strand. As β-lactam drugs inhibit the 

transpeptidase domain of PBP1b, PBP5 could then assist in rescue of PG formation by removing 

the terminal D-Alanine, thereby providing the substrate for YcbB. This growing strand would 

orient itself adjacent to the donor site of YcbB, with the tetrapeptide stem entering into the catalytic 

cleft. In parallel, the PG domain associated acceptor PG strand would enter the acceptor site of the 

catalytic cleft. YcbB mediated L,D-transpeptidase activity and substrate release would occur 

involving rearrangement of the substrate capping loop/sub-domain and resulting in the capped 

substrate cleft (seen in the acyl-enzyme complex structure) to re-orient into an open cleft. This 

proposed mechanism for this resistance pathway is consistent with the growing understanding in 

the field that PG biosynthesis depends on a number of dynamic and variable multi-protein 
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complexes (Pazos, Peters, and Vollmer 2017) that are regulated spatiotemporally and, as in the 

case of YcbB mediated β-lactam resistance, by external stimuli. As we enter into an era of 

increasing antibiotic resistance, unravelling the intricacies of these non-canonical PG biosynthetic 

complexes will be of increasing importance as bacteria deploy these flexible pathways to evade 

antibiotic assault. 
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Figure 2.10 Schematic representation of YcbB mediated β-lactam resistance.  
(A-E) Assembly and function of the YcbB mediated β-lactam resistance pathway. (A) PBP1b 
function in the absence of β-lactam antibiotics. PBP1b acts as both glycosyltransferase and D,D-
transpeptidase. (B) PBP1b function in the presence of β-lactam antibiotics, such as ampicillin. 
PBP1b can maintain glycosyltransferase activity, but D,D-transpeptidation is inhibited. (C) β-
lactam resistance complex formation upon production of alarmone. YcbB likely interacts with 
PBP1b and PBP5 through its putative interaction/helical domain. (D) YcbB is likely additionally 
associated and oriented through its PG binding domain interacting with the acceptor strand of the 
existing PG sacculus. (E) The resistance complex can successfully rescue crosslinking function. 
PBP1b polymerizes PG strands with glycosyltransferase activity, PBP5 removed a terminal D-
alanine with its carboxypeptidase activity, and YcbB acts on the modified peptides with L,D-
transpeptidase activity to crosslink the PG strand into the sacculus. (F-J) Function and mechanism 
of the YcbB catalytic domain during L,D-transpeptidation. (F) Tetrapeptide of the donor PG strand 
enters the donor site of the catalytic domain. (G) Donor tetrapeptide is acylated at its meso-DAP 
residue by the catalytic cysteine, resulting in the loss of the terminal D-alanine. (H) Adjacent 
acceptor PG peptide enters the acceptor site of the catalytic domain. (I) The covalent acyl-enzyme 
is deacylated via nucleophilic attack of the side chain meso-DAP on the adjacent acceptor PG 
strand, forming the L,D-crosslink. (J) Rearrangement of the capping loop/sub-domain from a 
capped conformation to an open cleft will occur, resulting in the release of the crosslinked 
substrate. Adapted from (Caveney et al. 2019). 
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2.3 Methods 

 

2.3.1 Cloning and protein expression 

 

Escherichia coli YcbB without its signal peptide (residue 31 onward) was cloned into the 

expression vector pET41b-GST with a thrombin cleavable, C-terminal 8x His-tag. E. coli PBP1b 

from residue 58 onward was cloned into the expression vector pET41b-GST with a thrombin 

cleavable, C-terminal 8x His-tag. E. coli PBP5 from residue 30 onward was cloned into the 

expression vector pET41b-GST with a human rhinovirus (HRV) 3C protease cleavable, C-terminal 

8x His-tag. Expression constructs were transformed into E. coli BL21 (DE3) for expression of 

YcbB and PBP5. PBP1b expression construct was transformed into E. coli C41. Cells were 

cultured in ZYP-5052 autoinduction media for four hours at 37°C followed by overnight protein 

expression at 25°C. Cells were pelleted and stored at -80°C until required. 

 

2.3.2 Protein purification 

 

For purification of YcbB and PBP5, cell pellets were resuspended in lysis buffer (20 mM 

Hepes, pH 8.0, 300 mM NaCl, 10% glycerol) and lysed by processing twice with a homogenizer 

(15 kPa; Avestin). Cellular debris was pelleted by centrifugation at 125,000 x g for 1 hour. The 

resultant supernatant was loaded onto a 1/5 mL Ni2+-saturated HisTrap HP Sepharose cartridge 

(GE Lifesciences), washed with 75 mM imidazole in Buffer A (20 mM Hepes, pH 8.0, 300 mM 

NaCl), and the protein was eluted with 300 mM imidazole in Buffer A. 1 U of HRV 3C protease 

or thrombin was added per mg of protein to remove the N-terminal His-tag overnight at 4°C. 
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Samples were purified further by size exclusion chromatography (SEC) with a Superdex 200 

column (GE Lifesciences) equilibrated in Buffer B (20 mM Hepes, pH 8.0, 150 mM NaCl). 

Fractions containing pure PBP5 or YcbB were pooled and concentrated to 10 to 40 mg/mL. Protein 

was frozen rapidly in liquid nitrogen and stored at -80°C until required. For purification of PBP1b, 

cell pellets were resuspended in lysis buffer (20 mM Hepes, pH 8.0, 300 mM NaCl, 10% glycerol) 

and lysed by processing twice with a homogenizer (15 kPa; Avestin). Cellular debris was pelleted 

by centrifugation at 10,000 x g for 30 minutes. The resultant supernatant was centrifuged at 

125,000 x g for 1 hour to pellet membranes. The membranes were solubilised in Buffer A with 1% 

(w/v) N-dodecyl-D-maltopyranoside (DDM) overnight at 4°C and loaded onto a 1/5 mL Ni2+-

saturated HisTrap HP Sepharose cartridge (GE Lifesciences), washed with 75 mM imidazole in 

Buffer A with 0.016% DDM, and the protein was eluted with 300 mM imidazole. 1 U of thrombin 

was added per mg of protein to remove the N-terminal His-tag overnight at 4°C. Samples were 

purified further by SEC with a Superdex 200 column (GE Lifesciences) equilibrated in Buffer B 

with 0.2% DM. Fractions containing pure PBP1b were pooled and concentrated to 10 to 40 mg/mL. 

Protein was frozen rapidly in liquid nitrogen and stored at -80°C until required. SMA-solubilised 

PBP1b was prepared as above, with the extraction occurring in 2% activated SMA and subsequent 

buffers having no detergent present. 

 

2.3.3 Microscale thermophoresis 

 

Microscale thermophoresis (MST) assays were conducted using a Monolith NT.115Pico 

(NanoTemper). YcbB, PBP5 and PBP1b were fluorescently labelled using Alexa Fluor 647 NHS 

Ester (Thermo Fisher Scientific). To evaluate the binding of PBP1b to YcbB, increasing 
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concentrations of unlabelled YcbB (1.5 nM – 3.1 µM) were used to titrate fluorescently labelled 

SMA-solubilised PBP1b at a constant concentration (100 nM). To evaluate the binding of PBP5 

to YcbB, increasing concentrations of unlabelled PBP5 (120 pM – 98 µM) were used to titrate 

fluorescently labelled YcbB at a constant concentration (15 nM). Experiments were carried out in 

a Buffer C. Data was analysed using the NanoTemper MO Affinity Analysis software. The PBP1b-

YcbB interaction data was analysed using fluorescence values, while the PBP5-YcbB data was 

analysed using microscale thermophoresis. The data was fit to the equation for a binding isotherm 

with adjustable Hill coefficient. 

 

2.3.4 X-ray crystallography and structure determination 

 

E. coli YcbB protein was crystallized at 20°C by sitting drop vapour diffusion using 0.2 

µL protein solution (30 mg/mL purified protein in Buffer A) and 1 µL of mother liquor (1.44 M 

lithium sulfate, 0.08 M HEPES pH 7.5, 0.02 M sodium acetate pH 4.6, 0.015 M ammonium sulfate, 

4% (w/v) polyethylene glycol (PEG) 2000 monomethyl ether (MME)) with the addition of 1 mM 

meropenem. The best diffracting YcbB crystal had the addition of a tetrapeptide (L-Ala-D-Glu-

mDAP-D-Ala) at 1 mM, though no density could be found for this ligand. E. coli PBP5 protein 

was crystallized at 20°C by sitting drop vapour diffusion using 0.2 µL protein solution (5 mg/mL 

purified protein in Buffer A) and 1 µL of mother liquor (0.1 M tris pH 7, 7% PEG 400) with the 

addition of 1 mM meropenem. X-ray diffraction data of YcbB-meropenem-ethylmercury and 

PBP5 was collected on Canadian Light Source beamline 08B1-1 using crystals flash-frozen in 

liquid nitrogen with the addition of 20% glycerol to the mother liquor. Data for native YcbB-

meropenem was collected on Advanced Light Source beamline 501. For phasing of YcbB, a YcbB-
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meropenem crystal was soaked in mother liquor supplemented with 1 mM ethylmercury phosphate 

for 30 seconds. A single isomorphous replacement (SIR) experiment was carried out using the 

ethylmercury phosphate soaked crystal. All datasets were processed with XDS (Kabsch 2010), run 

manually or through Autoprocess (Fodje et al. 2014). For the SIR dataset, SHARP (Bricogne et al. 

2003) was used for phasing, model building was performed by AutoBuild (Terwilliger et al. 2007) 

and refined using Phenix (Adams et al. 2010) and Coot (Emsley and Cowtan 2004). For the native 

YcbB dataset and the PBP5 dataset, the structures were solved by molecular replacement using 

Phaser (McCoy et al. 2007). The SIR YcbB preliminary structure was used as the template for the 

YcbB structure and PDBID 3MZF was used to phase the PBP5 crystal. These structures were then 

refined using Phenix (Adams et al. 2010) and Coot (Emsley and Cowtan 2004). The capping loop 

region of YcbB was refined using density-guided iterative local refinement as implemented in 

Rosetta (DiMaio et al. 2015). See Table 2.1 for data collection and refinement statistics.  

 

2.3.5 Molecular dynamics simulations 

 

A complete model for the meropenem acyl and apoenzyme forms of YcbB for molecular 

dynamics simulations was built from our structure of YcbB-meropenem acyl-enzyme complex 

with missing disordered loop regions built in using ModLoop (Fiser and Sali 2003). This was then 

solvated and simulation input files were generated using Quick MD Simulator of the online 

CHARMM-GUI web service (Jo et al. 2008; Lee et al. 2016). Equilibration and production 

simulations were performed with GROMACS 5.1 (Abraham et al. 2015), using the CHARMM36 

all-atom force field (Best et al. 2012) to represent all protein, solvent and ions. Production 
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simulations were run for 10 ns. RMSD calculations were performed using the RMSD Visualizer 

Tool and HeatMapper of VMD (Humphrey, Dalke, and Schulten 1996). 

 

2.3.6 Impact of substitutions in YcbB on β-lactam resistance 

 

β-lactam resistance mediated by bypass the PBPs requires high-level production of the 

alarmone (p)ppGpp and of YcbB (Hugonnet et al. 2016). In this study, we used strain 

BW25113ΔrelA::KmR pKT8(relA’), which allows the arabinose-inducible production of 

(p)ppGpp. The strain was transformed with the derivatives of pKT2(ycbB) for isopropyl β-d-1-

thiogalactopyranoside (IPTG)-inducible expression of YcbB and pf derivatives with amino acid 

substitutions. The phenotype was analyzed using the disk diffusion assay in BHI agar 

supplemented with 50 µM IPTG, 1% arabinose, or both inducers, as previously described 

(Hugonnet et al. 2016). Disks were loaded with 10 µg of mecillinam, 10 µg of ampicillin, 30 µg 

of ceftriaxone, 30 µg of tetracycline, 30 µg of chloramphenicol, or 30 µg of kanamycin. Incubation 

was performed at 37°C overnight. Resistance to β-lactams [β-lacR] was defined as growth at the 

contact of disk containing ampicillin and a diameter <17mm for the inhibition zone around the 

disk containing ceftriaxone, as previously described (Hugonnet et al. 2016).  Susceptibility [β-lacS] 

was defined as diameters >20mm and >35mm for the inhibition zones around the disks containing 

ampicillin and ceftriaxone, respectively. We checked that resistance to ampicillin and ceftriaxone 

was dependent upon the presence of both inducers. 
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2.4 Data availability 

 

Atomic coordinates for the YcbB-meropenem and PBP5-meropenem models have been 

deposited in the protein data bank with accession codes 6NTW and 6NTZ respectively. 

  



64 

 

Chapter 3: Structural and cellular insights into the L,D-transpeptidase YcbB 

as a therapeutic target in bacterial infections 

 

3.1 Introduction 

 

The synthesis of the bacterial cell wall has long been a target of antibacterial strategies 

from both competing species (Aoki et al. 1976) as well as in drug development (Sabe et al. 2019; 

Decuyper et al. 2018). This is exemplified by the widespread use of β-lactam antibiotics, which 

target the final stages of this pathway. The targeting of cell wall biosynthesis is an excellent 

strategy due to the importance of the bacterial cell wall in bacterial viability. The bacterial cell 

wall consists of peptidoglycan (PG) – extended glycan strands of alternating β-1,4 linked N-acetyl-

glucosamine-N-acetyl-muramic acid which are crosslinked into a net-like mesh via short peptide 

segments covalently attached at the C3-OH position of the muramic acid moiety (Caveney, Li, and 

Strynadka 2018).  

 

This PG is synthesised through a multistage pathway transitioning from the bacterial 

cytosol with the formation of soluble precursors, to the inner leaflet of the cytoplasmic membrane 

where these precursors are assembled onto lipid carriers, to the outer leaflet of the cytoplasmic 

membrane where the polymerisation and crosslinking of the PG occurs through the activity of 

penicillin binding proteins (PBPs) (Caveney, Li, and Strynadka 2018; Sobhanifar, King, and 

Strynadka 2013).  
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PBPs are split into two major classes, class A and B (aPBP and bPBP, respectively). The 

aPBPs perform both a glycosyltransferase activity which polymerizes the recently flipped lipid II 

molecules into a growing PG strand and a D,D-transpeptidase activity which catalyses the cleavage 

of a D-Ala4-D-Ala5 peptide bond of the acyl donor and subsequently crosslinks the D-Ala4 

carbonyl to the primary amine of a diaminopimelic acid (DAP) residue on the acceptor. This results 

in a D-Ala4donor-DAP3acceptor crosslink. The bPBPs perform only the latter D,D-transpeptidase 

activity (Sobhanifar, King, and Strynadka 2013; King et al. 2017). The D,D-transpeptidase activity 

of both aPBPs and bPBPs can be blocked by β-lactam antibiotics, which act as a substrate mimetic 

of the donor strand peptide bond. Inhibition of the crucial transpeptidation step in PG biosynthesis 

results in destabilisation of the cell wall and ultimately cell death (Fleming 1929; Liu and Tomasz 

1985; Tomasz 1986). 

 

Despite the success of β-lactam antibiotics in the clinic, the use and abuse of these potent 

antibiotics have led to the emergence of numerous bacterial resistance mechanisms. These include 

the well-known and characterized β-lactamases, drug efflux pumps, as well as many others. One 

more recently discovered mechanism was the ability for bypass of D,D-transpeptidation through 

the use of an alternate crosslinking mechanism – L,D-transpeptidation (Hugonnet et al. 2016). 

 

It has been shown that, in Escherichia coli, an L,D-transpeptidase (Ldt) known as YcbB 

(and alternately LdtD) can compensate for inhibition of PBPs via β-lactam antibiotics with 

remarkably few other factors. Upon upregulation of alarmone ((p)ppGpp), YcbB, a 

carboxypeptidase (PBP5), and an aPBP (PBP1b) can form an alternate synthase complex and 

produce mature PG in a β-lactam resistant manner (Hugonnet et al. 2016; Caveney et al. 2019). 
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Ldts, such as YcbB, crosslink PG using an L,D-transpeptidation mechanism to form a DAP3donor-

DAP3acceptor crosslink between a tetrapeptide-containing donor and a tetra- or tripeptide acceptor 

(Hugonnet et al. 2016). L,D-transpeptidases, including YcbB, are not efficaciously inactivated by 

β-lactams with the exception of the carbapenem subclass. The thioester-containing L,D-

transpeptidase-β-lactam adduct is slow to form for both penicillins and cephalosporins, while 

acylation of penicillins is followed by hydrolysis, thereby preventing full inactivation of the 

enzyme (Triboulet et al. 2013). 

 

In addition to this, YcbB has been implicated in rescue of outer membrane defects (Morè 

et al. 2019), as well as the release of typhoid toxin in Salmonella enterica serovar Typhi (S. Typhi) 

(Geiger et al. 2018). A general trend in these scenarios is the presence of bacterial outer envelope 

stress, which can stimulate the well-known Cpx stress response. Indeed, in E. coli, the ycbB gene 

was shown to be under the control of the Cpx response transcription factor, CpxR (Bernal-Cabas, 

Ayala, and Raivio 2015; Delhaye, Collet, and Laloux 2016). Additionally, it has been proposed 

that L,D-transpeptidation may play a key role in PG maintenance in intercellular pathogens 

(García-del Portillo 2020). It is possible that due to the role of YcbB in outer envelope stress 

response, it is acting in equilibrium with the natural strength of D,D-crosslinked PG and the 

inherent strength of the outer membrane (Rojas et al. 2018) to mediate proper maintenance of outer 

envelope strength under stressful conditions. The role these enzymes may play during the stress-

inducing conditions observed in bacterial infection of a host has yet to be observed. 

 

Recently, we solved the structure of E. coli meropenem-YcbB acyl-enzyme complex via 

X-ray crystallography (Caveney et al. 2019). The structure was seen to consist of a novel tri-
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domain architecture, which was quite distinct from L,D-transpeptidases solved at the time. There 

was also an interesting addition of a capping sub-domain on the otherwise canonical Ldt catalytic 

domain. We proposed that the capping sub-domain would hinge relative to the catalytic domain 

during the formation of L,D-crosslinks, in order to fully facilitate the crosslinking mechanism and 

release of crosslinked PG. Despite the insight gleaned from this structure, there are many more 

questions raised regarding the novel features observed.  

 

Here we show that the general role of YcbB in PG reinforcement under bacterial outer 

envelope stress does not play a significant role in the infection of mice by C. rodentium and S. 

Typhimurium. This does not preclude the potential for anti-YcbB therapeutic agents in prevention 

of typhoid toxin release during treatment of S. Typhi infection. In tandem, we pursued the atomic 

level characterization of YcbB from both Salmonella Typhi and Citrobacter rodentium resulting 

in the crystallographic structures of both S. Typhi YcbB and C. rodentium YcbB acylated with 

ertapenem. From this data, we delineated the conserved structural characteristics and domain 

architecture of YcbB across a variety of Gram-negative pathogens and determined the breadth of 

conservation across their catalytic domains. In addition, we observe conformational reorientations 

in the capping sub-domain which provide further insights into the conformational space these sub-

domains will sample in the greater mechanistic role of these enzymes. Cumulatively, in this work 

we provide a foundation for the development of novel YcbB specific antibacterial therapeutics to 

assist in treatment of increasingly drug resistant S. Typhi infections (Browne et al. 2020). 
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3.2 Results and discussion 

 

3.2.1 Exploration of YcbB as a virulence factor 

 

It has been postulated that anti-typhoid toxin immunization or therapeutics may benefit the 

treatment of Salmonella Typhi (Galán 2016), a host-restricted pathogen responsible for 10.9 

million cases of typhoid fever (Stanaway et al. 2019) and ~200,000 deaths every year (Galán 

2016). PG editing by YcbB has been linked to the release of this toxin (Geiger et al. 2018) and the 

inhibition of YcbB in S. Typhi may prove efficacious in reducing the severity of S. Typhi infection. 

Beyond this, it remains unknown whether these stress regulated proteins play a broader role in the 

virulence of bacterial pathogens in which they exist. YcbB is found in a handful of clinically 

relevant Gram-negative pathogens, such as enteropathogenic and enterohemorrhagic E. coli 

(EPEC, EHEC), and Salmonella enterica (including, but not limited to the serovar Typhi), so it 

was of interest to decipher the importance of its role in infection outside of the context of typhoid 

toxin release. 

 

Fortunately, there are mouse models for both EPEC and S. Typhi infection, in C. rodentium 

and S. enterica serovar Typhimurium (S. Typhimurium) respectively. S. Typhimurium provokes 

typhoid-like symptoms in mice while not producing typhoid toxin, allowing one to probe the 

impact of YcbB in virulence outside of the context of typhoid toxin’s role in Salmonella infection. 

Additionally, using an S. Typhimurium mouse infection model with streptomycin pre-treated mice, 

one can model Salmonella gastroenteritis. 
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These handful of relevant human pathogens and their respective models are known to 

depend on the proper functioning of a type three secretion system (T3SS) to persist within the host 

in a virulent state (Deng et al. 2017). The assembly of a functional T3SS in the bacterial 

membranes and cell wall requires PG remodeling. Therefore, it was of interest to first assay the 

role of YcbB in the ability of these bacteria to secrete effectors via the T3SS. YcbB knockout 

strains were generated for both C. rodentium (CrΔycbB) and S. Typhimurium (STmΔycbB) and 

tested for secretion activity. Neither YcbB knockout strain had any appreciable loss of T3SS 

secretion function in this established assay (Worrall et al. 2016) (Figure 3.1). 

 

Once it was determined that the role of YcbB in a host environment was independent of 

the T3SS, various assays of cell fitness under envelope stress were performed in vitro. Upon 

challenge with bile salts, beta-lactams, and detergents, there was no appreciable difference in 

viability between a wild type and YcbB knockout strain in either C. rodentium (CrΔycbB) and S. 

Typhimurium (STmΔycbB). We postulated that the regulation of these effects may be more 

complex than could be assayed in simple growth assays, and mouse infection trials were conducted 

to see if the more fundamental role of YcbB in strengthening the cell wall under outer envelope 

stress conditions would be required in an in vivo infection setting. In the C. rodentium mouse 

infection model, fecal bacterial shedding post infection was monitored, as well as the survival of 

the infected C3H/HeJ mice. In both wild-type C. rodentium and ΔycbB strain infected mice, similar 

levels of bacterial shedding were observed as the disease progressed (Figure 3.2 A). Survival 

curves between the two strains were likewise identical, with all mice reaching a humane endpoint 

within eight days post-infection (Figure 3.2 B). 
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In the S. Typhimurium model of typhoid infection, colonization of C57BL/6 mouse organs 

at three days post-infection was enumerated. In both wild-type S. Typhimurium and ΔycbB strain 

infected mice, similar levels of Salmonella were found in all organs assayed (spleen, liver, cecum, 

colon, and ileum) (Figure 3.2 C). Likewise, in the S. Typhimurium model of gastroenteritis, 

colonization of C57BL/6 mouse organs from streptomycin pre-treated mice at three days post-

infection was enumerated. In both wild-type S. Typhimurium and ΔycbB strain infected mice, 

similar levels of Salmonella were found in all organs assayed (spleen, liver, cecum, colon, and 

ileum), with the increase in the colonization of the cecum, colon and ileum expected of the 

gastroenteritis model holding true for both strains (Figure 3.2 D). 

 

From the results of these mouse models, we conclude that the general role of YcbB in 

maintenance of the PG layer under conditions of bacterial outer envelope stress is not a 

contributing factor in the ability of either C. rodentium or S. Typhimurium to establish acute 

infection in mice. Therefore, it is unlikely to play a significant role in the establishment of infection 

in either EPEC or S. enterica infections of humans. Amongst the small subset of relevant bacterial 

pathogens which contain the ycbB gene, we are left with the only pathogenesis-relevant roles for 

YcbB being its established role in S. Typhi (Geiger et al. 2018) and potential scenarios of β-lactam 

resistance (Hugonnet et al. 2016). 
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Figure 3.1 Secreted protein profiles from ΔycbB C. rodentium and S. Typhimurium.  
(A) Secreted protein profiles from C. rodentium strain DBS100, which utilises LEE-encoded 
T3SS. Wild type (wt) as a positive control and ΔescC and ΔetgA as negative controls. ΔycbB is 
seen to retain LEE T3SS activity. (B) Secreted protein profiles from S. Typhimurium strain 
SL1344, which utilises SPI-1 T3SS. Wild type (wt) as a positive control and ΔinvG as a negative 
control. ΔycbB is seen to retain SPI-1 T3SS activity. 
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Figure 3.2 Infection and colonization of mice by C. rodentium and S. Typhimurium.  
(A) Bacterial shedding in feces of C3H/HeJ mice (n=5) gavaged with ~3 × 108 CFU of C. 
rodentium wild-type (blue) and ΔycbB (pink). (B) Survival curve of C. rodentium DBS100 
infected mice, as in A. Mice were assessed daily for weight loss and clinical symptoms, and upon 
reaching the humane endpoint, mice were euthanized, and this time point was taken as time of 
death. (C) S. enterica serovar Typhimurium SL1344 wild-type (blue) and ΔycbB (pink) 
colonization of C57BL/6 mouse organs (n=5) three days post infection with ~5 × 107 CFU of 
bacteria by oral gavage to generate typhoid symptoms. (D) S. enterica serovar Typhimurium 
SL1344 wild-type (blue) and ΔycbB (pink) colonization of C57BL/6 mouse organs (n=5) three 
days post infection with ~5 × 107 CFU of bacteria by oral gavage. The mice were pretreated with 
20 mg streptomycin one day before S. Typhimurium infection to generate gastroenteritis 
symptoms.  
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3.2.2 Structures of Salmonella Typhi and Citrobacter rodentium YcbB 

 

Alongside these mouse trials, the structures of YcbB from both C. rodentium and S. 

Typhi/Typhimurium were pursued to provide insight into the structural conservation of the 

relevant Ldts. It should be noted that YcbB is 98-100% conserved amongst Salmonella Typhi and 

Typhimurium serovars. The S. enterica Typhi/Typhimurium YcbB studied herein is 98.5% 

identical in comparison to the clinically relevant multi-drug resistant CT18 strain, with no residues 

differing in the active site and only one differing within the catalytic domain (Figure 3.3 A). 

Amongst Salmonella, Escherichia and Citrobacter YcbBs, there is between 78 and 84% identity.  

 

Ertapenem was chosen for co-crystallization after extensive screening with a small library 

of commercially available and clinically utilized carbapenem antibiotics. For both S. Typhi and C. 

rodentium YcbB, the co-crystals with ertapenem were the only crystals obtained. This is in contrast 

to E. coli YcbB, where crystals were obtained with a variety of carbapenem antibiotics and 

meropenem was selected due to preferential diffraction characteristic and resolution of these 

crystals (Caveney et al. 2019). Both ertapenem and meropenem are of current use in the treatment 

of bacterial infection, particularly β-lactam resistant cases. The two molecules are closely related, 

only differing at the periphery of the molecule (Figure 3.3 B). Crystals of S. Typhi YcbB, generated 

in the presence of 1 mM ertapenem (Figure 3.3 B) at pH 8.5, displayed P312 symmetry with unit 

cell dimensions of a = 75.3 Å, b = 75.3 Å, c = 194.4 Å and a diffraction resolution of 3.6 Å. 

Crystals of C. rodentium YcbB, generated in the presence of 1 mM ertapenem at pH 6.5, displayed 

C2221 symmetry with unit cell dimensions of a = 90.0 Å, b = 117.7 Å, c = 125.2 Å and a diffraction 

resolution of 2.6 Å. There is one molecule of YcbB in the asymmetric unit of each crystal form. 
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The structure solution was phased by molecular replacement using E. coli YcbB (Caveney et al. 

2019) split into two pieces and placed sequentially. The overall dimensions of both the C. 

rodentium and S. Typhi YcbB are as seen in the E. coli YcbB at approximately 75 x 75 x 40 Å. 

The overall architecture of the three currently characterized YcbB enzymes (Figure 3.3 C) features 

the same distinct tri-domain format. The well-ordered central catalytic domain, with the YcbB 

specific substrate capping sub-domain, proximal scaffold domain, and PG domain are conserved 

across all three YcbBs. The backbone RMSD between the three is 2.1 Å across the entirety of the 

modelled protein (452 residues), 1.6 Å when excluding the capping loop sub-domain region 

(across 396 residues – excluding residues 420-493 per S. Typhi numbering), and 1.0 Å across 372 

common trimmed residues. 

 

3.2.3 Conservation of YcbB active site architecture 

 

The catalytic domains of both the S. Typhi and C. rodentium YcbB show both sequence 

(Figure 3.3 A, 3.4 Figure 3.4) and structural conservation (Figure 3.3 C, 3.5 A) with the 

canonical L,D-transpeptidase folds harbouring extended electropositive (Figure 3.5 B) active site 

clefts with the conserved active site motif (Bianchet et al. 2017) (HX15-18[S/T]XGCh[R/N], 

where X represents any residue, and h is any hydrophobic residue) as seen in the E. coli YcbB 

(Caveney et al. 2019). 

 

Despite the differences in acylation-state amongst the three YcbB homologues, there are 

remarkably few differences in either the peptide backbone or residue placement in the active site 

between the three (Figure 3.5 A). There is excellent structural conservation of both the nucleophilic 
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cysteine, the histidine general base which activates it, and the mainchain nitrogen atoms of the 

catalytic cysteine and adjacent tyrosine which form the oxyanion hole to stabilize the negatively 

charged transition state. In addition, many of the positively charged residues in and around the 

active site are well conserved, leading to a common positive electrostatic surface distribution 

amongst the three homologues (Figure 3.5 B).  

 

From the conserved PG substrates and subsequent conserved structural elements of the 

catalytic domain, the broad ability of these YcbB homologues to be acylated by carbapenem 

ligands is understandable. It would therefore potentially pose a challenge to develop inhibitory 

molecules that are wholly specific to a single species’ YcbB. Due to  the presumed specificity of 

the role of YcbB in S. Typhi virulence, through its regulation of typhoid toxin release (Geiger et 

al. 2018), and the lack of a role in virulence observed in our in vivo mouse studies, the cross-

reactivity of a developed anti-YcbB inhibitor would likely produce little off target effect within 

the mixed and complex bacterial population of the host gut. Inhibition of YcbB in other species 

which harbour this gene would not result in the death of the bacteria and therefore abate detrimental 

selective resistance pressures against these bacteria during treatment of S. Typhi infection. While 

not affecting these other bacteria, a successful anti-YcbB therapeutic would likely prevent the 

release of typhoid toxin (Geiger et al. 2018) and, in combination with standard antimicrobial 

agents, potentially reduce the severity of S. Typhi infection (Galán 2016). Such a therapeutic could 

be of interest in combination therapies with conventional β-lactam antibiotics for the thorough 

treatment of S. Typhi infection, particularly in a persistent or severe infection. 
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Figure 3.3 Multiple sequence alignment and structures of YcbB.  
(A) Alignment of amino acid sequences from the catalytic domains of YcbB of YcbB from 
Salmonella Typhi CT18, Salmonella Typhimurium SL1344, Citrobacter rodentium DBS100, and 
Escherichia coli K12. HX15-18[S/T]XGCh[R/N] (where X represents any residue, and h is any 
hydrophobic residue) is highlighted in grey. (B) Chemical diagrams of meropenem and ertapenem 
post-acylation by YcbB. Differences between meropenem and ertapenem are in red. (C) The 
structures of S. Typhi/Typhimurium and C. rodentium YcbB are shown in ribbon representation, 
coloured in rainbow from N- (blue) to C-terminus (red) in comparison to the previously solved E. 
coli YcbB (PDBID 6NTW (Caveney et al. 2019)) represented in the same scheme. Acylated drugs 
(ertapenem for S. Typhi/Typhimurium and meropenem for E. coli) are represented by spherical 
atoms, coloured in black and by heteroatom. 
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Figure 3.4 Multiple sequence alignment of YcbB.  
Alignment of whole amino acid sequences (post signal peptide processing) of YcbB from 
Salmonella Typhi CT18, Salmonella Typhimurium SL1344, Citrobacter rodentium DBS100, and 
Escherichia coli K12. Catalytic domain (per Figure 3.3) is highlighted in grey. The lone catalytic 
domain difference between CT18 and DBS100 is denoted by an arrow.  
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Figure 3.5 Molecular architecture and electrostatic surface potential of YcbB catalytic 
domain and active site.  
(A) An overlay of the catalytic domain of various YcbB homologues (in their carbapenem acylated 
states, with carbapenem atoms removed for visualization), showing structural conservation of 
residues across the domain. S. Typhi/Typhimurium is represented in green, C. rodentium is 
represented in blue, and E. coli (PDBID 6NTW (Caveney et al. 2019)) is represented in purple. 
(B) The electrostatic surface potential of catalytic domains from various YcbB homologues, 
showing conservation of the extended electropositive active site (circled in white) across species. 
Placement of the catalytic cysteine is noted with red arrows. 
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3.2.4 Acylation of YcbB by ertapenem and meropenem 

 

With the new structures of YcbB from S. Typhi and C. rodentium characterized here, we 

gain additional insights into the acylation of these YcbB proteins by carbapenem antibiotics. 

Amongst all three species’ structures of YcbB, there is a lack of extensive hydrogen bonding 

networks seen between carbapenems and the various conserved motifs (SXXK, SXN, KTG) in 

PBPs (Figure 3.6 A, B).  

 

In the case of the S. Typhi ertapenem-YcbB structure, we see well resolved density for the 

ligand as it acylates the catalytic Cys526 (Figure 3.6 A). The ertapenem is positioned similarly to 

the meropenem in the E. coli YcbB structure (Caveney et al. 2019), sitting in the donor side of the 

active site (Figure 3.6 C). The conserved core of carbapenem in particular, plays the same role in 

mediating the only hydrogen bonding present in between the drug and the active site, with the 

ethyl-alcohol group on C6 hydrogen bonding with both the Tyr505 of the active site Ldt motif as 

well as the conserved Trp423 of the capping loop (Figure 3.6 A). The proline rich insertion 

centered at Pro426 once again appears to provide a structural ridge that prevents significant 

interaction with nearby electrostatic residues, as seen in the E. coli YcbB structure. This observed 

lack of complex hydrogen bonding in favour of increased hydrophobic interactions is seen both in 

the E. coli YcbB structure, as well as many non-YcbB Ldts (Gokulan et al. 2018; Caveney et al. 

2019).  

 

One interesting feature of the ertapenem acylation of the S. Typhi YcbB is the presumed 

destabilization of the loop consisting of residues 502-504, which are not well resolved and could 
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not reliably be modelled in the density. We see a similar region of poor density on the same loop 

in the higher resolution C. rodentium ertapenem-YcbB structure, with poorly resolved density for 

residues 511-513, though only residue 512 could not be reliably modelled. In the case of the S. 

Typhi YcbB, the poorer density and presumed destabilization of this loop could in part be due to 

the crystal packing, as Tyr561 from an adjacent YcbB in the crystal lattice packs against resides 

499 and 500 just prior to the region of poor density. No such packing is seen in the C. rodentium 

YcbB structure, leading one to postulate that some of this destabilization could indeed be due to 

the ertapenem acylation. 

 

Beyond the conserved carbapenem core, the ertapenem extends out of the active site. In 

particular, the additional benzoic acid extension on ertapenem protrudes into a solvent channel and 

interacts with a neighbouring YcbB in the crystal lattice. This interaction stabilises the extended 

ertapenem molecule, which likely would not be well resolved to its terminus in the absence of 

these contacts. In the context of native YcbB in the periplasm, the acylation of YcbB by ertapenem 

would likely provide little additional contact in comparison to that of a shorter carbapenem such 

as meropenem (Figure 3.3 B). 
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Figure 3.6 Carbapenem acylation of YcbB and movement of the capping loop.  
(A) mFo-DFc simulated annealing omit map for the ertapenem-acylated Cys526 of S. Typhi YcbB, 
contoured at 2 and 2.5 σ in blue and green, respectively. S. Typhi YcbB is in green, ertapenem is 
in light grey, and selected residues and ertapenem are coloured by heteroatom. Hydrogen bonding 
between ertapenem, Tyr507, and Trp423 is represented with dashed lines. Some poorly resolved 
density is seen for residues 502-504, which are represented with a curved dashed line. (B) mFo-
DFc simulated annealing omit map for the ertapenem-acylated Cys537 of C. rodentium, contoured 
at 2 and 2.5 σ in blue and green, respectively. C. rodentium YcbB is in blue and the remainder is 
coloured as in A. Hydrogen bonding between ertapenem and the backbone carbonyl of Ile515 is 
represented with dashed lines. (C) A comparison of ertapenem-S. Typhi YcbB (grey/green), 
ertapenem-C. rodentium YcbB (grey/blue), and meropenem-E. coli YcbB (grey/purple – PDB ID 
6NTW (Caveney et al. 2019)). Acylated catalytic cystine and catalytic histidine residues are 
shown. Similar orientations of the active site residues are seen amongst all three homologues, 
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while the general position of both ertapenem and meropenem is conserved amongst the S. Typhi 
and E. coli structures, with the benzoic acid extension protruding away from the active site in the 
ertapenem-S. Typhi YcbB structure. (D) An overlay of S. Typhi (ST), E. coli (Ec), and C. 
rodentium (Cr) YcbB structures, highlighting capping loop rearrangement between the three. 
Modest rearrangements of the capping loop are seen to occlude the stability of ertapenem in the 
crystal structure of C. rodentium YcbB, likely through steric interference shown in dashed lines 
between an overlay of ertapenem and C. rodentium YcbB. (E) A schematic representation of the 
capping loop rearrangement and the impact on the acylation state during crystallization. 
Representations of states with structures are additionally outlined in grey. (F) B-factors of S. 
Typhi, E. coli, and C. rodentium YcbB structures, highlighting the increased B-factors of the 
capping loop within each model and the increased overall B-factors scaling with resolution (plotted 
in UCSF Chimera - Pettersen et al. 2004). 
 
 
 
3.2.5 Conformational plasticity of YcbB capping loop sub-domain 

 

In the structure of the ertapenem-C. rodentium YcbB acyl-enzyme complex, we see poor 

density for the bulk of the ertapenem-acylated catalytic cysteine (Figure 3.6 B). Due to the high 

sequence similarity amongst YcbB from C. rodentium, S. Typhi, and E. coli, and the acylated 

nature of the ligand, this observation is perhaps surprising. Due to the well resolved nature of the 

catalytic cysteine, which is observed to be rotated away from its conjugate base, His518, we 

propose that the C. rodentium YcbB is indeed in an acylated state (King et al. 2017; Caveney et 

al. 2019). Upon further observation, it is apparent that the capping loop is positioned in the lowest, 

most active site-occluding position in this structure (Figure 3.6 D). As we have previously 

proposed that these capping loop subdomains are likely motile in solution (Caveney et al. 2019), 

it is possible that the ertapenem formed key stabilizing interactions with C. rodentium YcbB in 

solution, prior to crystallization. In solution, there is likely an equilibrium between a stabilized 

acylated ertapenem and a lowered capping loop state with a destabilized ertapenem. The former 

stabilized state is likely favoured in this equilibrium (Figure 3.6 E). During the crystallization 
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process, this equilibrium could have been shifted toward the observed destabilized state during the 

crystallization process, with only the portion of the acylated ertapenem closest to the C7 acylation 

being stabilized, as observed in the density. We see minimal density beyond the acylation site, 

with some density for part of the secondary ring of the carbapenem, due in part to a hydrogen bond 

between N4 and the backbone carbonyl of Ile515, similar to the interaction seen to the backbone 

carbonyl of Ala505 in the E. coli YcbB structure. 

 

With the structures provided here, we begin to see the potential dynamics of the capping 

loop sub-domain. Rotation of the latter is seen about the previously proposed hinge region 

(Caveney et al. 2019) with a modest rotation of 7.8°. Due to the conserved acylated and crystallized 

nature of these three YcbB structures, we see relatively similar slices of the potentially far greater 

landscape of motion that this capping loop can undergo. In all three structures observed to date, 

there is no potential pathway for the exit of the crosslinked substrate of the respective YcbBs, 

again eluding to the presence of an additional unobserved, further open state for the capping-loop 

as we have previously proposed (Caveney et al. 2019). 

 

3.2.6 Implications in development of anti-YcbB therapeutics 

 

Here, we have shown that YcbB does not act as a general virulence factor in a number of 

mouse models of bacterial infection. While this does not preclude the possibility that the general 

role of YcbB in bacterial outer envelope stress response could play a role in EPEC, EHEC, or non-

typhoidal Salmonella infections, we believe this scenario would be unlikely, given the conserved 

mechanisms of bacterial infections and host responses between the mouse models used and human 
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infections. This leaves the previously discovered role of YcbB in the release of typhoid toxin in S. 

Typhi (Geiger et al. 2018) as the most attractive role of YcbB from a therapeutic standpoint. 

 

Despite the wealth of research regarding the role of typhoid toxin in the virulence and 

physiology of S. Typhi, this toxin was only relatively recently discovered (Haghjoo and Galán 

2004) within the broader context of research on typhoid infection, which is one of the oldest human 

diseases on written record. In the subsequent decade and a half, our understanding of the role of 

this toxin in the divergent symptoms of S. Typhi in comparison to the majority of other S. enterica 

serovars, which are limited to causing gastroenteritis, has greatly increased (Song, Gao, and Galán 

2013; Del Bel Belluz et al. 2016; Yang et al. 2018; Stanaway et al. 2019). Despite the considerable 

evidence supporting the role of the typhoid toxin in the pathogenesis of S. Typhi, a recent human 

challenge study of typhoid infection found little to no role for the toxin in the early stages of S. 

Typhi infection (Gibani et al. 2019). Due to limitations on the severity of inflicted infections, for 

ethical reasons, the authors of the study note that the typhoid toxin may play a role in more severe 

cases of infection or in the development of persistent infection through modulation of the immune 

response. In addition, the authors note the study population was generally westernised, and likely 

had little prior immune priming, as may be seen in populations where S. Typhi infection is 

endemic. Clearly, there is a need to further dissect the role of typhoid toxin in the context of human 

infection. This provides additional rationale for the development and use of anti-YcbB therapeutic 

agents (in addition to existing, albeit non-specific, anti-YcbB carbapenem antibiotics), which 

could be used to help dissect the intricacies in the role of the typhoid toxin during infection. 
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With the additional structural insights provided in this work, we begin to see trends in the 

inhibition of these YcbBs. As first seen in the E. coli structure (Caveney et al. 2019), there are 

remarkably few factors which stabilize these carbapenems in the active site of each YcbB. This 

leads to the possibility of further design of evolved carbapenem antibiotics which can additionally 

extend into the active site of YcbB, as has been done with the Ldt enzymes from Mycobacterium 

tuberculosis (Kumar et al. 2017). In the S. Typhi structure of YcbB, which is acylated with 

ertapenem, we see additional extension of the C2 group away from the donor site of the enzyme, 

providing little to no benefit to the inhibitor (Figure 3.6). The possibility of extension at the C3 

carboxylic acid group could potentially maximize the interaction of the inhibitor with the donor 

site, while extension at the C5 ethyl alcohol group could possibly begin to explore additional 

inhibition of the adjacent acceptor site. 

 

In addition to the insights provided in this work for the potential evolution of carbapenem 

antibiotics which further explore the active site of YcbB, the additional understanding of the 

motion and steric hinderances of the capping loop will be of benefit to the development of novel 

anti-YcbB agents. There are two potential routes that could be pursued for the development of 

evolved carbapenems and other anti-YcbB agents. First, one could attempt to avoid interaction 

with the lower face of the capping loop, perhaps through removal of the C1 methyl group of the 

various carbapenems, to remove the steric hindrance proposed to have occurred during crystal 

formation in the C. rodentium YcbB structure. As the capping loop can likely only hinge and 

occlude so far before steric intervention by the residues along the edge of the active site, removal 

of the C1 methyl group may reduce binding interference between the capping loop and the drug, 

resulting in a more favourable binding event. Alternately, now that there is further understanding 
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of the hinge point for the rotation and movement of the capping loop, one could explore extension 

of the C1 methyl group to form specific contacts with the lower face of the capping loop. This 

could provide additional chemical space to explore in the evolution of carbapenem antibiotics to 

inhibit YcbB. 

 

In this work, we have probed the role of ycbB in the infection of mice by C. rodentium and 

S. Typhimurium. We show that the general role of YcbB in PG reinforcement under bacterial outer 

envelope stress does not play a role in these models, and therefore does not likely play a profound 

role in E. coli or Salmonella infection of humans. This results in the limited, yet highly specific, 

potential for anti-YcbB therapeutic agents in treatment of S. Typhi infection. We determined the 

structures of both Salmonella Typhi and Citrobacter rodentium YcbB and from them observe the 

conserved structural components of YcbB across a variety of Gram-negative pathogens. 

Cumulatively, in this work we provide a foundation for the development of novel YcbB specific 

antibacterial therapeutics to assist in treatment of S. Typhi infection. 

 

3.3 Methods 

 

3.3.1 Generation of ycbB knockout strains 

 

The sacB gene-based allelic exchange method and the suicide vector pRE112 were used to 

generate an in-frame deletion mutants of ycbB in both S. enterica serovar Typhimurium strain 

SL1344 and C. rodentium strain DBS100. Two DNA fragments flanking ~1 kb upstream and 

downstream of the coding region of ycbB were generated by PCR using the following primers: 
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TATAAGGTACCATAGCGTGCGGTTAAACGTCAACG – forward primer for upstream S. 

Typhimurium (KpnI site underlined), ATATTGAATTCCCCTTGCCCCCTGTTTTCG – reverse 

primer for upstream S. Typhimurium (EcoRI site underlined), 

TATAAGAATTCATGAAGAAGTTCTGGTAAATATGTTGTCC – forward primer for 

downstream S. Typhimurium (EcoRI site underlined), 

ATATTGAGCTCCGTGAGTAAAATTTGCATCAACG – reverse primer for downstream S. 

Typhimurium (SacI site underlined), TATAAGAGCTCACGCCAGCAAGCAGCGATACC – 

forward primer for upstream C. rodentium (SacI site underlined), 

ATATTGAATTCTATAGAAAGGCCAGAACCCTGTTGCC – reverse primer for upstream C. 

rodentium (EcoRI site underlined), TATAAGAATTCATGAAGACGTTCTGGTCATTATGG – 

forward primer for downstream C. rodentium (EcoRI site underlined), and 

ATATTGGTACCGTAACCAGAACTCATCTTCTTTTTCC – reverse primer for C. rodentium 

(KpnI site underlined). After digestion with KpnI/EcoRI or SacI/EcoRI, respectively, the DNA 

fragment pairs were gel-purified and cloned into KpnI/SacI-digested pRE112 in a three-way 

ligation, generating pRE112-∆ST_ycbB and pRE112-∆Cr_ycbB. These suicide vectors were 

transformed into E. coli strain MFDpir by electroporation and introduced into S. Typhimurium 

strain SL1344 or C. rodentium strain DBS100 by conjugation. After sucrose selection, colonies 

resistant to sucrose and sensitive to chloramphenicol were screened for ycbB deletion by PCR.  

 

3.3.2 Secretion assays 

 

For the type III secretion assay for Citrobacter rodentium, C. rodentium strains were grown 

overnight in LB broth at 37oC in a shaker at 225 rpm. The overnight cultures were diluted 1:40 
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into 3 ml of pre-warmed Dulbecco’s modified Eagle’s medium (DMEM) (HyClone) supplemented 

with 4500 mg/L glucose, 4 mM L-glutamine and 110 mg/L sodium pyruvate in a 6-well tissue 

culture plate (Corning Inc.) and grown statically at 37oC for 6 hours in a tissue culture incubator 

containing 5% CO2 (v/v) to induce type III secretion.  

 

For SPI-1 secretion assays for Salmonella enterica serovar Typhimurium, Salmonella 

strains were grown overnight in LB broth containing 100 μg/ml of streptomycin sulfate at 37oC in 

a shaker at 225 rpm. The cultures were diluted 1:100 into 4 ml of fresh LB with 100 μg/ml of 

streptomycin sulfate and grown under the same conditions for 6 hours to induce SPI-1 type III 

secretion.  

 

The bacterial cultures for either C. rodentium or S. Typhmurium were then centrifuged at 

16,100 g for 10 min to pellet the bacteria. The culture supernatant was collected and passed through 

a Millex-GV 0.22 μm filter unit (Millipore) to remove any remaining bacteria, and the secreted 

proteins were precipitated with trichloroacetic acid (TCA) at a final concentration of 10% (v/v). 

The secreted proteins were then collected by centrifugation at 16,100 g for 30 min, and the protein 

pellet was dried in air and dissolved in SDS-PAGE sample buffer, with the residual TCA 

neutralized with 0.5 μl of saturated Tris. The amount of the sample buffer used to re-suspend the 

bacterial pellet or dissolve the precipitated proteins was normalized according to the A600 values 

of the cultures to ensure equal loading of the samples. The secreted proteins were analyzed in SDS-

12% PAGE and stained with Coomassie Blue G250. 
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3.3.3 Mouse infections by C. rodentium wild-type strain DBS100 and its isogenic ycbB 

deletion mutant, DycbB 

 

All mouse experiments were approved by the University of British Columbia (UBC) 

Animal Care Committee and performed in strict accordance with the guidelines of the Canadian 

Council on Animal Care and the UBC Animal Care Committee. Six‐weeks‐old, female C3H/HeJ 

mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed in a specific 

pathogen‐free facility at UBC. Groups of 5 mice were orally gavaged with ~3 × 108 CFU of 

bacteria in 100 µl of overnight cultures of C. rodentium DBS100 grown in LB at 37oC and 225 

rpm. Bacterial shedding in stools was monitored by plating dilutions of fecal samples on 

MacConkey agar every two days throughout the infection. Mice were assessed daily for weight 

loss and clinical symptoms, and upon reaching the humane endpoint (typically weight loss of 20%, 

or moribund signs of bloody diarrhea, severe hunching, and/or rectal prolapse), mice were 

euthanized by isoflurane anesthesia followed by carbon dioxide inhalation, and this time point was 

taken as time of death. 

 

3.3.4 Mouse infections by Salmonella enterica serovar Typhimurium and its isogenic 

ycbB deletion mutant 

 

All mouse experiments were approved by the University of British Columbia (UBC) 

Animal Care Committee and performed in accordance with the ethical requirements of the 

Canadian Council on Animal Care and the UBC Animal Care Committee. Five-weeks-old, female 

C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME), and housed in a 
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specific pathogen‐free facility at UBC. Two models of Salmonella infections were used, the 

typhoid model and the gastroenteritis model, which differ in that each mouse was given 20 mg of 

streptomycin by oral gavage 24 hours prior to Salmonella infection in the gastroenteritis model. 

Salmonella enterica serovar SL1344 strains were grown overnight in LB containing 100 µl of 

streptomycin at 37oC and 225 rpm and diluted 10-fold in phosphate-buffered saline (PBS). The 

mice were then infected with 100 µl of the diluted bacterial cultures containing ~5 × 107 CFU of 

bacteria. Mice were euthanized 3 days post infection by anaesthesia with isoflurane followed by 

CO2 asphyxiation. Mouse organs (cecum, colon, ileum, spleen and liver) were dissected and 

collected in 1 mL of sterile PBS and homogenized in a FastPrep Homogenizer (MP Biochemicals). 

Serial dilutions in PBS were plated in LB agar plates containing 100 μg/mL of streptomycin for 

Salmonella CFU enumeration. 

 

3.3.5 Cloning and protein expression 

 

Salmonella Typhimurium and Citrobacter rodentium YcbB without their signal peptides 

(residues 31 and 48 onward, respectively) were cloned into the expression vector pET28a with a 

thrombin cleavable, N-terminal His-tag. Expression constructs were transformed into E. coli BL21 

(DE3) for expression. Cells were cultured in ZYP-5052 autoinduction media for four hours at 37°C 

followed by overnight protein expression at 25°C. Cells were pelleted and stored at -80°C until 

required. 
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3.3.6 Protein purification 

 

For purification of S. Typhimurium and C. rodentium YcbB, cell pellets were resuspended 

in lysis buffer (20 mM Hepes, pH 8.0, 300 mM NaCl, 10% glycerol) and lysed by processing twice 

with a homogenizer (15 kPa; Avestin). Cellular debris was pelleted by centrifugation at 125,000 x 

g for 1 hour. The resultant supernatant was loaded onto 10 mL of Ni-NTA Superflow resin 

(Qiagen), washed with 65 mM imidazole in Buffer A (20 mM Hepes, pH 8.0, 300 mM NaCl), and 

the protein was eluted with 300 mM imidazole in Buffer A. 1 U of thrombin was added per mg of 

protein to remove the N-terminal His-tag overnight at 4°C. Samples were purified further by size 

exclusion chromatography (SEC) with a Superdex 200 column (GE Lifesciences) equilibrated in 

Buffer B (20 mM Hepes, pH 8.0, 150 mM NaCl). Fractions containing purified protein were 

pooled and concentrated to 9 mg/mL for S. Typhimurium and 8.8 mg/mL for C. rodentium. Protein 

was frozen rapidly in liquid nitrogen and stored at -80°C until required.  

 

3.3.7 X-ray crystallography and structure determination 

 

S. Typhi YcbB was crystallized at 20°C by sitting drop vapour diffusion using 0.2 µL 

protein solution (9 mg/mL purified protein in Buffer A) and 1 µL of mother liquor (0.1 M Tris pH 

8.5, 0.18 M MgCl2, 17% PEG 8k, 2% ethanol) with the addition of 1mM ertapenem (Millipore 

Sigma). C. rodentium YcbB was crystallized at 20°C by sitting drop vapour diffusion using 0.2 

µL protein solution (8.8 mg/mL purified protein in Buffer A) and 1 µL of mother liquor (0.16 M 

calcium acetate, 0.08 M Sodium Cacodylate pH 6.5, 14% (v/v) PEG 8k, 20% (v/v) glycerol) with 

the addition of 1mM ertapenem. Data for S. Typhi ertapenem-YcbB and C. rodentium ertapenem-
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YcbB was collected on Advanced Photon Source beamline 23-ID-B and Canadian Light Source 

beamline 08B1-1, respectively. All datasets were processed with XDS (Kabsch 2010). For both 

YcbB datasets reported here, the structures were solved by molecular replacement using Phaser 

(McCoy et al. 2007). The previously reported structure of E. coli YcbB (6NTW (Caveney et al. 

2019)) was divided into two parts, 1 - its capping loop-sub domain (residues 424-493) and 2 - the 

remainder of the protein (all modelled residues minus residues 422-495). The second part was 

placed first by manual methods and followed by the capping sub-domain. For phasing, all atom 

models were used with no sidechain modification, due to high levels of homology. These structures 

were then refined using Phenix (Adams et al. 2010) and Coot (Emsley and Cowtan 2004).  

For the S. Typhi YcbB, the portions of the N-terminal face of the scaffolding domain and 

portions of the capping loop opposite the active site were manually trimmed from the phased 

model, as they could not reliably be fit into the density. The resulting model starts at residue 72, 

has the unmodelled regions 82-82, 107-108, 179-180, 201-204, 213-215 (lower portion of the 

scaffolding domain), 267-311, 331 (PG binding domain – disordered loop observed in E. coli 

YcbB), 451-456, 461-463, 480, 485-490, 502-503 (capping loop, opposite the active site), and 

ends at residue 609. The model has a MolProbity score of 2.69 and statistics that are in line with 

deposited models at this resolution (Figure 3.7 A). In addition, the interpretations we make from 

this structure are appropriate for the resolution and observed density, with the key observations 

centering around global architecture and structural conservation in comparison to the homologous 

structures of higher resolutions. 

For the C. rodentium YcbB, the modelled residues are in line with the regions modelled 

for the E. coli YcbB. The resulting model starts at residue 72, has the unmodelled regions 288-322 

(PG binding domain – disordered loop observed in E. coli YcbB), 512 (loop below active site), 
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466-467 (capping loop, opposite the active site), and ends at residue 622. The model has a 

MolProbity score of 2.26 and statistics that are in line with deposited models at this resolution 

(Figure 3.7 B). See Table 3.1 for data collection and refinement statistics. 

 

3.4 Data availability 

 

Atomic coordinates for the Salmonella Typhi YcbB-ertapenem and C. rodentium YcbB-

ertapenem models will be forthcoming in the protein data bank. 
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Table 3.1 S. Typhi and C. rodentium YcbB data collection and refinement statistics. 

 

 

 

*Values in parentheses are for highest-resolution shell. 

  

 S. Typhi YcbB C. rodentium YcbB 
Data collection   
Space group P 31 2 C 2 2 21 
Cell dimensions   
   a, b, c (Å) 75.309, 75.309, 194.370 89.997, 117.705, 125.185 

   a, b, g  (°) 90, 90, 120 90, 90, 90 
Resolution (Å) 45.96 – 3.6 (3.732 – 3.6) 35.97 – 2.6 (2.693 – 2.6) 
Rmerge 0.11 (2.01) 0.43 (4.62) 
I / sI 10.30 (1.54) 3.57 (0.77) 
Completeness (%) 98 (96) 99 (98) 
Redundancy 9.3 (9.0) 6.6 (6.5) 
   
Refinement   
Resolution (Å) 3.6 2.6 
No. reflections 9261 (716) 20626 (1896) 
Rwork / Rfree 28.07 (56.05) / 35.75 (71.61) 22.74 (37.41) / 28.27 (42.32) 
No. atoms   
   Protein 3661 4033 
   Ligand/ion 33 9 
   Water - 10 
B-factors (Å2)   
   Protein 135.2 61.6 
   Ligand/ion 161.1 115.8 
   Water - 55.00 
R.m.s deviations   
   Bond lengths (Å) 0.01 0.01 
   Bond angles (°) 1.60 1.71 



95 

 

 
 
Figure 3.7 Polygon plots of model statistics for S. Typhi and C. rodentium YcbB.  
(A) Polygon plot of S. Typhi YcbB clash score, RMSD (angles), R-free, RMSD (bonds), average 
B-factor, and R-work, showing comparison to deposited structures of similar resolutions. 
(B) Polygon plot of C. rodentium YcbB clash score, RMSD (angles), R-free, RMSD (bonds), 
average B-factor, and R-work, showing comparison to deposited structures of similar resolutions 
(Urzhumtseva et al. 2009).  
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Chapter 4: Structure of the peptidoglycan synthase activator LpoP in 

Pseudomonas aeruginosa 

 

4.1 Introduction 

 

The biosynthesis of the bacterial cell wall is an excellent target for antibacterial therapy, as 

is perhaps seen most clearly in the use of β-lactam antibiotics, which famously inhibit one of the 

final steps in the cell wall biosynthetic pathway. The bacterial cell wall is comprised of glycan 

strands of alternating β-1,4 linked N-acetylglucosamine and N-acetylmuramic acid which are 

connected by short peptides to form a mesh, called the peptidoglycan sacculus, that surrounds the 

cytoplasmic membrane. Peptidoglycan (PG) plays a crucial structural role in the bacterial cell 

envelope and defects in PG often result in bacterial lysis. 

 

PG synthesis begins in the cytosol and leads to the membrane-attached precursor, lipid II, 

which is flipped across to the external leaflet of the cytosolic membrane for the polymerization of 

glycan strands and cross-linking of peptides by PG synthases. Most PG synthesis activity is 

provided by bifunctional penicillin binding proteins (class A PBPs). Recently, SEDS proteins were 

found to be PG glycosyltransferases that associate with monofunctional PBPs (class B PBPs) to 

synthesize cross-linked PG (Meeske et al. 2016), the role of another monofunctional 

glycosyltransferase, Mtg, has remained unclear. Despite the newly observed role for the SEDS-

class B PBP complex, the canonical class A PBP PG synthase activity remains crucial in the 

maintenance of the bacterial cell envelope. 



97 

 

 

Class A PBPs perform both the glycosyltransferase (GTase) activity which polymerizes 

glycan strands from lipid II, and a DD-transpeptidase (TPase) activity which cleaves a D-Ala4-D-

Ala5 peptide bond of the acyl donor and transfers the D-Ala4 carbonyl to the primary amine of a 

diaminopimelic acid (DAP) residue on the acceptor peptide. In contrast, class B PBPs perform 

only the transpeptidase reaction. The DD-TPase activity is blocked by β-lactam antibiotics, which 

irreversibly acylate the catalytic serine of class A and B PBP (Caveney, Li, and Strynadka 2018). 

 

Over the last years, it became evident that the activities of some class A PBPs are regulated 

by cognate outer membrane-anchored lipoprotein activators, LpoA and LpoB (Typas et al. 2010; 

Paradis-Bleau et al. 2010). Moreover, E. coli subjects the LpoB-mediated stimulation of PBP1B 

to regulation by CpoB, which functions together with members of the Tol system to coordinate 

outer membrane constriction with septal PG synthesis (Gray et al. 2015). These regulators were 

all identified in Escherichia coli and recent work provided insights into their structures, interface 

with the PBP and mechanisms of PBP activation (Egan et al. 2014; King, Lameignere, and 

Strynadka 2014; Jean et al. 2014; Egan et al. 2018; Kelley, Vijayalakshmi, and Saper 2019) These 

studies suggest that activators bind to a non-catalytic docking domain causing conformational 

changes in the PBP that ultimately affect active site residues (Greene, Fumeaux, and Bernhardt 

2018).(Greene, Fumeaux, and Bernhardt 2018)(Greene, Fumeaux, and Bernhardt 2018)(Greene, 

Fumeaux, and Bernhardt 2018) Pseudomonas aeruginosa has a lipoprotein activator of PBP1B, 

termed LpoP, which likely functions in a similar way as LpoB in E. coli (Greene, Fumeaux, and 

Bernhardt 2018). However, while LpoP was shown to be essential for PBP1B function in the cell, 
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the structure of LpoP is not known and the previous work did not demonstrate the mechanism of 

activation of PBP1B by LpoP (Greene, Fumeaux, and Bernhardt 2018). 

 

Here we show that LpoP shares structural organisation with LpoB, with both having a long, 

intrinsically disordered N-terminal region and a structured C-terminal region. Our crystal structure 

of the ordered C-terminal region revealed a tandem-tetratricopeptide repeat (tandem-TPR) 

structure. We probed the role of LpoP in activating P. aeruginosa PBP1B (PaPBP1B) and show 

that LpoP interacts with PaPBP1B and stimulates its GTase and TPase activities in vitro. 

Additionally, we show that P. aeruginosa CpoB (PaCpoB) does not regulate PaPBP1B/LpoP in 

vitro, contrary to its role in E. coli. To further dissect the PaPBP1B-LpoP interaction, we show that 

the UB2H domain of PaPBP1B interacts with the C-terminus of LpoP and use NMR to probe this 

interface. We propose a mechanism for the activation of PBP1B in P. aeruginosa that helps to 

understand similarities and differences in class A PBP activation across Gram-negative bacteria. 

 

4.2 Results 

 

4.2.1 Structural organization of full length LpoP 

 

In order to obtain structural information about LpoP we used a multifaceted approach 

involving both NMR and crystallography. This was required due to the predicted mixture of both 

ordered and intrinsically disordered regions in LpoP, which could not be probed to the fullest 

extent by either technique alone. LpoP is a predicted lipoprotein with 259 amino acids and attached 

to the outer membrane via its N-terminal lipid modification at Cys19 (Greene, Fumeaux, and 
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Bernhardt 2018). To assess the structural organization of this protein by NMR, we first purified 

15N labeled LpoP (residues 20-259). The 1H-15N correlation spectrum of this construct displayed 

both dispersed peaks and intense narrow peaks with a very low 1H chemical shift dispersion, 

indicating the presence of structured and unstructured regions (Figure 4.1 A). NMR data were then 

recorded on a [15N-13C]-LpoP sample and the backbone and sidechain 1H-15N-13C -resonances 

were assigned using conventional tri-dimensional experiments. The assigned spectra revealed that 

residues Asp 154 to Ser 258 form a globular domain consisting of a succession of 6 helices (as 

determined by chemical shift index analysis – Figure 4.2) (Berjanskii and Wishart 2005). 1H-15N 

NOE relaxation measurements displayed positive NOE values (> 0.6) for residues 154 to 258, in 

agreement with the presence of a globular and stable domain (Figure 4.1 A). With the exception 

of the short stretch from residues 147-153 with intermediate NOE values (0.15 to 0.4), the rest of 

the residues produced low or negative NOE values which indicated fast motion (Figure 4.1 B). 

These resonances arise from the N-terminal intrinsically disordered domain (residues 20-146) that 

is connected by a short segment with reduced mobility (residues 147-153) to the C-terminal 

globular domain (residues 154-258) (Figure 4.1 C).  
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Figure 4.1 NMR of  LpoP intrinsically disordered and globular domains.  
(A) Overlay of the 1H-15N heteronuclear NOE recorded with and without initial proton saturation. 
Saturated experiment is plotted in red and green for positive and negative contour, respectively, 
whereas the reference experiment recorded without 1H saturation is plotted in black. Both 2D 1H-
15N experiments were collected on an 16.4 T NMR spectrometer at 25°C. Protein samples were 
prepared at 0.2 mM in 30 mM HEPES, 200 mM KCl buffer at pH 7.5. (B) Hetero-nuclear 1H-15N-
NOE values calculated from the intensity ratio between the saturated and reference experiments. 
Regions with sequential positive 1H-15N-NOE values are colored in red and correspond to a 
structured domain. Errors in the intensity ratio were calculated from the signal-to-noise ratio of the 
NMR signal in each spectrum. The numbering begins at Ala20 just after the lipobox (residues 16-
19). High, low, and negative 1H-15N-NOE values indicate low, medium, and high flexibility, 
respectively. (C) Sequence of the Lpop starting at residue Ala20 just after the lipobox segment, 
coloured as in B. 
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Figure 4.2 Chemical shift index analysis of LpoP.  
Secondary structures are determined, using the web server “CSI 3.0”, by comparison of the 
assigned backbone NMR chemical shifts (Cα, CO, Cβ, N, Hα, NH) with reference chemical shift 
index. 
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4.2.2 Structure of the globular C-terminal domain of LpoP 

 

To solve the structure of the globular region we purified and crystallized P. aeruginosa 

LpoP143-259. Crystals of P. aeruginosa LpoP143-259 displayed monoclinic P21 symmetry with unit 

cell dimensions of a = 48.8 Å, b = 154.6 Å, c = 54.1 Å, β = 90.1°, and diffracted with a resolution 

of 2.2 Å. There were eight molecules of LpoP in the asymmetric unit. The structure solution was 

phased using molecular replacement and a homology model of LpoP143-259 and final refinement 

statistics were generated (Table 4.1). The resulting maps showed well resolved electron density 

for the majority of the protein chain, allowing near complete tracing of the ordered part from 

residues 152 onwards (see Methods). The structure indicated a monomeric form of the protein with 

no obvious crystallographic formation of larger oligomers. LpoP143-259 is made up of 6 α-helices 

(H1–H6) of variable length that form helix-turn-helix motifs similar to those of tetratricopeptide 

repeats (TPR) and that are linked together through short loops (Figure 4.3 A,B) (Cortajarena et al. 

2004; Zeytuni and Zarivach 2012). Numerous inter-helical hydrophobic contacts favored by the 

high percentage of Leu (12%) and Ala (22%) stabilize the core structure (Figure 4.4 A). LpoP has 

a striking structural similarity to protein domains formed by repetition of TPR domains (prosite 

PS50293 family). In particular, LpoP has a structure similar to the TPR domain of CpoB (PDB 

2XEV (Krachler et al. 2010)) (RMSD of 1.17 Å over 59 residues and 2.534 Å over all 100 residues) 

despite a limited sequence identity of 18% (Figure 4.3 C) and varied electrostatic surface potential 

(Figure 4.4 B).  
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Figure 4.3 Structure of the globular domain of LpoP.  
(A) Structure of LpoP143-259 determined by X-ray crystallography. (B) Schematic representation of 
the LpoP143-259 secondary structure. (C) Alignment of crystal structures of P. aeruginosa LpoP143-

259 and Xanthomonas campestris CpoB3-124. 
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Figure 4.4 Hydrophobic core of LpoP, electrostatic surface potential of LpoP and CpoB, and 
structural comparison of LpoP, LpoA, and LpoB.  
(A) The inter-helical Leu and Ala hydrophobic contacts which stabilize the core of LpoP. (B) The 
electrostatic surface potential of LpoP and CpoB (PDB 2XEV (Krachler et al. 2010)), highlighting 
the differences between the electropositive LpoP and the electropositive and electronegative faces 
of CpoB. 
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Table 4.1 LpoP data collection and refinement statistics. 
 

 

*Values in parentheses are for highest-resolution shell. 
  

 LpoP 
Data collection  
Space group P 1 21 1 
Cell dimensions  
   a, b, c (Å) 48.757, 154.584, 54.083 
   a, b, g  (°) 90, 90.149, 90 
Resolution (Å) 48.76 – 2.2 (2.279 - 2.2)* 
Rmerge 0.055 (0.372) 
I / sI 13.16 (3.12) 
Completeness (%) 98 (99) 
Redundancy 3.2 (3.2) 
  
Refinement  
Resolution (Å) 2.2 
No. reflections 129749 (12773) 
Rwork / Rfree 19.42 (26.90) / 22.99 (29.54) 
No. atoms  
   Protein 6210 
   Ligand/ion 85 
   Water 144 
B-factors (Å2)  
   Protein 41.6 
   Ligand/ion 59.5 
   Water 42.3 
R.m.s deviations  
   Bond lengths (Å) 0.01 
   Bond angles (°) 0.99 
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4.2.3 Lpop interacts with PaPBP1b and stimulates its activities in vitro 

 

LpoP was identified as a potential PaPBP1B activator (Greene, Fumeaux, and Bernhardt 

2018)(Greene, Fumeaux, and Bernhardt 2018)(Greene, Fumeaux, and Bernhardt 2018)(Greene, 

Fumeaux, and Bernhardt 2018) based on the observation that LpoP is required for the function of 

PaPBP1B in the cell (Greene, Fumeaux, and Bernhardt 2018). Contrary to the E. coli LpoB/PBP1B 

activator/synthase pair, until now there is no evidence for the activation of PaPBP1B mediated by 

a direct physical interaction with LpoP. To test for a possible direct interaction, we purified both 

proteins and tested them in surface plasmon resonance (SPR) experiments. PaPBP1B was 

covalently bound to a chip surface containing immobilized ampicillin and LpoP was then injected 

on the surface (Figure 4.5 A). LpoP bound to immobilized PaPBP1B with a KD of 4.2 ± 0.5 μM 

and approaching binding saturation at a concentration of approximately 10 μM. E. coli LpoB was 

previously shown to enhance the rate of lipid II consumption by EcPBP1B 8-12 fold, stimulating 

the GTase and TPase activities of EcPBP1B to produce a hyper-crosslinked PG in vitro (Typas et 

al. 2010; Egan et al. 2014, 2018)(Egan et al. 2018)(Egan et al. 2018)(Egan et al. 2018). Monitoring 

the rate of GTase activity in the presence and absence of LpoP in a continuous assay with a 

fluorescently labeled dansyl-lipid II as a substrate (Egan and Vollmer 2016) revealed that LpoP 

stimulated the GTase rate of PaPBP1B by 4.5-fold (Figure 4.5 B). Additionally, an in vitro TPase 

activity assay showed a 2-fold increase in PaPBP1b TPase activity in the presence of LpoP. 
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4.2.4 PaCpoB is not a regulator of PaPBP1b in vitro 

 

In E. coli, CpoB acts to negatively regulate the stimulation of the TPase of PBP1B by LpoB 

in a NaCl concentration dependent manner, presumably to allow coordination of outer membrane 

constriction with PG synthesis during cell division (Gray et al. 2015; Egan et al. 2018). It was 

therefore of interest to explore the possible role of P. aeruginosa CpoB in regulation of PBP1B. 

Interestingly, in an in vitro assay of PaPBP1B TPase activity, the addition of PaCpoB to a reaction 

containing PaPBP1B and LpoP did not alter cross-linking of the PG product (Figure 4.5 B, Figure 

4.6 C). This result was consistent with our SPR analysis showing that PaPBP1B did not interact 

with PaCpoB over the concentration range tested (Figure 4.5 A). This is in contrast to the 

interaction of E. coli CpoB with PBP1B and its reduction of the stimulation of the TPase activity 

by LpoB.  
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Figure 4.5 LpoP interaction and stimulation of PaPBP1B.  
(A) Representative SPR binding curves resulting from LpoP or PaCpoB injection over immobilised 
PaPBP1B. The concentration of analyte protein injected is plotted against the response its specific 
binding, or lack there-of, elicited at equilibrium. The protein injected is indicated next to the 
corresponding curve. Non-linear regression assuming one-site saturation was used to calculate the 
dissociation constant, KD. The KD shown is the mean with standard deviation (SD) for n = 4. (B) 
Quantification of relative GTase reaction rate and TPase domain activity (the sum of both peptide 
cross-linking and carboxypeptidase activity) of PaPBP1B with and without LpoP and/or PaCpoB. 
The data shown is the mean with SD for n = 4 and 3, respectively. Corresponding representative 
HPLC chromatograms and GTase data are shown in Figure 4.6 1H-15N-NOE values.  
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Figure 4.6 Folding and activity of PaPBP1b.  
(A) Fluorescence and coomassie stain images of an SDS-polyacrylamide gel on which Bocillin-
bound PaPBP1B was resolved. To ensure specificity of binding PaPBP1B was incubated in 
duplicate at 37°C for 30 min, ampicillin was added to one of these duplicates (+). Bocillin was 
then added to both samples followed by further incubation at 37°C for 30 min. Specific binding of 
Bocillin shows the TPase domain, and presumably the entire protein, is correctly folded and 
functional. (B) GTase reaction rate data used to calculate relative rates shown in Figure 4.5 B. 
Mean relative fluorescence (%), using the start-point as 100%, is plotted against time in minutes 
(min). The protein component of each reaction is shown next to the corresponding curve in the 
same colour. Polymerisation of the fluorescently labelled lipid II causes a decrease in fluorescence 
signal. Thus, the slope of these plots gives a relative measure of the GTase rate (n = 4). Data is the 
mean ± SD. Photobleaching of the fluorophore also occurs over time. (C) Representative examples 
of HPLC chromatograms for TPase/CPase data shown in Figure 4.5 B. Peak 1; PentaP (remaining 
lipid II/glycan chain ends), peak 2; Tetra (GTase and CPase activity product), peak 3; Penta 
(GTase), peak 4; TetraTetra (GTase, TPase and CPase), peak 5; TetraPenta (GTase and TPase), 
peak 6, TetraTetraTetra (GTase, TPase and CPase), peak 7; TetraTetraPenta (GTase and Tpase). 
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4.2.5 The globular domain of LpoP interacts with the UB2H domain of PaPBP1b 

 

In E. coli, LpoB interacts with the regulatory UB2H domain of PBP1B. Since a similar 

domain is present in PaPBPB1B (residues 66-159 – 24% identity to E. coli), we expressed and 

purified PaUB2H to analyze its interaction with LpoP. We first used biolayer interferometry (BLI) 

to test for the interaction and quantify equilibrium dissociation constants (KD) of the complex. 

Immobilized biotin labeled PaUB2H samples were incubated with purified LpoP proteins and real-

time association/dissociation curves were measured with concentration of LpoP ranging from 0 to 

6 μM. The curves were subjected to BLI analysis and a KD of 0.4 ± 0.1 μM was determined (Figure 

4.7 A). This Kd is slightly lower than the one obtained for the full PaPBP1B by SPR (4.2 ± 0.5 

μM) but this difference could be due to the specific buffer required to measure the Kd by BLI 

using the truncated UB2H domain. However, the similarity between the two affinities suggest that 

the complex between LpoP and PaPBP1B is largely stabilized by a direct interaction of LpoP with 

the UB2H domain. 

 

To more precisely map the interface between LpoP and PaUB2H, [1H,15N]-BEST-TROSY 

spectra were recorded on 15N labelled LpoP alone and with a 1- and 2-fold molar excess of 

unlabelled PaUB2H (Figure 4.7 B). Superimposition of the spectra readily identified perturbed 

LpoP amide resonances and the progressive shifts observed for the different concentration suggests 

a rapid exchange regime between the two domains in agreement with the moderate affinity 

constant measured for this complex. Chemical shift perturbation was determined for each amino 

acid resonance. The maximal chemical shift perturbations were mapped on the LpoP structure 

(Figure 4.7 C) and were found to concentrate mainly in the region connecting the extremities of 
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the helix 2 and the helix 3. As shown in Figure 4.7 D, this region also contains the most conserved 

amino acid residues as obtained by alignment of 150 sequences using CONSURF software. 
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Figure 4.7 Interaction of LpoP with the PaUB2H domain of PaPBP1B.  
(A) Quantified BLI binding data for biotin labeled PaUB2H binding to LpoP (B) Region of 1H–
15N correlation spectra showing chemical shift perturbations induced on 15N labelled LpoP by 
addition of different ratios of PaUB2H. The spectra plotted in black, blue and red correspond to a 
UB2H/LpoP ratio of 0, 1.2 and 1.8, respectively. The samples were prepared with 115 μM of 
15N,13C LpoP in 50 mM HEPES buffer at pH 7 containing 150 mM NaCl. PaUB2H was 
concentrated in the exact same buffer at a concentration of 150 μM and added to the NMR tube to 
reach the different ratios. The NMR experiments were recorded at 20 T spectrometer and 25°C. (C) 
Residues showing a perturbation higher than 0.015 ppm upon UB2H addition are mapped in red 
on the surface and cartoon representation of the LpoP structure. (D) Sequence conservation scores 
were calculated by the Consurf webserver (Landau et al. 2005) and displayed on the surface 
representation of LpoP using the same orientation as panel C. Scores range from 1 (not conserved, 
cyan) to 9 (highly conserved, magenta). 
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4.2.6 LpoP likely interacts between the GTase and UB2H domains of PaPBP1b 

 

We were unable to produce stable 15N-labelled UB2H domain, which prevented us from 

performing further experiments on the interface residues in PaPBP1B. Therefore, we turned to 

coevolutionary analysis of PaPBP1B and LpoP (GREMLIN – (Ovchinnikov, Kamisetty, and Baker 

2014)). While LpoP is not widely conserved amongst Gram-negative bacteria, there was a small 

subset of bacteria with both PBP1B and an LpoP homologue (Greene, Fumeaux, and Bernhardt 

2018), resulting in medium to low confidence interface residues in PaPBP1B (Figure 4.8 A,B). 

These data suggest that LpoP likely also associates with the GTase domain of PaPBP1B, sitting 

between the UB2H and GTase domains, as has been proposed for the binding site for E. coli LpoB 

with EcPBP1B. 
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Figure 4.8 Interaction between LpoP and PaPBP1B.  
(A) A scheme of the domains of PaPBP1B. (B) The sequence of PaPBP1B with potential interacting 
residues labelled with an asterisk. Asterisks are coloured by probability scores from GREMLIN 
co-evolutionary analysis between LpoP and PaPBP1B. (C) A schematic representation of the 
proposed model for PaPBP1b activation and regulation, in comparison to EcPBP1b. We propose a 
folding-independent activator binding site between the UB2H and GTase domains in PaPBP1B (i) 
and the absence of an interaction between PaCpoB and PaPBP1 B in P. aeruginosa (ii). 
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4.3 Discussion 

 

The recent identification of LpoP, which is required for cellular functionality of PBP1B in 

Pseudomonas and has been proposed to activate its activity (Greene, Fumeaux, and Bernhardt 

2018), prompted this biochemical analysis of LpoP. In this work, we performed an in-depth 

investigation via NMR, biochemical assays, X-ray crystallography, and co-evolutionary analysis. 

We reveal the semi-conserved nature of class A PBP activation, highlighting the similarities and 

differences between LpoB and LpoP based systems.  

 

4.3.1 Commonalities between LpoB and LpoP based systems 

 

We show that the structure of LpoP is consistent with the model that it serves to activate 

PaPBP1b in a similar manner by which LpoB activates EcPBP1B. Using NMR, we show that the 

lipoprotein LpoP has an intrinsically disordered N-terminal extension, followed by a globular 

domain which specifically interacts with the UB2H domain of PaPBP1B. This is similar to the 

previously found architecture of LpoB, which has been proposed to activate EcPBP1B in response 

to the porosity of the PG layer (Typas et al. 2010, 2011) According to this model, LpoB activates 

the synthase at sites with stretched PG, and recent work showed that EcPBP1B/LpoB also form a 

PG repair complex with the LD-transpeptidase LdtD and the DD-carboxypeptidase PBP6A, which 

was hypothesized to repair defects in PG that arise upon severe outer membrane assembly defect 

(Morè et al. 2019). Based on the similar architectures of LpoB and LpoP and the observed 

activation of PaPBP1B, we hypothesize that LpoP has analogous roles in the P. aeruginosa 

pathogen. 
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We propose that LpoP would not only act to regulate PaPBP1b at this broad mechanistic 

level, but also in a similar way at the protein level. We observed that LpoP interacts closely with 

the UB2H domain, and our coevolutionary analysis strongly suggests that this interaction interface 

is roughly spatially conserved with that of EcPBP1b-LpoB (Figure 4.8). Together with previous 

data showing that it is possible to generate hyperactive PBP1B mutants that do not require 

activation by LpoB or LpoP in both species (Greene, Fumeaux, and Bernhardt 2018), this supports 

the notion for a common mechanism for Lpo binding to conserved regions between the UB2H and 

GTase domains, leading to similar conformational rearrangements (Figure 4.8 B). These 

conformational rearrangements activate PBP1B in E. coli (Egan et al. 2014, 2018), and likewise, 

we see a similar, activation in the GTase and TPase activity of PaPBP1b by LpoP, further 

reinforcing a conserved pathway of conformational activation.  

 

4.3.2 Differences between LpoB and LpoP based systems 

 

Despite the overarching conserved features between LpoB and LpoP based PBP1B 

activation mechanisms, there are also key differences. First, the globular domain of LpoP is distinct 

from the globular domain of LpoB. LpoP's C-terminal globular domain exclusively consists of 

three repeated TPR motifs, giving it primarily α-helical character and a structure greatly similar to 

the N-terminal domain of CpoB (Figure 4.3 C). This is in stark contrast to the C-terminal domain 

of LpoB, which consists of an internal four-strand β-sheet flanked by N- and C-terminal helices 

with an overall structural similarity to the N-terminal domain of TolB (Egan et al. 2014; King, 

Lameignere, and Strynadka 2014).  
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It appears that, despite the difference between the globular domains of LpoB and LpoP, the 

use of TPR motifs in the regulation of class A PBP proteins is a common theme. We see the use 

of TPR motifs in both the negative regulator CpoB, as well as in the LpoA activator of the 

elongasome. Interestingly in the case of LpoA, these TPR repeats are seen to be involved in the 

extension of the LpoA across the periplasm, instead of a direct interaction module as seen in LpoP 

and CpoB. Regardless, it is remarkable how activators and regulators of class A PBPs evolved 

from similar domain pieces in these distinct lineages. 

 

Beyond the purely structural differences between the LpoP and LpoB systems, the different 

effects of CpoB on the two activators is of interest. Here we see that PaCpoB does not reduce the 

activation of the TPase activity of PaPBP1b by LpoP. This is explained by the lack of an interaction 

between PaCpoB and PaPBP1B. In E. coli the cpoB gene is adjacent to the genes for the Tol-Pal 

apparatus and CpoB has been proposed to act as a link between outer membrane constriction and 

PG synthesis activity. Perhaps CpoB primarily plays a role in the Tol-Pal apparatus, and interaction 

with PG synthases evolved downstream in a subset of Gammaproteobacteria. It would be of 

interest to further test this hypothesis, determine if there are alternate roles for CpoB, and see if 

this potential lack of a PG synthase regulatory function correlates to the presence of a LpoP. 

 

4.4 Conclusion 

 

We report the structure and organisation of LpoP and its interaction site with PBP1B from 

P. aeruginosa. We highlight the similarities and key differences between this activator-PG 

synthase system and the LpoB based PBP1B activation in E. coli. Our data suggest a semi-
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conserved mechanism for PBP1B activation in P. aeruginosa and other LpoP based systems. Using 

this knowledge of the specificities of LpoP and LpoB based class A PBP regulation, it may be 

possible to target these via specific interface inhibiting compounds. 

 

4.5 Methods 

 

4.5.1 Plasmid construction 

 

Expression vectors for PaPBP1B (pAJFE52), LpoP lacking its lipoprotein sorting sequence 

(residues 20-259) (pAJFE57), and PaCpoB lacking its periplasmic export sequence (residues 22-

274) (pAJFE50) were prepared by Sequence and Ligase Independent Cloning (SLIC) following 

the procedure described previously (Jeong et al. 2012). Genes were inserted into pET28a, which 

had been linearized and amplified by PCR, opening the vector at the NdeI restriction site. Resulting 

proteins possessed an N-terminal hexa-Histidine tag followed by a thrombin cleavage sequence. 

pET28 linearization forward primer: ATGGCTAGCATGACTGGTGGAC. pET28 linearization 

reverse primer: ATGGCTGCCGCGCGGCACCAG. Gene inserts, with SLIC compatible 

complementary overhang sequences for insertion into the linearized pET28, were amplified from 

P. aeruginosa PA01 genomic DNA template. PaPBP1B SLIC forward primer: 

TGGTGCCGCGCGGCAGCCATATGACGCGTCCCCGATCCC. PaPBP1B SLIC reverse 

primer: TGTCCACCAGTCATGCTAGCCATTTATTCAATTCAGCCAGCCACGTAC. LpoP 

SLIC forward primer: CTGGTGCCGCGCGGCAGCCATGCCAGCCCGCAGCACGGGG. 

LpoP SLIC reverse primer: TGTC- 

CACCAGTCATGCTAGCCATTATCAGGAGCTGACCTTGGCCT. PaCpoB SLIC forward 
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primer: CTGGTGCCGCGCGGCAGCCATATGCCCAAGCACCTGCGTGT. PaCpoB SLIC 

reverse primer: TGTCCACCAGTCATGCTAGCCATTTAGCGAAGGTTCTTGAGATCGCGC. 

 

4.5.2 Protein purification 

 

4.5.2.1 LpoP protein purification 

 

For LpoP purification, pAJFE57 was transformed into BL21(DE3). This strain was 

cultured in 1.5 L of LB at 30°C to an OD578 of 0.5, at which point 1 mM IPTG was added to 

induce protein overproduction for 3 h at 30°C. The culture was rapidly cooled before harvesting 

by centrifugation, cells were resuspended in 80 mL 25 mM Tris/HCl, 500 mM NaCl, 20 mM 

imidazole, 10% glycerol, pH 7.5. Sigma protease inhibitor cocktail (PIC) at 1 in 1000 dilution and 

100 μM PMSF were added to the resuspension before cells were disrupted by sonication (Branson 

digital sonifier). Lysed cells were fractionated by ultracentrifugation (130,000 x g, 1 h, 4°C). The 

soluble fraction was applied to a 5 mL HisTrap column attached to an ÄKTA Prime+ equilibrated 

in resuspension buffer indicated above. The column was washed with 25 mM Tris/HCl, 1 M NaCl, 

40 mM imidazole, 10% glycerol, pH 7.5 before elution of bound protein with 25 mM Tris/HCl, 

500 mM NaCl, 400 mM imidazole, 10% glycerol, pH 7.5. His-LpoP containing fractions were 

pooled and 4 U/mL restriction grade thrombin (Novagen) was added. The sample was dialysed 

against 20 mM Tris/HCl, 200 mM NaCl, 10% glycerol, pH 7.5 for 20 h at 4°C. The sample was 

concentrated to <4 mL (using Sartorius Vivaspin turbo 15) and applied to a size exclusion 

chromatography column (HiLoad 16/600 Superdex200 pg) equilibrated in 20 mM HEPES/NaOH, 

200 mM NaCl, 10% glycerol, pH 7.5 attached to an ÄKTA Prime+ system. The sample was 
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resolved at 0.8 mL/min. LpoP eluted in a single peak at 82 mL, corresponding fractions were 

collected and concentrated to 4 mL. This procedure yielded 28 mg of pure protein.  

 

4.5.2.2 Labeled LpoP for NMR 

 

For LpoP purification, pAJFE57 was transformed into BL21(DE3). This strain was 

cultured in 1 L of M9 containing 1g/L of ammonium chloride and 2g/L of glucose at 37°C to an 

OD600nm of 0.6, at which point 1 mM IPTG was added to induce protein overproduction for 4 h 

at 30°C. After harvesting, cells were resuspended in 15 mL 20 mM Tris pH8, 300 mM NaCl buffer 

supplemented with 1 tablet of cOmpleteTM EDTA-free (Roche) as protease inhibitor cocktail. 

Cells were disrupted by sonication (Sonics Vibra CellTM). Lysed cells were clarified by 

centrifugation (46 000 g, 40 min, 4°C). The soluble fraction was applied to a 4 mL Ni-NTA 

(Qiagen) column beforehand equilibrated in resuspension buffer. After sample application the 

column was washed with equilibration buffer containing 25 mM imidazole. Elution was performed 

using the same buffer supplemented with 500 mM imidazole. Fractions containing the protein were 

pooled and concentrated before to be injected to a size exclusion chromatography column (HiLoad 

26/600 Superdex75 pg) equilibrated in 20 mM Tris pH8, 300 mM NaCl buffer. LpoP is eluted in 

a single peak at 149 mL, corresponding fractions were dialysed against 50 mM HEPES pH 7, 150 

mM NaCl buffer for NMR or dialysed against 20 mM Tris, 150 mM NaCl, pH 8 for BLI 

interactions test. 
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4.5.2.3 LpoP142-259 protein purification 

 

For purification of LpoP142-259, cell pellets were resuspended in lysis buffer (20 mM 

HEPES, pH 8.0, 300 mM NaCl, 10% glycerol) and lysed by processing twice with a homogenizer 

(15 kPa; Avestin). Cellular debris was pelleted by centrifugation at 125,000 x g for 1 hour. The 

resultant supernatant was loaded onto 10 mL Ni2+-saturated Ni-NTA superflow beads (Qiagen), 

washed with 65 mM imidazole in 20 mM HEPES, pH 8.0, 300 mM NaCl, and the protein was 

eluted with 300 mM imidazole in the previous buffer. 1 U of thrombin was added per mg of protein 

to remove the N-terminal His-tag overnight at 4°C). Samples were purified further by size 

exclusion chromatography (SEC) with a Superdex 200 column (GE Lifesciences) equilibrated in 

20 mM HEPES, pH 8.0, 150 mM NaCl. Fractions containing pure LpoP were pooled and 

concentrated to 30 mg/mL. Protein was frozen rapidly in liquid nitrogen and stored at -80°C) until 

required.  

 

4.5.2.4 PaPBP1b protein purification 

 

PaPBP1B was prepared by largely the same procedure as its E. coli homologue, described 

previously (Bertsche et al. 2006) with modifications. Plasmid pAJFE52 was transformed into E. 

coli BL21(DE3) expression strain. This strain was cultured in 1.5 L of LB at 30°C to an OD578 

of 0.5, at which point 1 mM IPTG was added to induce protein overproduction for 3 h at 30°C. 

The culture was rapidly cooled before harvesting by centrifugation, cells were resuspended in 80 

mL 25 mM Tris/HCl, 500 mM NaCl, 1 mM EGTA, 10% glycerol, pH 7.5. Sigma protease inhibitor 

cocktail (PIC) at 1 in 1000 dilution and 100 μM PMSF were added to the resuspension before cells 
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were disrupted by sonication (Branson digital sonifier). Lysed cells were fractionated by 

ultracentrifugation (130,000 x g, 1 h, 4C). Insoluble material was resuspended in 45 mL 25 mM 

Tris/HCl, 5 mM MgCl2, 1 M NaCl, 20% glycerol, 2% Triton X-100, pH 7.5 plus 1/1000 PIC and 

100 M phenylmethylsulphonylfluoride (PMSF) and mixed overnight at 4°C. Remaining insoluble 

material was pelleted by a second ultracentrifugation step, leaving solubilised membrane protein 

in the supernatant. The sample was diluted 1:1 with 25 mM Tris/HCl, 1 M NaCl, 40 mM imidazole, 

20% glycerol, pH 7.5 before application to a 5 mL HisTrap column attached to an ÄKTA Prime+ 

equilibrated in 25 mM Tris/HCl, 2.5 mM MgCl2, 1 M NaCl, 20 mM imidazole, 20% glycerol, 1% 

Triton X-100, pH 7.5. After binding the column was washed with 25 mM Tris/HCl, 1 M NaCl, 50 

mM imidazole, 20% glycerol, 0.2% Triton X-100, pH 7.5 before elution of bound protein with 25 

mM Tris/HCl, 1 M NaCl, 400 mM imidazole, 20% glycerol, 0.2% Triton X-100, pH 7.5. His-

PaPBP1B containing fractions were pooled and 4 U/mL restriction grade thrombin (Novagen) was 

added. The sample was dialysed against 25 mM Tris/HCl, 1 M NaCl, 0.5 mM EGTA, 10% 

glycerol, pH 7.5 for 20 h at 4°C. The sample was then dialysed against a sequence of buffers in 

preparation for ion exchange chromatography. Firstly 4 h against 20 mM NaAc, 1 M NaCl, 10% 

glycerol, pH 5.0, followed by 16 h against 20 mM NaAc, 300 mM NaCl, 10% glycerol, pH 5.0. 

The sample was diluted 1:1 with 20 mM NaAc, 50 mM NaCl, 10% glycerol, 0.2% reduced Triton 

X-100, pH 5.0 before application to an equilibrated 1 mL HiTrap SP column attached to an ÄKTA 

Prime+ system. The column was equilibrated in buffer A (20 mM NaAc, 200 mM NaCl, 10% 

glycerol, 0.2% reduced Triton X-100, pH 5.0). PaPBP1B was eluted by gradient from 100% buffer 

A to 100% buffer B (20 mM NaAc, 2 M NaCl, 10% glycerol, 0.2% reduced Triton X-100, pH 5.0) 

over 14 mL. PaPBP1B containing fractions were pooled and dialysed against 20 mM NaAc, 500 

mM NaCl, 20% glycerol, 0.2% reduced Triton X-100, pH 5.0. This procedure yielded 0.9 mg of 
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pure protein. To ensure correct folding, the protein’s ability to bind to the fluorescent β-lactam 

Bocillin was assayed as previously described (Egan et al. 2018) (Figure 4.6). 

 

4.5.2.5 PaUB2H domain protein purification 

 

Plasmid carrying UB2H domain of Pseudomonas aeruginosa PBP1b was transformed in 

Bl21(DE3) competent cells. This strain was cultured to an OD600nm of 0.7, at which point 1 mM 

IPTG was added to induce protein overproduction for 3h at 37°C. After harvesting cells, pellet 

was resuspended in 20 mL 50 mM Tris pH 7.5 buffer. Cells were disrupted by sonication (Sonics 

Vibra CellTM) and lysate was centrifuged in a Beckman cold centrifuge (30 minutes, 46000g). 

The supernatant was discarded and inclusion bodies containing PaUB2H was washed following 

cellular fractionation protocol alternating four washing steps in different buffer and 

centrifugations. The centrifugation steps were done at 4°C during 30 min at 46000g. Washing steps 

were done using 20 mL of 50 mM Tris pH 7.5, 2 M NaCl buffer, then 50 mM Tris pH 7.5, 1% 

Triton X100 buffer, finally two washes of 20mL 50 mM Tris pH7.5 . At the end inclusion bodies 

were solubilized in 80mL of 50 mM Tris pH 7.5, 6M Guanidium during an overnight incubation. 

After centrifugation (30 min at 46 000g, 4°C) the supernatant was loaded on 4 mL of Ni-NTA 

(Qiagen) column. Column was washed with 50mM Tris pH 7.5, 6M guanidium, 25 mM Imidazole 

buffer, and the protein was eluted with 50mM Tris pH 7.5, 6M guanidium, 500mM imidazole. The 

protein was refolded performing three baths of dialysis against 100mM sodium acetate pH5 buffer. 

After centrifugation the soluble protein was injected to a size exclusion chromatography column 

(HiLoad 26/600 Superdex75 pg) equilibrated in 100mM sodium acetate pH 5 buffer. PaUB2H was 

eluted in a single peak at 206 mL corresponding to a monomer of the protein. 
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4.5.2.6 PaCpoB protein purification 

 

For PaCpoB purification; protein overproduction, immobilised metal affinity 

chromatography (IMAC), and size exclusion chromatography (SEC) were performed by the same 

procedure as for LpoP described above. An additional ion exchange chromatography step, adapted 

from (Krachler et al. 2010), was included between IMAC and SEC. Post IMAC, His-PaCpoB 

containing fractions were pooled, 4 U/mL thrombin added, and dialysed against 20 mM Tris/HCl 

pH 8.0 for 20 h at 4°C. Some impurities carried from IMAC precipitate during this stage, these 

were removed after dialysis by centrifugation (4000 g, 15 min, 4C). The sample was applied to a 

5 mL HiTrap SP column attached to an ÄKTA Prime+, equilibrated in buffer A (20 mM Tris/HCl 

pH 8.0). Bound PaCpoB was eluted by gradient from 100% buffer A to 100% buffer B (20 mM 

Tris/HCl, 500 mM NaCl, pH 8.0) over 50 mL. PaCpoB containing fractions were concentrated to 

<4 mL for SEC as above. In SEC, PaCpoB eluted as a single peak at 65 mL, consistent with it 

existing as a trimer as reported for its E. coli homologue (Krachler et al. 2010). This procedure 

yielded 70 mg of pure protein. 

 

4.5.3 In vitro protein interaction and activity assays 

 

SPR experiments were performed as previously described (Egan et al. 2014). LpoP and 

PaCpoB samples were prepared for injection over the PaPBP1B surface by 1:1 serial dilution from 

10 μM to 19.5 nM. Assays were performed at 25°C, at a flow rate of 75 μL/min and with an 

injection time of 5 min. The running buffer consisted of 10 mM Tris/HCl, 150 mM NaCl, 0.05% 

Triton X-100, pH 7.5. The dissociation constant (Kd) was calculated by non-linear regression using 
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SigmaPlot 13 software (Systat Software Inc.). Continuous fluorescence GTase assays were 

performed as described previously (Egan and Vollmer 2016) with slight modification. PaPBP1B 

was assayed at a concentration of 0.5 μM 10 μM LpoP at 37°C for 1 h. Time points were taken 

every 1 min, instead of every 20 s to reduce photobleaching. Measurement of total PG synthesis 

activity using radiolabelled lipid II substrate was also performed as previously described (Biboy, 

Bui, and Vollmer 2013) using 0.5 M enzyme with 10 μM LpoP, 50 μM PaCpoB at 37°C for 3 h. 

Total TPase activity was calculated as the percentage of muropeptide products known to be 

produced by this domain’s function, including peptide cross-linking and DD-carboxypeptidase 

activity.  

 

4.5.4 Biolayer interferometry experiments 

 

Biolayer Interferometry Experiments (BLI) were recorded on an OctetRED96e (Fortebio) 

using biotinylated protein attached on streptavidin tips. For biotinylation of LpoP and PaUB2H, 

100µL of protein at 3.3 mg/mL an 5,2 mg/mL respectively for LpoP and PaUB2H are mixed with 

10µL of 1M MES pH 5,5, 2,7µL of Biotin-Hydrasin and 6,7µL of EDC (N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide). The reaction of biotinylation is performed 2h at 

22°C under agitation. After biotinylation UB2H was dialysed in 50mM MES pH 6.5 and LpoP 

was dialysed in HBS buffer. Non-biotinylated LpoP and UB2H were prepared in 50mM MES 

pH6.5 buffer at 1,88 mg/mL and 5,37mg /mL respectively. UB2H-Biot (25µg/ml) was 

immobilised on Streptavidin coated -BLI biosensors to reach about 1 nm immobilisation in HBS-

T (10 mM Hepes pH 7,5,150 mM NaCl and 0.02% Tween) Buffer. Tips loaded with UB2H were 

inserted into different LpoP concentrations (0 to 6µM) in HBS-T Buffer at 23°C. Kinetics were 
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recorded with 1200s for association and 1000sec for dissociation phases, experiments were 

reproduced twice with 10mM HCl pulses (3x) used for regeneration between cycles. Responses at 

equilibrium of the two series (end of the association phase) were simultaneously fitted with the 

equation 𝑅𝑒𝑞 = !"#$×&'(&
)*×&'(&

 by ForteBio data analysis software. 

 

4.5.5 X-ray crystallography and structure determination 

 

P. aeruginosa LpoP protein was crystallized at 20°C by sitting drop vapour diffusion using 

0.2 µL protein solution (30 mg/mL purified protein in 20 mM HEPES, pH 8.0, 150 mM NaCl) and 

1 µL of mother liquor (0.1 HEPES pH 7.5, 2.5 M AmSO4, 1% PEG 400, 2.5% 1,2-butanediol). X-

ray diffraction data of LpoP was collected on Advanced Light Source beamline 5.0.2. Diffraction 

data were processed using XDS (Kabsch 2010) and the structure was solved by molecular 

replacement using an ensemble of truncated Rosetta (Leaver-Fay et al. 2011) refined homology 

models in AMPLE (Bibby et al. 2012) based on a model from SWISS-MODEL (Waterhouse et al. 

2018) and PDBID:5XW7 (Nojima et al. 2017). The structure was auto-built using Buccaneer 

(Cowtan 2006) and subsequently refined using Phenix (Adams et al. 2010) and Coot (Emsley and 

Cowtan 2004). There is excellent density for the majority of the LpoP142-259 construct, with the 

absence of density for residues 142-153 – in line with the low and intermediate values seen in the 

1H-15N-NOE (Figure 4.1). Density for a triethylene glycol portion of the precipitant, PEG 400, was 

seen at one interface between two of the LpoP proteins in the crystal lattice. See Table 4.1 for data 

collection and refinement statistics. 
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4.5.6 NMR resonance assignments 

 

The 2D- and 3D-NMR experiments were collected on 200 μM 13C,15N-labeled LpoP NMR 

samples in 30 mM HEPES, 200 mM KCl buffer at pH 7.5 containing 10%D2O. Backbone 

resonance assignments were carried out using a combination of 2D 1H-15N-BEST-TROSY and 3D 

HN(CO)CACB, iHNCACB, HNCO, HN(CA)CO, H(NCACO)NH. In order to limit the number 

of overlaps, BEST-TROSY version of the above listed experiments was used (Solyom et al. 2013; 

Brutscher et al. 2015). For the assignment of side-chains aliphatic carbons, 2D 1H-13C-HSQC and 

3D (H)C(CO)NH, (H)CCH-TOCSY, and H(C)CH-TOCSY experiments were collected. All 

spectra were recorded at 25°C using Bruker AVANCE spectrometers operating at 800 and 850 

MHz proton frequency equipped with TCI cryoprobes.  

 

The NMR spectra were processed using the TopSpin™ software by Bruker in its 3.2 

version and were analyzed using the CcpNmr Analysis software (Vranken et al. 2005). The 1H 

chemical shifts were referenced to the internal standard 4,4-dimethyl-4-silapentane-1- sulfonic 

acid (DSS) methyl resonance. 13C and 15N chemical shifts were referenced indirectly using the 

IUPAC-IUB protocol (Markley et al. 1998).  

 

4.5.7 NMR titration experiments 

 

Interaction studies were performed with 13C,15N-labeled LpoP at 115 μM prepared in a 

buffer containing 50 mM HEPES buffer, pH 7, 150 mM NaCl and 5% (vol/vol) D2O. Unlabelled 

PaUB2H were dialyzed in the same buffer at a concentration of 150 μM and successively added to 
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the NMR tube to reach the protein-to-protein ratio of 0, 0.6, 1.2 and 1.8. [1H,15N]-BEST-TROSY-

HSQC spectra were collected at 298K for each protein ratio using Bruker AVANCE spectrometers 

equipped with a TCI cryoprobe and operating at 850 MHz proton frequency. Analysis software 

CcpNmr 2.2 was used to monitor protein chemical shift perturbations for every assigned amide 

resonance by superimposition of the 15N-BEST-TROSY spectra and automatic peak picking. 

Chemical shift perturbations (Δδ) were calculated on a per-residue basis for the highest substrate-

to-protein ratio as described previously (Egan et al. 2018).  

 

4.5.8 Co-evolutionary analysis 

 

The Baker lab’s GREMLIN software (Ovchinnikov, Kamisetty, and Baker 2014) was used 

to probe the interface between LpoP and PaPBP1b. Input sequences were that of the globular 

domain of LpoP and all residues of PaPBP1b. For alignment, the HHBlits server (Zimmermann et 

al. 2018) was used and E-value cut-offs for both sequences were set at 10-2 and the alignments 

were run for 8 iterations so as to align with LpoP sequences and avoid a majority of unrelated 

proteins of similar sequence identity. Alignments were performed 08/10/2019. 
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Table 4.2 Co-evolutionary sequences and GREMIN raw results. 
 
LpoP Sequence 
SRSAPTGIPASGSAGSLAADEQLDGPVLAMLTTAQQQQGSGDLNSAAASLERAQRIAPREPQV
LYRLAQVRLAQGDAAQAEQVARRGLSYANGRPALQAGLWELIAQAREKQGDSAGAALARQKAK
VS 
 
PBP1b Sequence 
MTRPRSPRSRNSKARPAPGLNKWLSWALKLGLVGLVLLAGFAIYLDAVVQEKFSGRRWTIPAK
VYARPLELFNGLKLSREDFLRELDALGYRREPSVSGPGTVSVAASAVELNTRGFQFYEGAEPA
QRVRVRFNGNYVSGLSQANGKELAVARLEPLLIGGLYPAHHEDRILVKLDQVPTYLIDTLVAV
EDRDFWNHHGVSLKSVARAVWVNTTAGQLRQGGSTLTQQLVKNFFLSNERSLSRKINEAMMAV
LLELHYDKRDILESYLNEVFLGQDGQRAIHGFGLASQYFFSQPLAELKLDQVALLVGMVKGPS
YFNPRRYPDRALARRNLVLDVLAEQGVATQQEVDAAKLRPLGVTRQGSMADSSYPAFLDLVKR
QLRQDYRDEDLTEEGLRIFTS 

     
LpoP PBP1b r score s score probability 
193_Q 206_A 0.032 1.377 0.501 
199_A 195_W 0.031 1.327 0.461 
156_G 288_S 0.03 1.284 0.427 
207_D 281_I 0.027 1.171 0.342 
205_Q 213_T 0.025 1.058 0.267 
206_G 134_N 0.024 1.044 0.258 
185_Q 213_T 0.024 1.026 0.247 
247_A 176_D 0.023 1.008 0.237 
165_A 54_S 0.023 0.995 0.229 
164_T 176_D 0.023 0.994 0.229 
165_A 201_S 0.023 0.993 0.228 
179_A 234_F 0.023 0.992 0.228 
181_L 311_V 0.023 0.987 0.225 
218_G 64_V 0.023 0.973 0.217 
193_Q 210_W 0.022 0.966 0.213 
199_A 382_Q 0.022 0.964 0.212 
181_L 185_T 0.022 0.962 0.211 
90_Y 288_S 0.061 0.975 0.515 
67_L 333_V 0.052 0.819 0.343 
75_G 347_E 0.046 0.73 0.258 
41_G 679_L 0.044 0.699 0.232 
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4.6 Data availability 

 

Atomic coordinates for the Pseudomonas aeruginosa LpoP model have been deposited in 

the protein data bank as PDB ID 6W5Q. 
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Chapter 5: Summary and future directions 

 

5.1 Summary 

 

The bacterial cell wall proves one of the most fascinating and impactful systems to study 

to this day. Despite a relatively longstanding identification of the components of the core 

biosynthetic pathway, the countless modifications and additional regulatory networks that feed in 

(and out) of the peptidoglycan biosynthetic pathway have kept scientists captivated for decades. 

Coupled to this, there is no time of greater importance to further our understanding of the bacterial 

cell well, as we enter into uncertain times regarding the use and efficacy of our current antibiotics 

amid an increasing presence of multidrug resistant bacteria in the clinic. 

 

Study of the bacterial cell wall can lead to the development of novel and targeted antibiotic 

therapies, which can help combat these emerging multidrug resistant strains. One area which 

shows huge promise for the development of new antibiotic therapies, is the use of structure guided 

drug design for the modulation of existing therapeutics (Kumar et al. 2017). The foundation for 

this work are the structures of the many enzymes that make up the peptidoglycan biosynthetic 

pathway, with the entirety of the core biosynthetic pathway (Mur à PBPs) being structurally 

characterized with the publication of the structure of MurJ in 2017 (Kuk, Mashalidis, and Lee 

2017). Despite this wealth of structural knowledge, many of the core enzymes have not been 

characterized with substrates or products bound or from relevant pathogenic species. Additionally, 

the inherent complexity of the pathway lends to potential for targeting of noncanonical targets – 
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from peripheral proteins, such as the stress regulated YcbB, to targets from clinically relevant 

targets, such as the PBP1b activator LpoP in Pseudomonas aeruginosa. 

 

To this end, my thesis has used a largely structural approach to study the modulation of 

bacterial peptidoglycan synthase activity. In particular I have focused on the aforementioned 

proteins YcbB and LpoP, which both form complexes with canonical class A PBPs to modulate 

their function. Here, we present the structure of YcbB from E. coli, S. Typhi, and C. rodentium to 

provide a more comprehensive understanding of this tightly conserved protein across a handful of 

clinically important bacteria. We have discovered that these proteins have a novel domain 

architecture consisting of a putative scaffolding domain, a peptidoglycan binding domain, and a 

canonical L,D-transpeptidase catalytic domain. Furthermore, observe for the first time the 

interesting addition of an extended capping-loop sub-domain on the catalytic domain of these 

enzymes and have captured this sub-domain in three distinct orientations. Additionally, we see 

three liganded states for this class of enzyme, leading to insights into the rather poor inhibition 

observed for L,D-transpeptidases by carbapenem antibiotics. We have also explored both the role 

of the unique structural features of YcbB in in vivo β-lactam resistance in E. coli, as well as its role 

in acute bacterial infections in mouse models of both S. Typhi and EPEC infection. Collectively 

we have advanced our understanding of the structure and role of YcbB in the modulation of 

canonical peptidoglycan synthase activity and provide a foundation for future work in the 

development of YcbB inhibiting anti-typhoidal therapeutic agents. 

 

Additionally, we report the structure of the activator of PBP1b in P. aeruginosa, LpoP. 

Given the presumed structural differences between LpoP and the canonical LpoB seen in E. coli, 
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it was of interest to pursue the characterization of LpoP to provide insight into the differences and 

similarities in activation of class A PBPs across diverse bacterial systems. We see that the structure 

of LpoP consists of a tandem-TPR fold, more similar to the negative regulator of PBP1b in E. coli, 

CpoB, than the positive regulator, LpoB. To further probe the regulation of PBP1b in P. 

aeruginosa, we dissected both the modulation of GTase and TPase activity by both LpoP and 

CpoB in in vitro assays. Here, we see additional differences between regulation in P. aeruginosa 

and E. coli, with the role of CpoB in negative regulation of PBP1b not being observed in P. 

aeruginosa. This work lays the foundation for further study of the activation of class A PBP 

activation in noncanonical systems. 

 

Together this work of this thesis provides crucial structural and biological insights into the 

modulation of peptidoglycan synthase activity through both alteration of canonical activity, 

through YcbB, and stimulation of canonical activity, through LpoP. 

 

5.2 Future directions 

 

5.2.1 YcbB 

 

We have determined the structure of acylated YcbB from a variety of bacterial species and 

probed the role of YcbB in both β-lactam resistance and acute bacterial infections; however, a few 

pressing questions still stand. 
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From a structural standpoint, there are two key structures of YcbB that are outstanding. 

The first being a deacylated structure of YcbB. This has been a challenge as a crystallographic 

pursuit, due to the apparent necessity of acylation in the stabilization of YcbB for crystallographic 

purposes. This could potentially be overcome with additional and extensive screening of 

crystallization conditions, yet there are alternate methods that could potentially be more fruitful. 

One such method would be the use of NMR to solve the apo structure of the catalytic domain of 

YcbB. NMR is well known for its amenability with flexible samples, and apo structures of L,D-

transpeptidases have been solved previously using this methodology (Lecoq et al. 2012, 2013). 

The NMR structure of the catalytic domain of YcbB has previously eluded characterization, mostly 

due to the difficulty in construct design given the overall structure of YcbB. With the structure of 

YcbB solved via X-ray crystallography, we hope that new, informed, constructs of stable YcbB 

catalytic domain can be generated and allow for the determination of the apo-YcbB state. 

 

Additionally, as it was recently shown that copper can inhibit Ldts (Peters et al. 2018), 

there is interest in the determination of any potential complex formed between YcbB and copper. 

As this effect is seen across a variety of Ldts, and the only conserved domain is the catalytic 

domain of YcbB, one could likely pursue this via X-ray crystallography of the full-length protein 

or via NMR of the catalytic domain alone. 

 

As we have shown that both PBP1b and PBP5 interact with YcbB in the context of the E. 

coli system, it would also be of interest to determine the structure of the potential tripartite complex 

between all three enzymes. Due to the complexity in the crystallization of such a complex, it would 

likely be more amenable for structural determination via cryogenic electron microscopy (cryoEM). 
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Significant work will need to be invested in the formation of a stable complex between these 

proteins, the successful vitrification of the complex, and the collection of this data would likely 

require significant microscope time. That being said, the determination of this complex sits firmly 

within the feasibility of the technique at this current time and the technique is advancing rapidly 

in both hardware and software. 

 

The final future direction of the YcbB project, which is perhaps most enticing, is in the 

structure guided drug design of anti-YcbB compounds for potential use in treatment of typhoid 

infection. With the bulk of structural data provided in this thesis, there is significant insight into 

the inhibition of these enzymes by carbapenem antibiotics, specifically meropenem and ertapenem. 

From this, we know that there is room for significant improvement in the design of downstream 

modifications to these existing antibiotics to increase their specificity and affinity for YcbB. The 

development of such specific antibiotics could aid in the treatment of typhoid infections and assist 

in further deconvolution of the role of the typhoid toxin in human infection.  

 

5.2.2 LpoP 

 

We have determined the structure of the PBP1b activator in P. aeruginosa, LpoP and 

provided insight into the similarities and differences between the canonical LpoB-PBP1b system 

and the LpoP-PBP1b system; however, a few pressing questions still stand. 

 

From a structural standpoint, it would certainly be of interest to pursue the complex 

structure between PBP1b and LpoP. This would provide insight into the activation of PBP1b in P. 
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aeruginosa and the activation of class A PBPs in general, as no such complex structure exists, 

even for the canonical LpoB-PBP1b complex. That being said, it would likely be of interest to 

pursue the structures of LpoP-PBP1b and LpoB-PBP1b in tandem, to allow for comparison 

between the two distinct systems. Similar to the methodology proposed for the characterization of 

the YcbB-PBP1b-PBP5 complex, these complexes would likely be most amenable to structural 

determination via cryoEM. Despite being on the smaller end of the spectrum when it comes to 

cryoEM, the complex masses are ~100 kDa and are certainly within the realm of feasibility using 

current technology. 

 

From a non-structural standpoint, further experimentation could be performed to try and 

understand the differences between the roles of CpoB in E. coli and P. aeruginosa. It could be of 

interest to dissect the phenotypes of bacterium with deletion and modifications in CpoB under a 

variety of stress conditions, to see if the role of CpoB has more recently evolved to include a role 

in modulation of class A PBPs, as seen in E. coli. P. aeruginosa would also perhaps be a reasonable 

model organism to study the role of CpoB in perhaps its more fundamental non-PG related 

functions, as it presumably does not play a role in PG modulation, as seen in E. coli. This would 

allow a clearer “background” for the determination and exploration of these roles and could then 

be tested in organisms such as E. coli to see if these alternate roles are conserved. 

 

Clearly, these are exciting times in the field of peptidoglycan biosynthesis, and particularly 

the study of the modulation of peptidoglycan synthase activity. It will be fascinating to see how 

the work provided in this thesis is able to help shape this future research and assist in further 

advancing our understanding of bacterial biology. 
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