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Abstract
The helical morphology of enteropathogenic Campylobacter jejuni is determined by
the structure of the peptidoglycan (PG) layer. This structure is dictated by cleavages by the LDcarboxypeptidase Pgp2 and the O-acetyl esterase Ape1 within the periplasm. In this thesis, I
used X-ray crystallography, biochemical and genetic methods to investigate the interaction
interfaces between these two enzymes and PG to select sites for remodeling to generate a
helical cell shape.
Pgp2 uses two PG binding sites for enzyme activity. The Pgp2 structure consists of LDcarboxypeptidase (LD-CPase) and NTF2 domains, each contains a pocket formed by conserved
residues. The LD-CPase pocket also contains the catalytic triad. The nucleophile Cys174 is
confirmed to be essential for Pgp2 activity and helical cell shape. The NTF2 pocket, ~40 Å
away from the triad, is lined with charged and hydrophobic residues important for full Pgp2
activity and helical shape. Site-directed mutagenesis demonstrates that residues in both binding
sites are required for generating helical cell shape. NMR spectroscopy and PG pull-down
assays unequivocally demonstrate that both pockets are PG binding sites. Since Pgp2 is likely
to form a dimer in C. jejuni, I expect up to four PG binding sites in the dimer. I propose Pgp2
recognizes the tertiary structure of PG involving both the LD-CPase domain and the accessory
NTF2 domain to induce a helical cell shape.
The Ape1 crystal structure is composed of a SGNH hydrolase domain, a CBM35
domain, and bound acetate located next to the predicted oxyanion hole. Deacetylase activity
by Ape1 is assisted by residues derived from loops on the adjacent CBM35 domain. Residues
Gln105, Asn121 and Arg123 of the CBM35 domain are hydrogen bonded to the loop forming
the oxyanion hole. A model of the an Ape1-hexasaccharide complex suggests an orientation
of PG in the active site that diverges from other members of the SGNH superfamily. I propose
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Ape1 activity is dependent on the length of the PG glycan strand to modulate cell wall
homeostasis.
Collectively, my thesis contributes to the knowledge about selective PG binding by PG
hydrolases as one mechanism to control cell wall remodeling for generating helical shape.
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Lay Summary
Every year, over 96 million people worldwide contract campylobacteriosis, a bacterial
food-borne gastroenteritis primarily caused by Campylobacter jejuni. The helical cell shape of
C. jejuni aids in successful host colonization. Peptidoglycan (PG) trimmed by the enzymes
Pgp2 and Ape1 are responsible for generating the cell’s helical shape. This thesis aims to define
the binding interfaces between these two enzymes and PG to selectively cleave PG and induce
helical shape formation. Pgp2 has two PG binding pockets that cooperatively guide Pgp2
activity. The Ape1 catalytic cleft is formed by loops from both the catalytic domain and a
previously uncharacterized accessory domain, forming a putative substrate binding groove for
accommodating multiple PG saccharides. The models of these enzyme-PG complexes add to
our understanding of the mechanism of PG digestion for helical shape generation and provides
guidance for the design of inhibitors of Pgp2 and Ape1.
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CHAPTER 1: Introduction
1.1 Campylobacter jejuni
1.1.1 Campylobacteriosis
Campylobacteriosis is one of the most common foodborne gastroenteritis in the world.
It develops after ingestion of food contaminated with Campylobacter sp.. The World Health
Organization (WHO) reported 600 million gastroenteritis cases caused by the 31 foodborne
pathogens in 2010, of which campylobacteriosis accounts for 96 million (1).
Campylobacteriosis in the United States, is estimated to affect a million people a year (2). In
the European Union, it was the most reported zoonotic disease since 2005 and the confirmed
number of illnesses was 246,571 in 2018 (3). In Canada, it is in the top three acquired
foodborne diseases with an annual number of cases estimated to be 145,000 (4). The primary
transmission route of human campylobacteriosis is through food (5). Specific food sources are:
undercooked poultry, unpasteurized milk and contaminated water. Another concerning
transmission cause is through animal contact. An outbreak involving customers and staff
occurred in a pet store in the United States because of contact with dogs carrying C. jejuni (6).
Campylobacteriosis patients develop acute gastroenteritis with symptoms including
watery diarrhea, bloody stool, abdominal pain, vomiting, fever and dehydration. Most cases
recover within 5 to 7 days post infection, but in some cases, gastrointestinal inflammation leads
to dysregulated immune responses in the gastrointestinal tract (i.e., inflammatory bowel
disease) and joints (i.e., reactive arthritis). There is a positive correlation between these
immune diseases and gastroenteritis caused by Campylobacter sp. (7). Guillain-Barré
Syndrome (GBS) is another serious sequela of campylobacteriosis, characterized by weakness
1

of peripheral muscles caused by autoimmune attack on peripheral nerves. Paralysis of
respiratory muscles leads to a 3%–13% mortality rate (8). It is estimated that GBS affects one
person in 100,000 each year in the world (9). Efforts to understand the link between
campylobacteriosis

and

GBS

suggests

that

molecular

mimicry

between

the

lipooligosaccharide antigen of C. jejuni and the carbohydrate antigen of nerve gangliosides as
a possible cause of GBS (10).
Gastroenteritis caused by Campylobacter sp. and its sequelae have added economic
burden to global society. The annual cost of campylobacteriosis in the United States was
estimated at US $1.5–8.0 billion in 1995 (11). High healthcare expenses are also reported in
Europe, Canada, Australia and New Zealand (12). Furthermore, emergence of antibiotic
resistant strains of Campylobacter sp. has worsened the global burden. Abuse of antibiotics in
clinical treatment and in farming correlate with the occurrence of clinical resistant strains (13).
The European Union and the United States have issued animal feed directives that control
clinical antibiotics (e.g., macrolides) used as growth promoters in food animals (14,15).
Some countries have mitigated the prevalence of campylobacteriosis by promoting
food safety. In New Zealand, a 54% decline in campylobacteriosis was observed from 2007 to
2008 (16). The reduction is attributed to processing meat under standard hygiene protocols and
freezing of fresh poultry meat. Biocontrol measures to decrease Campylobacter sp. load on
chickens include: use of feed additives, probiotics, bacteriophages and bacteriocins; and
vaccination of chickens (17). These methods reduce the viability of C. jejuni in vitro, but their
efficacy in animal models is not fully studied. Proposed approaches are also challenged by the
high titer used, compound instability at low pH, and developed resistance by C. jejuni.
Prolonged colonization of chickens by Campylobacter sp. causes weight loss in the animals, a
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concern of the food production industry (18). Taken together, despite efforts being made, new
methods to reduce bacterial load in chickens remain of primary importance to attenuate the
global health and economic burden of campylobacteriosis.

1.1.2 Campylobacter jejuni classification and characteristics
The Campylobacter genus belongs to the family Campylobacteraceae, the order
Campylobacterales, the class Epsilonproteobacteria and the phylum Proteobacteria. The genus
consists of 47 species and 16 subspecies (as of January 2021; https://www.bacterio.net).
Campylobacter sp. are zoonotic bacteria usually found in farm animals (e.g., chickens, cows,
pigs and dogs) as asymptomatic colonizers. However, in humans, ingestion of as little as 500800 cells can cause diarrheal diseases (19,20). C. jejuni is the primary species responsible for
gastroenteritis in humans, and C. coli accounts for 1–25% of the cases (21).
C. jejuni is a Gram-negative enteric bacterium with cell size range approximately
between 0.2–0.8 µm wide and 0.5–5 µm in length. The cell has polar flagella at both ends and
displays helical shape in exponential growth phase (22). C. jejuni is thermo-tolerant, it grows
between 32 and 47°C with optimal growth temperature between 42 and 45°C (23). This
characteristic contributes to its colonization of chickens (body temperature around 42°C), as
well as mammals (body temperature around 37 °C). C. jejuni grows in pH values ranging from
5.5–8.0, and its optimal growth pH is at pH 6.5–7.5 (23). Unlike other common enteric
pathogens such as Escherichia coli and Salmonella Typhimurium that are facultative
anaerobes, C. jejuni is a microaerophile and is cultured under 5%–10% O2 and 1–10% CO2
(24) or growing in the enrichment medium supplemented with antimicrobial agents (e.g.,
vancomycin, polymyxin B, trimethoprim and amphotericin B) that suppress other bacteria in
the culture at aerobic conditions (25).
3

1.1.3 Campylobacter jejuni adaptation to an enteric life style
The human intestinal track is covered by a layer of mucus. This mucus layer is mostly
composed of mucin glycoproteins and serves as a physical barrier and immunological scaffold
to protect deep tissue from bacteria invasion. The mucus layer can be subdivided into an outer
loose layer and the inner firm layer (26). The outer loose layer hosts gut microbiota and
antimicrobial components that clear pathogens through competition and innate immune
defense mechanisms. The inner firm layer is normally devoid of bacteria, confirming a role of
the mucus layer in separating bacteria from the gut tissue.
C. jejuni is found in different sites of the gastrointestinal tract in different hosts such
as: cecum for chickens (27,28), cecum and large intestines for mice (29,30), and small
intestines for cattle (31). C. jejuni human pathogens are usually isolated from feces. C. jejuni
prefers to colonize close to the epithelium of the gut instead of the lumen (27,30). This
localization may reflect the microaerophilic nature of C. jejuni as oxygen level drops in a radial
gradient from the tissue to the lumen in the gut (32). C. jejuni has excellent motility to cross
the mucus firm layer and reach the epithelium. Different to other flagellated enteric bacteria
(E. coli, Vibrio cholerae, and Salmonella enteritidis), C. jejuni is motile when grown in viscous
media (33). Interestingly, increased swimming velocity is observed in the media with increased
viscosity (34,35).
C. jejuni is adapted to the nutritional environment of the mucus layer where amino
acids and secondary metabolites are rich from the diet and the cell lysis of gut microbiota. The
major carbon sources used by C. jejuni are amino acids and citric acid cycle intermediates.
Incubation of C. jejuni in media supplemented with chicken/human mucus exhibited higher a
reproduction rate than incubation in media alone (36,37). C. jejuni is considered as a low
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carbohydrate consumer, a key enzyme 6-phosphofructokinase in the glycolytic pathway is
missing in the genome, and C. jejuni is unable to use glucose as a carbon source (38). Despite
C. jejuni not being able to metabolize carbohydrates such as glucose or galactose, a few C.
jejuni strains carry a genomic island encoding transporters to uptake L-fucose (39), a common
sugar derived from human mucin (40). The ability to uptake L-fucose by C. jejuni increased
growth and competitive colonization in neonatal piglets as compared to the deficient strain
(39). C. jejuni exhibits chemotactic responses to L-aspartate, L-glutamate, L-serine, pyruvate,
fumarate and L-fucose (41) and readily uses aspartate, glutamate, asparagine, glutamine,
serine, and proline (42,43). Genes involved in amino acid transport and the catabolic pathways
are abundant in C. jejuni. Overall, the gut mucus layer serves as a suitable niche that meets the
metabolic requirements of C. jejuni.

1.1.4 Campylobacter jejuni helical shape in pathogenesis
C. jejuni presents as a rod- and coccoid-shape under stressed conditions and helicalshape in log-phase growth culture. The cell’s helical shape is proposed to provide selective
advantages for facilitating bacterial motility. In H. pylori, also a flagellated helical-shaped
bacterium, swimming speed predominantly depends on the propulsion force driven by flagellar
rotation. The swimming speed increases ~19% when the number of flagellums increases from
3 to 4 (44). Apart from the flagella propulsion, the helical shape may influence both thrust and
drag to increase bacterial velocity (45). In a modeling experiment using H. pylori cell
morphology parameters (cell axis length, helical pitch and helical radius), helical body rotation
rate is estimated to contribute to propulsive thrust by up to 15%. When the cell axis length
increased, the swimming speed of H. pylori decreased because of increased drag. When cell
length is fixed, changing the length of helical pitch in cells resulted in a change in speed.
5

C. jejuni use several genetic elements to maintain helical cell morphology. Known
shape-determining genes include pgp1, pgp2, pgp3, CJJ81176_1228, CJJ81176_1105 and
ape1 (Table 1-1). Bacterial strains with deletion of the target gene are denoted as: ∆pgp1,
∆pgp2, ∆pgp3, ∆1228, ∆1105, ∆ape1. No discernable defects in cell growth, stress survival,
membrane protein composition, nor swimming velocity in non-viscous liquid media were
found in the shape-determining gene deletion strains. Conversely, important pathogenic
attributes such as viscous motility, colonization, cell invasion, and host-immune responses are
altered, implying the importance of the helical shape in C. jejuni pathogenesis.
Table 1-1. C. jejuni helical shape determining genes
Protein

Gene

Function

Pgp1
Pgp2
Pgp3

CJJ81176_1344
CJJ81176_0915
A8118_01115

DL-carboxypeptidase
LD-carboxypeptidase
DD-endopeptidase
DD-carboxypeptidase
DD-endopeptidase a
DD-endopeptidase b

Shape of deletion
strain
Straight
Straight
Curved-Rod

Reference
(46-48)
(47,49)
(50)

1105
CJJ81176_1105
Curved-Rod
(48,51,52)
1228
CJJ81176_1228
Curved-Rod
(53)
Ape1
CJJ81176_0638
O-acetyl esterase
Comma
(54)
a
1105 sequence is predicted with a M23 peptidase domain (51). Complementation of
CJJ81176_1105 gene restores the helical shape of ∆csd1, a straight H. pylori strain with csd1
gene (DD-endopeptidase) deletion (52).
b
1228 sequence is predicted with a M23 peptidase domain. 1228 is a homolog of H. pylori DDendopeptidase Csd3 (sequence identity 46%).
The helical shape of C. jejuni is proposed to help passage through the mucus layer to
reach the intestinal epithelium. Cell motility of shape mutants on gel-like soft agar plates was
examined. Strains ∆pgp2, ∆ape1, ∆pgp1, ∆1128, and ∆1105 displayed a reduction in motility
as compared to wild-type motility by 30%, 30%, 20%, 15%, and 15%, respectively
(46,49,51,53,54). The motility defects in soft agar were not due to deficiency in flagellar
rotation. Video-recording of these mutant strains in liquid media indicated that ∆pgp2, ∆pgp1,
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and ∆1128 exhibited unaltered velocity compared to the wild-type strain (53). Therefore, the
helical shape contributes to bacterial motility in viscous media.
Insight into the mechanism of how helical shape contributes to motility in viscous
media was shown by investigation of flagellar motion. C. jejuni responds to increased viscosity
by changing swimming modes (55). C. jejuni showed smooth and tumbling swimming in low
viscosity media (< 1.5 cP). The bacterium demonstrates darting with long straight paths at
medium viscosity (1.5–40 cP), and back and forth movement with short straight paths at high
viscosity (40 cP). Imaging of fluorescent labeled flagella revealed that C. jejuni demonstrated
two characteristic flagellar motions during swimming in viscous media: “unwrapped mode”
and “wrapped mode” (34). In the unwrapped mode”, both polar flagella are projected outward
into the media, whereas in the “wrapped mode”, the leading flagella wraps along helical cell
body and the lagging flagella extends into the media. In low viscous media, most C. jejuni
cells present “unwrapped mode” flagellar motion. The population of “wrapped mode” cells
increases as the viscosity of media increases, and the average velocity of cells also increases,
suggesting that the “wrapped mode” is associated with C. jejuni motility at high viscosity (34).
Helical shape likely aids the flagella to stay in “wrapped mode”. The polarity of the wrapped
flagella alternates when changing swimming directions. Notably, rod-shaped strain ∆pgp1
displayed a 75% reduction of wild-type efficiency in exchanging the wrapped flagella (34).
Helical shape of C. jejuni seems to be a key factor for host colonization. Cell shape
mutants were used to examine cecal colonization in 1-day-old or 3-week-old chicks (CFU/g)
5–7 days post infections. Rod-shaped ∆pgp1 and ∆pgp2, and comma-shaped ∆ape1 showed
2–4.4 log decrease of wild-type colonization (46,49,54), suggesting that helical shape
contributes to chicken colonization by C. jejuni. On the other hand, the curved rod-shaped
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∆1105 showed unaltered chicken colonization (47). The different degrees of colonization by
these shape mutants may indicate that, other than cell shape, these mutants caused disruptions
to unknown physiological attributes required for colonization. It is also possible that host
susceptibility may account for colonization efficiency in above experiments. Three-week-old
chicks carry reduced maternal antibodies and display relatively susceptible to C. jejuni
infections as compared to one-day-old chicks (56).
Helical shape helps C. jejuni penetrate the mucus layer to reach the crypts of the
epithelium of the small intestine (29). The single-IgG-IL-1-related receptor (SIGRR) is a
negative regulator of MyD88-dependent inflammatory signalling. Vancomycin pretreated
SIGRR (–/–) mice are susceptible to C. jejuni infections and show acute gastrointestinal
inflammation to mimic human infections (29). SIGRR (–/–) mice were used to study C. jejuni
helical shape mutants’ colonization and crypt localization. The levels of colonization of ∆pgp1
and ∆pgp2 were similar to wild-type in SIGRR (–/–) mice. However, microscopic examination
of the cecal tissue revealed that ∆pgp1 and ∆pgp2 were present in the mucus layer close to the
lumen but were absent in crypts, different from the wild-type strain that was present across the
lumen and crypts (53). Crypt colonization can be restored by complementation of pgp1 and
pgp2 genes in trans. This study highlights that helical shape helps C. jejuni crypt colonization.
Helical shape contributes to bacteria-host interaction during C. jejuni infections. C.
jejuni can adhere to, invade and survive within epithelial cells. These attributes were measured
in vitro using intestinal epithelial cell lines (INT407 or Caco-2 cells) in gentamicin protection
assays. Rod-shaped ∆pgp1 and ∆pgp2 displayed unaltered cell binding and invasion (46,49).
The ability of other helical shape mutant strains to invade cells was affected: ∆1228 exhibited
small defects in adherence, invasion, and intracellular survival (53); ∆pgp3 showed reduced
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cell invasion compared to the wild-type strain, and complementation partially restored the
deficiency (50); ∆1105 showed ~50% adhesion and invasion of the wild-type strain, and the
deficiency can be restored by complementation (51). Highly curved ∆ape1 strain showed
significant reduction in cell adherence, invasion and intracellular survival (54).
Helical shape is associated with structural changes in peptidoglycan (PG). These
changes lead to altered induction of host immune responses through cytoplasmic Nod1 and
Nod2 receptor activation (57,58). The Nod1 and Nod2 receptors recognize diaminopimelic
acid (DAP) and muramyl dipeptide (MDP) moieties of PG, respectively, and induce signaling
pathways for inflammatory gene expressions (59). DAP containing tripeptides are increased
in ∆pgp1 (46), but are decreased in ∆pgp2 (49) and coccoid C. jejuni (60). As predicted, Nod1
activation in HEK293T cells was increased by ∆pgp1 PG, and decreased by ∆pgp2 and coccoid
C. jejuni PG. Nod2 activation of HEK293T cells by the mutant PG were unexpected. The MDP
level in ∆pgp1 and ∆pgp2 PG are decreased, but no changes in Nod2 activation are found
(46,49). Coccid cells had increased MDP but resulted in decreased Nod2 activation (60).
Another immune response influenced by C. jejuni cell shape is interleukin-8 (IL-8)
secretion. Epithelial cells can secrete the neutrophil chemoattractant IL-8 in response to C.
jejuni infection. The level of IL-8 secretion is positively correlated with C. jejuni cell adhesion
and invasion ability (61) and cytolethal distending toxin activity (62). IL-8 secretion was
measured from incubation of epithelial INT407 cells with C. jejuni helical-shape mutant
strains. Cells infected by ∆1228, ∆ape1, and coccid strains showed reduced IL-8 secretion as
compared to wild-type strain infected cells, consistent with the low cell invasion by these
strains (53,54,60). In contrast, enhanced IL-8 was observed in ∆pgp1 infected epithelial cells
despite ∆pgp1 showed unaltered cell adhesion ability (46).
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1.2 Peptidoglycan
1.2.1 Peptidoglycan structure
PG is a net-like polymer encircling the cell and provides resistance to cell rupture
resulting from osmotic stress. In Gram-negative bacteria, the PG is a thin layer between the
cytoplasmic membrane and the outer membrane (Figure 1-1). It is tethered to the outer
membrane through covalently bound Braun’s lipoprotein (Lpp) (63,64). The length of the PGLpp complex is proposed to define the size of the periplasmic space for proper flagellar
assembly (65). In Gram-positive bacteria, the PG is a much thicker layer which surrounds the
cytoplasmic membrane and is directly exposed to the external environment because of the
absence of an outer membrane. Gram-positive PG is covalently bound to wall teichoic acids
and lipoteichoic acids. These anionic glycopolymers are important for cell envelope biology,
such as cation homeostasis, cell growth and division, and antibiotic resistance (66).

Figure 1-1. Schematic structure of cell wall in bacteria
Schematic presentation of cell surface compositions in Gram-negative and Gram-positive
bacteria. C, cytoplasm; CM, cytoplasmic membrane; PG, peptidoglycan; OM, outer
membrane; Lpp, Braun’s lipoprotein; LPS, lipopolysaccharide; WTA, wall teichoic acid;
LTA, lipoteichoic acid.
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The core chemical structure of PG is well conserved across bacterial species. The
glycan backbone of PG consists of repeated disaccharide units of β-(1-4)-N-acetyl
glucosamine (GlcNAc) and N-acetyl muraminic acid (MurNAc). The C3 position of MurNAc
is attached via a lactyl bond to a peptide stem, generally composed of L-Ala-D-Glu-m-Dap (or
L-Lys)-D-Ala-D-Ala in nascent PG, and can be trimmed or cross-linked between adjacent

glycan strands (Figure 1-2) (67). The 4-3 cross-linkage occurs at the D-Ala4➝(D) m-Dap3
positions either through a direct peptide bond or via a pentaglycine peptide bridge (67). The
3-3 linkage is at the (L) m-Dap3 ➝(D) m-Dap3 positions and is the major cross-link in pathogens
like Mycobacterium tuberculosis and Clostridium difficile (68,69).

Figure 1-2. Core structure of PG in Gram-negative bacteria
PG consist of glycan chains cross-linked by the short peptides. The glycan chain consists of
GlcNAc and MurNAc linked by β-(1-4)-glycosidic bond. A peptide is bonded through the a
lactyl group to third carbon of MurNAc. Cross-links between neighboring peptides occur at
the fourth D-Ala and (D) m-Dap (4-3 cross-linkage) or at the (L) m-Dap and (D) m-Dap (3-3
cross-linkage). The abbreviations indicate as follows: L-alanine (L-Ala), D-glutaminic acid
(D-Glu), meso-diaminopimelic acid (m-Dap), and terminal D-alanine (D-Ala).
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1.2.2 Peptidoglycan biosynthesis
The PG biosynthetic pathway consists of three main stages that occur across the
cytoplasmic membrane (Figure 1-3). The synthesis of the cytosolic PG precursor uridine
diphosphate (UDP)-MurNAc-pentapeptide starts in the cytoplasm. The initial substrate, UDPGlcNAc, originates from D-fructose-6-phosphate by successive reactions catalyzed by the
enzymes GlmS, GlmM and GlmU (70). UDP-GlcNAc is the substrate of the enzymes MurA
and MurB to produce UDP-MurNAc. The peptidyl moiety is added onto UDP-MurNAc by
ATP-dependent Mur ligases. Amino acids L-Ala, D-Glu, m-Dap or L-Lys, and dipeptide D-AlaD-Ala are each added to UDP-MurNAc by the enzymes MurC, MurD, MurE, and MurF in a

sequential order. Bacteria have unique enzymes to synthesize D amino acids (71). D-Glu is
produced from L-Glu by glutamate racemase and from α-ketoglutarate by D-amino acid
aminotransaminase. D-Ala is synthesized from L-Ala by D-Ala racemase. The dipeptide D-AlaD-Ala is ligated by D-Ala-D-Ala ligase.

UDP-MurNAc-pentapeptide is later transferred onto a 55-carbon-long membrane
acceptor undecaprenyl phosphate (C55P) in the inner face of the cytoplasmic membrane by
MraY, yielding a membrane associated undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide
(Lipid Ⅰ) (72). A UDP-GlcNAc is added to Lipid Ⅰ with UDP release by MurG, generating
undecaprenyl-pyrophosphoryl-MurNAc-(pentapeptide)-GlcNAc (Lipid Ⅱ). Lipid Ⅱ is then
flipped from the inner face to the outer face of the cytoplasmic membrane. The identity of
flippase responsible for Lipid Ⅱ translocation was controversial with candidates MurJ and
FtsW (73). Recent studies have shown strong support for MurJ being the transporter.
Inactivation of MurJ led to impaired Lipid Ⅱ translocation in E. coli (74,75). Experiments
using mass spectrometry suggested MurJ has a higher Lipid Ⅱ binding affinity than FtsW since
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at the same Lipid Ⅱ concentration, MurJ but not FtsW, formed a protein-Lipid Ⅱ complex (76).
FtsW showed Lipid Ⅱ flippase activity in a reconstructed liposome in vitro, and MurJ showed
no activity in the same assay (77). However, Lipid Ⅱ translocation was not inhibited in the
absence of FtsW expression (74). The debate was cleared up when FtsW was revealed with a
PG polymerase activity (78).
Lipid Ⅱ is polymerized and crosslinked into the growing PG in the periplasm by the
transglycosylase (GTase) and transpeptidase (TPase). The C4 position of the GlcNAc moiety
of Lipid Ⅱ is bonded to the C1 position of the MurNAc moiety of the growing glycan chain by
the GTase (79-81). The by-product C55-PP is converted to C55-P and is recycled back to the
inner face of the cytoplasm for the translocation of the next cytoplasmic PG precursor (82-84).
For a long time, known GTases consisted of the bifunctional class A penicillin binding proteins
(aPBP) containing both GTase and TPase activities and the monofunctional GTases (85).
Recent studies suggest that the integral membrane SEDS (Shape, Elongation, Division, and
Sporulation) family are a new class of GTases. The SEDS proteins RodA and FtsW were able
to polymerize Lipid Ⅱ substrate in vitro (78,86). Their mechanisms of action is not inhibited
by the aPBP inhibitor moenomycin (78,86), and the FtsW activity required divalent cation and
presence of the monofunctional class B PBP (bPBP) containing TPase activity (78).
The newly synthesized glycan chain is crosslinked to an adjacent glycan chain by
transpeptidation reactions. The 4-3 cross-linkages are catalyzed by DD-TPases, including the
bifunctional aPBP and monofunctional bPBP (85). Their TPase activities are inactivated by
beta-lactam antibiotics because of the analogous structure of the beta-lactam ring and the CON bond in D-Ala-D-Ala substrate (87). The 3-3 cross-linkage are synthesized by LD-TPases.

13

The LD-TPases were suggested to provide some pathogens with beta-lactam antibiotic
resistance as these enzymes were insensitive to penicillin drugs (88-90).

Figure 1-3. PG biosynthesis pathway
Schematic representation of reactions and enzymes involved in the synthesis of PG across
the cytoplasmic membrane. The cytosolic PG precursor UDP-MurNAc-pentapeptide is
synthesized by the enzymes GlmS, GlmM, and GlmU, followed by MurA-F. UDPMurNAc-pentapeptide is transferred onto a membrane acceptor C55P to form a membrane
associated PG precursor Lipid Ⅱ by the enzymes MraY and MurG. Lipid Ⅱ is flipped from
the inner face to the outer face of the cytoplasmic membrane by MurJ, followed by
polymerization to the existing PG by GTase and TPase. PG polymerization is achieved by
bifunctional aPBP with both GTase and TPase activities or by the SEDS GTase family and
bPBP TPase.
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1.2.3 Peptidoglycan maturation
The newly synthesized PG is further remodeled by additional enzymes. Some peptide
bonds and glycosidic bonds are hydrolyzed for different physiological purposes. For example,
hydrolysis of the 4-3 cross-linkages of existing PG allows insertions of new PG strands (91),
removal of peptide stem in PG contributes to cell separation (92), and cleavage of PG glycan
strands generates space to accommodate large molecular machines such as flagella, pili and
secretion systems that span across both membranes (93,94).

N-acetylglucosaminidase

lytic transglycosylase
product

N- acetylmuramidase

DD-endopeptidase
DL-endopeptidase

Amidase

DL-carboxypeptidase
LD-carboxypeptidase
DD-carboxypeptidase

LD-endopeptidase

N-acetyldeacetylase
product

O-acetyltransferase
product
R= OH or peptide stem

H2 O
AcOH

O-acetylesterase
product

Figure 1-4. Sites of peptidoglycan structure remodeling
PG remodeling processes includes the cleavage of PG covalent bonds and modification of
acetylation levels of the glycan strand. The solid triangle symbol represents sites of
hydrolysis. Three glycosidases N-acetylglucosaminidase, N-acetylmuramidase and LT
cleave glycosidic bonds within the glycan chain. Peptidases, N-acetylmuramoyl-L-alanine
amidases, carboxypeptidases and endopeptidases cleave the covalent bonds in the peptide
stems. D or L indicate the chiral center of carbons making the peptide bond. Oacetyltransferase adds the acetyl group to MurNAc. N-acetyldeacetylase and Oacetylesterase hydrolyzes the acetyl group from the glycan strand.
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The PG hydrolases include both glycosidases or peptidases (Figure 1-4) as reviewed
in (95-97). Three distinct glycosidases are identified that cleave the β-(1-4)-glycosidic bonds
in PG. N-acetylglucosaminidase cleaves the bond between GlcNAc and MurNAc, and
produces GlcNAc and MurNAc reducing ends. N-acetylmuramidase and lytic transglycosylase
(LT) both cleave bonds between MurNAc and GlcNAc but using different mechanisms. Nacetylmuramidase adds water to hydrolyze the bond and releases MurNAc and GlcNAc
containing reducing ends. LT catalyzes intramolecular reactions resulting in the concomitant
formation of a1,6-anhydroMurNAc residue and GlcNAc with a non-reducing end. Peptidases
are classified into amidases, carboxypeptidases, and endopeptidases based on the position of
the cleavage amide bond. N-acetylmuramoyl-L-alanine amidases cleave the bond between LAla and the lactyl group of MurNAc, producing a denuded glycan backbone with a lactate
moiety. Carboxypeptidases are exolytic peptidases that remove the C-terminal amino acid
from the peptide stem. Endopeptidases refer to endolytic peptidases that cleave the amide bond
within the peptide. Based on the chiral center (D or L) of the residues that compose the amide
bond, these enzymes can be further grouped as DD-, LD-, and DL-carboxypeptidases or DD-,
LD-, and DL-endopeptidases.

The GlcNAc and MurNAc residues may be chemically modified to prevent hydrolysis
from environmental sources or to escape host immune systems (98). N-acetylglucosamine
deacetylase and N-acetylmuramic acid deacetylase remove the acetyl group from GlcNAc and
MurNAc residues, respectively. The acetyl group at the C2 position of these sugars is
hydrolyzed, producing an amine group and releasing the acetate. Interestingly, the Nacetylmuramic acid deacetylase PdaA from Bacillus subtilis was proposed to catalyse both
deacetylase and transpeptidase activity as it was required for muramic delta-lactam production
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(99). O-acetyltransferases produce O-acetylated PG by adding acetyl groups to MurNAc or
GlcNAc residues. O-acetylation on PG GlcNAc is less common. An example enzyme for this
modification is the Lactobacillus plantarum O-acetyltransferase OatB, the O-acetylated PG
from OatB catalysis is more resistant to an autolysin Acm2 activity (100).

1.3 Curved and helical shape maintenance mechanisms
1.3.1 MreB directs rod shape formation in bacteria
The generation of rod-shaped bacteria depends on PG synthesis complexes called the
divisome and elongasome (Figure 1-5). Each complex contains a multitude of transmembrane
and periplasmic proteins that conduct synthetic and hydrolytic activities for new PG insertion
(101). Assembly of the divisome and elongasome complexes requires scaffold proteins. In
Escherichia coli, the divisome is organized by a tubulin-like cytoskeleton protein named FtsZ,
and this synthesis machinery facilitates formation of the division septum and cytokinesis. FtsZ
is responsible for cell length control as the cells become filamentous when expressing FtsZ at
a low level (102). The elongasome is organized by a eukaryotic actin-like filament called
MreB, which helps to insert new PG along the lateral side-wall of the cell as it grows.
MreB presence has an interesting correlation with rod shape. MreB and homologs (e.g.,
Mbl and MreBH) are found in rod shaped bacteria (e.g., E. coli and B. subtilis) and curved rod
bacteria (e.g., C. crescentus and V. cholerae), whereas MreB is absent in cocci and ovococci
(e.g., S. aureus and S. pyogenes) (103). Two spherical strains of E. coli had mutations in the
mre gene region, and the rod shape was restored by complementing mre gene fragments (104).
Gradual reduction of MreB protein expression in E. coli demonstrated a morphology transition
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from rod shape to coccoid shape (105). MreB isoforms in B. subtilis also showed its importance
in the rod shape determination (106,107).
MreB is a membrane associated scaffolding protein. MreB displays a four-domain
architecture, which is a structural homolog of the filament protein F-actin (108). Each MreB
polymerizes in the presence of ATP or GTP to form protofilaments. Two protofilaments pack
against each other in an anti-parallel fashion. The N-terminal amphipathic regions of MreB
monomers are exposed at the same side of the MreB polymer, constituting a membrane binding
plane that docks onto the cytoplasmic membrane (109,110). These filaments can assemble into
sheets under various chemical conditions (111), and were first visualized as “helical cables”
wrapped along the long axis of the B. subtilis by immunofluorescence microscopy (106). The
“helical cable” of MreB was later suggested to be an artifact. Total internal reflection
fluorescence microscopy (TIRFM) demonstrated that the MreB structure was made of protein
patches that moved bi-directionally along linear tracks perpendicular to the long axis of the
cell (112,113) (Figure 1-5). Together, MreB is a dynamic object that moves circumferentially
along the long cell axis.

Figure 1-5. Cellular positions of divisome and elongasome complexes
Maintenance of a rod shape in E. coli requires both a divisome and elongasome. Both
synthesis complexes recruit PG synthesis machinery which inserts new PG. The divisome is
organized by a FtsZ cytoskeleton that forms a ring at the septum. The elongasome is guided
by MreB which moves parallel to the short cell axis.
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MreB promotes a higher PG synthesis rate along the long cell axis versus the short cell
axis by recruiting elongasome complexes. These complexes are composed of proteins such as
MreC, MreD, RodZ, RodA, PBP2, PBP1A (naming in E. coli) for PG elongation and crosslinking (101,114). Some of these proteins exhibit same orientated movement of MreB
(112,113). Also, new PG insertion sites share a similar localization pattern of MreB in the rod
cell (115,116). Adding fluorescent labelled vancomycin, an antibiotic that targets terminal DAla-D-Ala in nascent PG, to B. subtilis cells displayed transverse bands along the long axis of
the cell. These studies support that MreB works with PG biosynthesis enzyme to insert new
PG along long cell axis.

1.3.2 Caulobacter crescentus CreS
Caulobacter crescentus is Gram-negative bacteria with a curved rod shape. Its cell
shape is maintained by MreB and CreS (117,118). CreS was first identified from a transposon
insertion mutants library (118). Two mutants with straight shapes had insertions at 228 bp
downstream and 15 bp upstream of the start codon of the creS open reading frame.
Complementation with wild-type creS restored the curved shape in a straight mutant,
confirming that CreS is a shape determining protein.
CreS is a filament forming protein that shares domain architecture with eukaryotic
intermediate filament-like proteins (118). CreS consists of an N-terminal head domain, a
central coiled-coil rod domain, and a C-terminal tail domain. The majority of the protein
consists of the rod domain which is composed of coiled-coil segments interspersed by linkers.
Each coiled-coil segment consists of predicted heptad repeats, in which the a and d position of
the 7 residues (named a, b, c, d, e, f, and g) are hydrophobic, whereas b, c, e, g, f are hydrophilic
residues. The heptad containing helices can polymerize through interactions between the
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hydrophobic residues, which likely explains the filamentation formation of purified CreS
protein in vitro (118).
CreS filament proteins were shown to be localized along the inner curvature of the
asymmetric cell, and were excluded from the pole (119). The N-terminal basic residues of
CreS anchored the protein to the cytoplasmic membrane (120). The CreS membrane
association also involves cell wall structure. A strain which lacks β-lactamase encoding-gene
(Δbla) is sensitive to the β-lactam antibiotic mecillinam (an antibiotic that targets cell wall
synthesis). Expression of a CreS-GFP fusion protein in the Δbla strain upon mecillinam
treatment showed CreS dislodged from the membrane. CreS binding to the membrane was
hypothesized to exert a compressive force which bends the cell wall to form a curved shape.
However, interruption of the CreS filament network by halting cell growth using
chloramphenicol did not make the curved cell straight (120). Active cell growth is thus
hypothesized to be required for CreS to induce a curved shape. Monitoring of the PG synthesis
rate by pulse-chase PG labeling in wild-type and ∆creS strains showed an asymmetrical cell
wall growth rate in the curved wild-type strain but not the ∆creS strain. To summarize, the
inner curvature localization of CreS leads to inhibition of the local cell wall growth and
generates the curved shape (120).
Proteins which are involved in CreS localization are important for generating the
curved shape. WbqL is involved in the lipopolysaccharide (LPS) biosynthesis pathway.
Deletion of wbqL resulted in dissociation of CreS from the membrane, resulting a straight cell
shape (121). Cytidine triphosphate synthetase (CtpS) forms a filament structure that
colocalizes with CreS in the cell. Overexpression of CtpS disrupted the inner curvature
localization of CreS, also leading to straight cells (122).
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1.3.3 Vibrio cholerae CrvA
Vibrio cholerae is a curved-rod Gram-negative bacterium. Similar to C. crescentus, the
curved rod shape is maintained by a filament protein CrvA. CrvA was identified by a visual
screening of straight cells from a Tn5 transposon insertion library (123). In-frame deletion of
crvA produced straight cells and complementation restored curvature. Induction of cell
curvature requires an appropriate protein level of CrvA and the presence of the accessory
protein CrvB. CrvA level is regulated by quorum sensing and the concentration of cyclic diGMP (123,124). Increased cyclic di-GMP in cells caused reduction of CrvA expression
accompanied by straight morphology. Recombinant expression of CrvA and the downstream
gene CrvB together in the straight-rod species Escherichia coli and Pseudomonas aeruginosa
induce curved rod shapes (125).
Unlike CreS, which is a cytoplasmic filament, CrvA is a periplasmic filament
containing an N-terminal signal peptide sequence, two coiled-coil domains, and a PEGA-like
C-terminal domain (123). Each domain of CrvA is important for full protein function as
suggested by a complementation study to a CrvA deletion strain using truncated proteins (123).
CrvA is localized at the inner curvature of the cell surface. Asymmetrical CrvA localization
seems to cause differential cell wall synthesis rates at the inner and outer curved faces in V.
cholera. The synthesis rate is determined by the rate of old PG removal and the rate of new
PG insertion. A two-color pulse-chase experiment using fluorescent D-amino acids provides
the rate of the decay of old PG (labeled by HCC-amino-D-alanine, λem≈ 450 nm) and the
insertion of new PG (labeled by NBD-amino-D-alanine, λem≈ 550 nm). The rate of PG removal
is similar between the inner curvature and outer curvature of a cell, but the rate of PG insertion
at the inner curvature is slower than at outer curvature. Such asymmetrical cell wall insertion
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rates were not observed in ∆crvA. Thus, CrvA likely imposes a negative impact on PG insertion
at the inner curvature of a cell leading to curved rod cells.

1.3.4 Multifactorial shape system in Helicobacter pylori
H. pylori is helical or spiral-shaped Gram-negative bacterium. Screening of strains with
morphology defects identified eight nonessential and nonredundant genes that are required for
helical shape (52,126-129). These genes encode both nonenzymatic scaffolding proteins
(Csd2, Csd5, Csd7 and CcmA) and PG hydrolases (Csd1, Csd3/HdpA, Csd4, Csd6),
suggesting that cell wall remodeling, apart from PG synthesis, helps to generate helical
morphology of H. pylori.
Curvature analysis shows H. pylori has alternate positive and negative Gaussian
curvatures along the sidewall (130). Gaussian curvature is defined as K = κ1 × κ2, where κ1
and κ2 are the two principal curvatures (131) (Figure 1-6). The principal curvatures are
derived from two planes which intersect at a point on the surface to produce a radius with a
curvature of absolute maximum and absolute minimum. Zero Gaussian curvature (K = 0)
occurs when one of the two principal curvatures is zero. For example, the surface along the
long axis of a rod cell has zero Gaussian curvature. Positive Gaussian curvature (K > 0) is
when the two principal curvatures have the same sign, meaning the two curvatures bend in
same direction. Regions with positive Gaussian curvature include the whole cell surface of a
spherical bacterium, the pole area of a rod cell, and the outer curved face of a vibrioid cell.
Negative Gaussian curvature (K < 0) describes when the two principal curvatures have the
opposite sign, meaning the two curvatures bend in opposite directions at the point. An example
of negative Gaussian curvature is the inner curved face of a vibrioid cell.
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Figure 1-6. Regions of a cell with measured Gaussian curvatures
The curvature of each point on the cell surface can be measured by Gaussian curvature K,
where K is determined by the two principal curvatures κ1 and κ2. The maximal principal
curvature κ1 is derived from the largest radius of a circle that intersects at a surface point,
whereas the minimal curvature κ2 is derived from the smallest radius of a circle. Three
selected regions of a cell surface displaying different Gaussian curvature values are shown
(top). The surface of the cell pole (top right) represents strong positive Gaussian curvature.
The outer curved face (top middle) and inner face (top left) of a vibrioid cell represent
positive and negative Gaussian curvatures, respectively. The Gaussian curvature can be
mapped onto the surface of a bent cell using a color scale (bottom). This figure is adapted
and modified from the literature (131)
CcmA is a bactofilin homolog with no predicted enzyme activity (52). Purified CcmA
formed filaments that assembled into helical bundles and lattice structures in vitro, confirming
that CcmA is a cytoskeleton-like protein (130). An immunofluorescence localization study
showed that CcmA exhibited as puncta along the cell, and was localized to positive Gaussian
curvature in H. pylori (130). Moreover, CcmA showed co-localization with sites of new PG
insertions. The use of alkyne (alk) functionalized PG precursors (MurNAc-alk or D-Ala-alk)
during cell growth showed that the new PG was excluded from the poles but was relatively
concentrated at regions of both negative and positive Gaussian curvatures (130). Particularly,
signals of MurNAc-alk labeled PG aligned to Gaussian curvature at around 6 µm−2, similar to
the localization of CcmA. The curvature enrichment pattern of MurNAc-alk labeled PG was
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diminished in the absence of CcmA. It is hypothesized that CcmA localizes at positive
Gaussian curvature and could promote local PG synthesis that maintains helical shape (130).
CcmA is proposed to form a “shapesome” complex with the shape determining proteins
(Csd1, Csd2, Csd7, Csd5). The muropeptide profiles derived from bacterial strains with single
gene deletions of ccmA, csd7, csd1 and csd2 shared similar changes of wild-type are similar
and distinct from that of the wild-type H. pylori strain (52,128). This multiple protein complex
is likely centered on Csd7. Csd7 is a predicted polytopic integral membrane protein and shown
to interact with Csd1 and Csd2 by co-immunoprecipitation. Also, the protein levels of Csd1
and Csd2 in a ∆csd7 strain were decreased, suggesting co-stability dependence of these
proteins. The protein expression levels of Csd2 in ∆csd1 and Csd1 in ∆csd2 were largely
reduced, suggesting Csd1 and Csd2 stability were mutually dependent (128). Csd1 is an M23
family peptidase with a LytM catalytic domain that cleaves 4-3 cross-linkages in PG (52).
Csd2 is catalytically inactive due to a Glu residue replacement of a His residue that coordinates
a catalytic metal (52,132). Csd1 and Csd2 form a heterodimer in solution and in the crystal
structure (132). A direct interaction of Csd1 and Csd2 was validated using the bacterial twohybrid assay (128).
Csd7 also precipitated CcmA from H. pylori cell lysate in an immunoprecipitation
assay (128). A link between CcmA and Csd5 was found because CcmA was
immunoprecipitated by Csd5 from the cell lysate (133). Csd5 is predicted to be a scaffolding
protein; however, deletion of csd5 did not cause a muropeptide profile change in H. pylori
(126). Csd5 contains an N-terminal tail, a transmembrane (TM) domain, a coiled-coil motif,
and a C-terminal PG binding SH3 domain (133). The TM domain of Csd5 is important for
interaction with CcmA and a PG precursor synthase, MurF (133). Together, this work supports
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the hypothesis that shape-determining proteins form a multiple protein complex. This
“shapesome” might promote PG growth at regions with positive Gaussian curvatures to induce
the helical-shape of H. pylori.
Three PG hydrolases (Csd3/HdpA, Csd4, and Csd6) are involved in helical cell shape
and these proteins were not shown to have an interaction with the CcmA associated
“shapesome”. Csd3/HdpA is an M23 family peptidase with a characteristic LytM domain
(134). Csd3 was shown to cleave 4-3 cross-linkage of tetra-pentapeptides or to remove the
terminal D-Ala from pentapeptides (52,129). Deletion of csd3 resulted in pleomorphic
morphologies (52,129). Csd4 is a DL-carboxypeptidase that removes m-Dap from tripeptides
(126,135,136) and Csd6 is a LD-carboxypeptidase that removes D-Ala from tetrapeptides
(127,137). Deletion of either csd4 or csd6 resulted in straight cells (126,127,135). The
mechanism by which Csd3, Csd4 and Csd6 lead to helical shape is unclear. As DDtranspeptidase catalyzes 4-3 cross-linkage using pentapeptide and tetrapeptide substrates, it is
hypothesized the peptide trimming by Csd4 and Csd6 would reduce the availability of these
substrates for cross-linking. However, the percentage of cross-linked murotetrapeptide and
monomeric muropeptide were not changed in ∆csd4 and ∆csd6 strains. Spatial reduction of
cross-links by these proteins is proposed to introduce PG structure relaxation for helical shape
generation (52). Alternatively, Csd3, Csd4 and Csd6 could be involved in local PG insertion
and turnover rate, creating differential PG homeostasis along the cell surface. More studies on
activity regulation and protein localization of these proteins are needed for a full understanding
of the helical shape maintenance system.

25

1.4 C. jejuni helical shape generation
1.4.1 The C. jejuni helical cell shape determining proteins
As mentioned earlier in the introduction, the known shape-determining genes in C.
jejuni identified by genetic screening include pgp1, pgp2, pgp3, 1228, 1105 and ape1. These
genes were identified by genetic deletion and identifying morphological deviation from the
helical wild-type. Different from using spatial PG synthesis for maintaining the bent
morphology in C. crescents, V. cholerae, and H. pylori, the identified C. jejuni shape
determining genes so far function in PG modification (Figure 1-7 and Figure 1-8).
A C. jejuni strain with a deletion of pgp1 (46) has a straight cell morphology. The
∆pgp1 mutant displayed a rod shape similar to B. subtilis and E. coli. C. jejuni strain RM1285
is a rod-shaped cell with a nonsense point mutation in pgp1 (138) and the loss of helical shape
is likely due to deficient Pgp1 protein. Pgp1 is a DL-carboxypeptidase that cleaves m-Dap from
murotripeptides to produce murodipeptides (46). The muropeptide profile from PG isolated
from the ∆pgp1 strain exhibited increased tripeptide, decreased dipeptide and decreased
tetrapeptide when compared with the wild-type. Incubation of purified PG from strain ∆pgp1
with recombinant Pgp1 resulted in decreased tripeptide and increased dipeptide, and the
reaction was inhibited in the presence of EDTA, suggesting Pgp1 is a metal dependent
hydrolase.
A C. jejuni ATCC 33560 strain with a deletion of pgp3 exhibits curved-rod (50). Pgp3
is a bifunctional M23 metalloprotease with DD-carboxypeptidase and DD-endopeptidase
activities (50). Recombinant Pgp3 cleaved the terminal D-Ala from a monomeric pentapeptide,
cleaved the 4-3 cross-linkage in synthesized cross-linked tetratripeptide, and in isolated
Escherichia coli sacculus. The Pgp3 structure contains an N-terminal immunoglobulin-like
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domain, LytM domain, and a C-terminal helix (50). The catalytic LytM domain is found in
two other PG hydrolases: lysostaphin and DD-endopeptidase (139,140). LytM structures show
a large antiparallel beta-sheet and a conserved Zn2+-ion-binding motif (HxxxD and HxH) in
the active site (50,132,134). The zinc ion is proposed to polarize the carbonyl oxygen of the
scissile bond so that the carbonyl carbon is susceptible to nucleophilic attack by water (140).
Replacement of Zn2+ coordinating residues abolishes Zn2+ binding in the active site and forms
an inactive LytM domain. Examples are E. coli EnvC and H. pylori Csd2 (132,141). This
inactive LytM domain can interact with PG hydrolases and function as a regulatory protein
involved in peptidoglycan biogenesis (142).
Strains with a deletion of CJJ81176_1228 (53) or CJJ81176_1105 (51) exhibit
curved-rod morphology. The proteins expressed from these genes, 1228 and 1105, are
predicted LytM containing M23 metalloproteases. These enzymes are predicted to cleave the
4-3 cross-linkage between m-Dap and D-Ala. The biochemical activities of the 1128 and 1105
proteins are not yet reported. The homologous proteins in H. pylori are the endopeptidases
Csd3 and Csd1, respectively (51,53). Based on homology, 1228 consists of a Csd3N-terminal
domain and a LytM domain (53), and 1105 contains prefoldin (300 amino acids), coiled-coil,
and C-terminal LytM domains (51).
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Figure 1-7. Comparison of cell shape determining proteins in curved and helical
bacteria.
The known curved and helical shape determining proteins are classified into filaments,
remodelling enzymes and scaffold proteins. The curved shapes of C. crecentus and V.
cholerae are maintained by filament proteins (CreS, CrvA and CrvB) localized at the innercurvature side of the cell, leading to asymmetric PG growth rate. The helical shape of H.
pylori is maintained by the filament protein CcmA localized at regions of positive Gaussian
curvature. In addition to CcmA, H. pylori helical shape is maintained by PG hydrolases and
scaffold proteins. The known proteins required for helical shape of C. jejuni are PG
hydrolases and the O-acetyl esterase Ape1.
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Figure 1-8. Schematic of cell shape maintenance proteins used by C. jejuni
Helical shape is maintained by hydrolysis by PG-modifying enzymes. In mature PG, the
cross-linkages of the sacculus are digested by Pgp3, 1105 and 1228 (DD-endopeptidases).
Additionally, the peptides are trimmed to tetra- and tri-peptides by Pgp2 (LDcarboxypeptidase) and Pgp1 (DL-carboxypeptidase). O-acetyl groups (OAc) are removed by
Ape1 (O-acetyl esterase). The de-acetylated PG can be digested by Slt (lytic
transglycosylase).
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1.4.2 The LD-carboxypeptidase Pgp2
C. jejuni pgp2 is a major shape determining gene. Whole genome sequencing of rodshaped strains from a transposon mutant library (~1933 mutants) and from laboratory passages
found the rod-shaped strains all contained nucleotide perturbations in the pgp2 or pgp1 (47,48).
The morphology of a strain with pgp2 gene deletion looks like a football, mostly rod shape
with narrow-ends at the poles.
Pgp2 is a LD-carboxypeptidase that cleaves D-Ala from tetrapeptides into tripeptides
(49). The muropeptide of PG purified from strain ∆pgp2 contains no tripeptides. Incubation of
∆pgp2 PG with recombinant Pgp2 showed decreased levels of tetrapeptides and increased
levels of tripeptides. The tripeptide product of Pgp2 cleavage is the substrate for Pgp1, and a
∆pgp1pgp2 strain shares a similar muropeptide profile to that of the ∆pgp2 strain (49).
Sequence analysis of Pgp2 indicates that it contains an LD-carboxypeptidase (LD-CPase)
domain and an NTF2-like superfamily (NTF2) domain. NTF2 domains are broadly found in
nature and function in both ligand binding and catalysis. Interestingly, NTF2 domains are
found in PG hydrolases such as PBP2a and NlpC/p60 in addition to their catalytic domains
(143,144). No biochemical study of the NTF2 domain in Pgp2 or in other PG hydrolases has
been reported.
Orthologs of Pgp1 and Pgp2 are characterized in Helicobacter pylori, and both are
required for maintaining helical cell shape (126,127). The H. pylori homolog of Pgp2 is named
Csd6 and shares 36% amino acid sequence identity. Csd6 is suggested to be required for
flagellin biosynthesis in H. pylori (145). Flagellin in H. pylori is modified by the addition of
pseudaminic acid. Interestingly, purified flagellin A from a ∆csd6/HP0518 strain contained
higher levels of pseudaminic acid than in the wild-type strain. Subsequently, a crystal structure
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of a Csd6 dimer was solved and pseudaminic acid was modeled bound to a pocket within the
NTF2 domain (137). Nonetheless, direct evidence for pseudaminic acid binding by Csd6 is
weak and this function is unconnected to a well-defined role of Csd6 in cleaving PG
tetrapeptide stems as observed for Pgp2. A possible role of the NTF2 domain in either Pgp2
or Csd6 in binding PG has not yet been tested.

1.4.3 The O-acetyl-esterase Ape1
O-acetylation at the C6 hydroxyl group of MurNAc serves in a protective role to resist
cell lysis by lysozymes produced by mammalian innate immune systems. Pathogens such as
Staphylococcus aureus, Enterococcus faecalis, Listeria monocytogenes and Neisseria
gonorrhoeae that contain O-acetylated PG are found to be more resistant to lysozymes (146149). The level of PG O-acetylation is determined by enzymes encoded by the O-acetylation
of peptidoglycan (OAP) regulon (150). In Gram-positive bacteria, the bi-functional protein
OatA translocates cytoplasmic acetyl moieties to the periplasm and acetylates the C6 hydroxyl
group of PG MurNAc (151,152). In Gram-negative bacteria, a two-component system, PatA
and PatB, perform the activities of OatA (153-155). The OAP regulon encodes a third gene
named ape1. Ape1 is a periplasmic O-acetyl esterase that hydrolyzes O-acetylated MurNAc
within the PG polymer to produce de-O-acetylated MurNAc (156). De-O-acetylation by Ape1
is proposed to regulate PG turnover by LTs (157), which can only cleave the β-(1-4)-glycosidic
bond between de-O-acetylated MurNAc and GlcNAc to generate glycan stands with an 1,6anhydroMurNAc end (158).
C. jejuni ape1 contributes to the generation of a helical shape. Strains with ape1 deleted
exhibit highly curved cells. O-acetylated peptides increased from 2% to 10% from wild-type
to ∆ape1 cells. Ape1 belongs to the serine esterases and lipases of the GDSL family (150).
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This enzyme family contains a catalytic Ser in one of three the conserved motifs: GxSxG,
GDSL, and GDS (159). A subgroup of the GDSL family is further classified as the SGNH
hydrolase superfamily due to presence of invariant residues Ser, Gly, Asn and His (160). Ape1
is predicted to contain the catalytic triad Ser, His, and Asp. Opposite the triad are Gly and Asn
residues that form the oxyanion hole for transition state stabilization in the active site
(161,162). Mutagenesis of the N. gonorrhoeae Ape1 homolog demonstrated that these
conserved catalytic residues are required for enzyme activity (156,161,162). The N.
meningitidis Ape1 crystal structure contains a catalytic domain with an α/β-hydrolase fold of
the SGNH superfamily (163). The authors observed that the presence of an acetyl moiety
rotates the Ser nucleophile by 90° to be positioned for optimal catalysis and proposed a
substrate-induced mechanism as to prevent accidental de-O-acetylation. N. gonorrhoeae Ape1
was reported to have higher specific activity towards O-acetylated PG compared to Oacetylated xylan (156), suggesting that the enzyme may recognize additional substrate
components beyond the acetate. C. jejuni Ape1 is predicted to contain a carbohydrate binding
module of family 35 (CBM35) domain in addition to the SGNH domain. The CBM35 domain
is typically found in plant cell wall degrading enzymes (164,165). The role of such domains
was proposed to be involved in substrate specificity (163).

1.5 Objectives of this thesis
Helical shape increases the success of C. jejuni host colonization. Chicken, the natural
reservoir of C. jejuni is considered to be the major transmission route of campylobacteriosis in
humans. It has been proposed that cell shape disruption is a potential method for reducing the
bacterial load in chicken (166,167). Despite the identification of six genetic elements
responsible for helical shape in C. jejuni, few structural studies are known for these important
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enzymes. Furthermore, it remains unclear whether the interaction of peptidoglycan with these
shape enzymes contributes to the selection of sites on the PG for cleavage for helical shape
generation. In this thesis, I performed structural, biochemical and genetic studies on the two
helical shape determining enzyme: Pgp2 (Chapter 3) and Ape1 (Chapter 4). This work aims to
define the functional regions of Pgp2 and Ape1 required for enzyme activity. These studies
add to our knowledge of the mechanism of helical shape generation in C. jejuni. The protein
structures and the identification of accessory PG binding sites could serve as a foundation to
develop morphology-targeting inhibitors that reduce the prevalence of campylobacteriosis.
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CHAPTER 2: Materials and methods
2.1 Bacterial strains and growth conditions
2.1.1 E. coli
E. coli was used for plasmid cloning and protein expression. E. coli cultures were
grown at 37 °C or 25 °C in Luria Bertani (LB) broth or on LB agar under aerobic condition.
Appropriate antibiotics ampicillin (125 µg/ml), kanamycin (25 µg/ml), chloramphenicol (20
µg/ml) were included in growth media for selectivity. Strains of E. coli used in this study are
listed in Table 2-1.

2.1.2 C. jejuni
C. jejuni strains 81-176 wild-type, ∆pgp2, ∆ape1 and ∆pgp2 complementation with
point mutations were used for cell shape analysis and peptidoglycan preparation. C. jejuni were
grown at 38 °C on Mueller-Hinton (MH; Oxoid) media agar under microaerophilic conditions
(12% CO2, 6% O2, in N2) in a Sanyo tri-gas incubator. For shaking MH broth culture, C. jejuni
was cultured in airtight jars using the Oxoid CampyGen Atmosphere generation system with
shaking at 200 rpm. Appropriate antibiotics chloramphenicol (20 µg/ml), vancomycin (10

µg/ml) and trimethoprim (5 µg/ml) were included in growth media. Strains of C. jejuni used
in this study are listed in Table 2-1.
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Table 2-1. Bacterial strains used in this study
Bacteria
C. jejuni

Strain name
81-176

C. jejuni

∆ape1

C. jejuni

∆pgp2

C. jejuni

∆pgp2C

C. jejuni

H157A

C. jejuni

C174S

C. jejuni

Y233A

C. jejuni

F242A

C. jejuni

K257A

C. jejuni

K307A

C. jejuni

E324Q

E. coli

DH5𝛼

E. coli

BL21(DE3)

E. coli

BL21-Pgp2

E. coli

BL21-Pgp2K307A

E. coli

BL21-Ape122-392

E. coli

BL21-Ape141-392

E. coli

BL21-Ape1K103A

Description
Reference
An isolate from a raw-milk diarrhea
(168)
outbreak
C. jejuni strain 81-176 with an ape1
(54)
deletion
C. jejuni strain 81-176 with a pgp2
(49)
deletion
Strain ∆pgp2 complemented with a
(49)
copy of pgp2 integrated at one of three
16S ribosomal regions found in C.
jejuni
∆pgp2 complemented with mutant of
Chapter 3
the catalytic triad
∆pgp2 complemented with mutant of
Chapter 3
the catalytic triad
∆pgp2 complemented with mutant
Chapter 3
within the NTF2 pocket
∆pgp2 complemented with mutant
Chapter 3
within the NTF2 pocket
∆pgp2 complemented with mutant
Chapter 3
within the NTF2 pocket
∆pgp2 complemented with mutant
Chapter 3
within the NTF2 pocket
∆pgp2 complemented with mutant
Chapter 3
within the NTF2 pocket
General strain for plasmid propagation.
Life
Contains the recA1 mutation for insert Technologies
stability and the endA mutation for high
yield.
A common strain for protein expression.
Novagen
Contains an integrated bacteriophage
DE3 with T7 polymerase gene inducible
by IPTG. Suitable for expression of
target protein with a T7 promoter.
E. coli BL21(DE3) strain harboring
Chapter 3
plasmid pET15b-Pgp243-325
E. coli BL21(DE3) strain harboring
Chapter 3
plasmid pET15b-Pgp2K307A
E. coli BL21(DE3) strain harboring
Chapter 4
plasmid pET28a-Ape122-392
E. coli BL21(DE3) strain harboring
Chapter 4
plasmid pET28a-Ape141-392
E. coli BL21(DE3) strain harboring
Chapter 4
plasmid pET28a-K103AApe122-392
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E. coli

BL21-Ape1Y104G

E. coli

BL21-Ape1Q105A

E. coli

BL21-Ape1Q106A

E. coli

BL21-Ape1N121A

E. coli

BL21-Ape1S122A

E. coli

BL21-Ape1R123A

E. coli

BL21-Ape1F132A

E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1Y104G
E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1Q105A
E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1Q106A
E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1N121A
E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1S122A
E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1R123A
E. coli BL21(DE3) strain harboring
plasmid pET28a-Ape1F132A

Chapter 4
Chapter 4
Chapter 4
Chapter 4
Chapter 4
Chapter 4
Chapter 4

2.2 Strain construction
2.2.1 Complementation of ∆pgp2
Complementation of ∆pgp2 was achieved using a pgp2 complementation plasmid (49).
The pgp2 gene and promoter were amplified from C. jejuni 81-176 genomic DNA and cloned
into the pRRC vector (169). The inserted pgp2 gene included 196 bp of the native promoter
region and 190 bp of the downstream sequence. The complementation plasmid was integrated
into an available strain 81-176 Δpgp2 mutant (49) by natural transformation. The transformed
C. jejuni cells were grown at 38 °C under microaerophilic conditions in a tri-gas incubator.
Colonies were selected on MH-TV (Mueller-Hinton containing trimethoprim and
vancomycin) plates with chloramphenicol. Recombination into the chromosome was verified
by PCR analysis using primers Spe1, 198R, 554F, and cat-2. Construction of variant Pgp2
mutant strains was achieved by site-directed mutagenesis of the wild-type complementation
plasmid. The primers used in this study are listed in Table 2-2. Constructed plasmids are listed
in Table 2-3.
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Table 2-2. List of primers used in this study
Name of Primer a
pRRC_C174S (F)
pRRC_C174S (R)
pRRC_H157A (F)
pRRC_H157A (R)
pRRC_Y233A (F)
pRRC_Y233A (R)
pRRC_F242A (F)
pRRC_F242A (R)
pRRC_K257A (F)
pRRC_K257A (R)
pRRC_K307A (F)
pRRC_K307A (R)
pRRC_E324A (F)
pRRC_E324A (R)
Spe1
198R
554F
cat-2
Pgp243-325 (F)
Pgp243-325 (R)
Pgp2K307A (F)
Pgp2K307A (R)
Ape141-392 (F)

Primer sequence (5’ to 3’) a
TAAAACAAGAGGAAGTATTGCTTTATT
AATAAAGCAATACTTCCTCTTGTTTTA
GTGGTATTTGGATCGCTGGCTATCCTTTAG
CTAAAGGATAGCCAGCGATCCAAATACCAC
GTGACACTAATACCGCTTTAAGTTTTTATG
CATAAAAACTTAAAGCGGTATTAGTGTCAC
GATGAGCAAGAAGCTAAACGTTTTGAT
ATCAAAACGTTTAGCTTCTTGCTCATC
TTTGCTTCCATGGCAAAATCTATTTT
AAAATAGATTTTGCCATGGAAGCAAA
CAGTTTAGAGGCGATGCAATTTTATACGTTAAG
CTTAACGTATAAAATTGCATCGCCTCTAAACTG
GAAAATTTTAGCACAGCAATAAATGTC
GACATTTATTGCTGTGCTAAAATTTTC
GCGACTAGTTGCCTAAAAAAGACATTCCTATAAA
TTAATAAAGCAAGTCGTTTTAACAA
AGGCCGTAAGTTTAATCCAGGTGA
GTTTTTTGGATGAATTACAAGA
GGGAATTCCATATGCAAAAGGATTTTTGGTTAAGT
CCCGCTCGAGTTATTGCTCTGCTAAAATTTT
CAGTTTAGAGGCGATGCAATTTTATACGTTAAG
CTTAACGTATAAAATTGCATCGCCTCTAAACTG
GCGGCGGCTAGCTCTGCTTTAACAAGTTATGTATCAAA
AAAAGATC
41-392
Ape1
(R)
CAATGAGCTCCTAAATTTTTTATAGTAACTAATAATTC
CTAGGCGCGCG
Ape1 K103A
CTATCCTTTACAGCCTGCATATCAACAAAATC b
Ape1 Y104G
CCTTTACAGCCTAAAGGTCAACAAAATCTTAATC b
Ape1 Q105A
CTTTACAGCCTAAATATGCACAAAATCTTAATCTTG b
Ape1 Q106A
CAGCCTAAATATCAAGCAAATCTTAATCTTGTTT b
Ape1 N121A
CTTTGAAATTTTAGCCTCAAGAAATCCTGC b
Ape1 S122A
CTTTGAAATTTTAAACGCAAGAAATCCTGCTAATGC b
Ape1 R123A
GAAATTTTAAACTCAGCAAATCCTGCTAATG b
Ape1 F132A
GCTGGACATAATGCTCCACTAGGTGGG b
a
Restriction enzyme digestion sites are in underlined italics. The three nucleotides of the
variant residue are in bold. The nucleotide that is different to the native sequence is underlined.
b
Primers contain 5’ phosphate.
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Table 2-3. List of plasmids used in this study
Plasmid name
pRRC-Pgp2

pRRC-H157A
pRRC-C174S
pRRC-Y233A
pRRC-F242A
pRRC-K257A
pRRC-K307A
pRRC-E324Q
pET15b

pET15b-Pgp243-325
pET15b-Pgp2K307A
pET15b-Csd6
pET28a

pET28a-Ape122-392
pET28a-Ape141-392
pET28a-Ape1K103A
pET28a-Ape1Y104G

Description
A complementation plasmid for chromosomal
insertion of pgp2 into one of three conserved
C. jejuni rRNA sites; delivers a
chloramphenicol resistance cassette for
insertion selection
A complementation plasmid carries H157A
variant of Pgp2
A complementation plasmid carries C174S
variant of Pgp2
A complementation plasmid carries Y233A
variant of Pgp2
A complementation plasmid carries F242A
variant of Pgp2
A complementation plasmid carries K257A
variant of Pgp2
A complementation plasmid carries K307A
variant of Pgp2
A complementation plasmid carries E324Q
variant of Pgp2
E. coli protein expression vector containing a
T7 promoter and an N-terminal His6-tag
coding sequence; contains an ampicillin
resistance gene
pET15b construct for the expression of
recombinant Pgp2
pET15b construct for the expression of
recombinant Pgp2 K307A variant
pET15b construct for the expression of
recombinant Csd6
E. coli protein expression vector containing a
T7 promoter and an N-terminal His6-tag
coding sequence; contains a kanamycin
resistance gene
pET28a construct for the expression of
recombinant Ape1 containing residues 22–
392 in the native sequence
pET28a construct for the expression of
recombinant Ape1 containing residues 41–
392 in the native sequence
pET28a construct for the expression of
recombinant Ape1 K103A variant
pET28a construct for the expression of
recombinant Ape1 Y104G variant

Reference
(49)

Chapter 3
Chapter 3
Chapter 3
Chapter 3
Chapter 3
Chapter 3
Chapter 3
Novagen

Chapter 3
Chapter 3
(127)
Novagen

(54)
Chapter 4
Chapter 4
Chapter 4
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pET28a-Ape1Q105A
pET28a-Ape1Q106A
pET28a-Ape1N121A
pET28a-Ape1S122A
pET28a-Ape1R123A
pET28a-Ape1F132A

pET28a construct for the expression of
recombinant Ape1 Q105A variant
pET28a construct for the expression of
recombinant Ape1 Q106A variant
pET28a construct for the expression of
recombinant Ape1 N121A variant
pET28a construct for the expression of
recombinant Ape1 S122A variant
pET28a construct for the expression of
recombinant Ape1 R123A variant
pET28a construct for the expression of
recombinant Ape1 F132A variant

Chapter 4
Chapter 4
Chapter 4
Chapter 4
Chapter 4
Chapter 4

2.3 Protein expression vectors construction
2.3.1 Pgp2 and Pgp2 site-directed mutagenesis
A region of the pgp2 (CJJ81176_0915) coding sequence corresponding to the product
without the N-terminal signal peptide (residue 1-18) and the following 24 residues was cloned
into a pET15b vector using NdeI and XhoI restriction sites, producing pET15b-Pgp243-325. The
resulting recombinant Pgp2 protein includes an N-terminal His6-tag followed by a thrombin
cleavage site and residues 43-325. The Pgp2K307A expression plasmid was made by sitedirected mutagenesis using pET15b-Pgp243-325 as the template.

2.3.2 Ape1 and Ape1 site-directed mutagenesis
The expression vector pET28a-Ape122-392 was donated by Dr. Erin Gaynor (54). The
encoded product includes an N-terminal poly-His tag followed by a thrombin cleavage site and
the full-length Ape1 protein without the N-terminal signal peptide (residue 1-21). The
expression vector pET28a-Ape141-392 encoding Ape1 protein with an N-terminal His6-tag
followed by a thrombin cleavage site and residues 41–392 was constructed using the restriction
enzyme double-digestion method. The portion of ape1 (CJJ81176_0638) corresponding to the
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product without the N-terminal signal peptide and the subsequent 19 residues was amplified
from C. jejuni 81-176 genomic DNA using primers Ape141-392 (F) and Ape141-392 (R). The PCR
product and pET28a vector were digested with restriction enzymes NheⅠ/BamHⅠ, and ligated
together by T4 DNA ligase (NEB). The recombinant plasmid was then transformed into E. coli
DH5α, selected using kanamycin, and validated by PCR analysis and sequencing.
Site-directed mutagenesis was used to generate the CBM35 loop variants K103A,
Y104G, Q105A, Q106A, N121A, S122A, R123A, F132A using pET28a-Ape122-392 as a
template. Each primer was 5′ phosphorylated and designed to contain a complementary
mutation of the target sequence. Whole-plasmid amplification reactions were performed using
Phusion polymerase (NEB) and Ampligase (Epicentre). Reactions were digested with DpnⅠ
for 3 hours at 37 °C to remove methylated template vectors.

2.4 Recombinant protein expression and purification
2.4.1 Pgp2
Recombinant Pgp2 was produced in E. coli. E. coli BL21(DE3) cells carrying the
recombinant Pgp2 expression plasmid (pET15b-Pgp243-325) were cultured at 37 °C in 1 L LB
supplemented with ampicillin (100 μg/mL) with shaking to an optical density of 0.6–0.8 before
addition of 0.25 mM isopropyl β‐d‐thiogalactopyranoside (IPTG) to induce expression for an
additional 16 hours at 25 °C. Cultures were pelleted by centrifugation and stored at −80 °C.
Cells were thawed in binding buffer 50 mM Tris-HCl pH 7.0, 150 mM NaCl, 1 mM
dithiothreitol (DTT) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and
DNase, and then lysed at 4 °C with a homogenizer. The lysate was centrifuged, loaded onto a
5 mL HisTrap HP column (GE Healthcare), and washed with 15 column volumes of 20 mM
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imidazole in binding buffer. Pgp2 was then eluted with increasing imidazole in binding buffer.
The protein was digested with thrombin (250:1 w/w Pgp2: thrombin ratio) overnight at 4 °C
to remove the His6-tag. Thrombin was removed with p‐aminobenzamidine agarose beads (5
mg thrombin: 1 mL beads). Pgp2 protein was reloaded onto a 5 mL HisTrap HP column to
remove uncleaved protein. The protein without the His6-tag was further purified by gel
filtration chromatography on a Superdex 200 16/60 column (GE Healthcare) in binding buffer.
Protein fractions were pooled and concentrated to 150–200 μM and flash‐frozen in liquid
nitrogen. Protein purity was assessed by SDS‐PAGE. Pgp2K307A protein was purified as
described for recombinant Pgp2.

2.4.2 Pgp2 labeled with 15N, 13C, 2H
15

N-labeled Pgp2 was produced in modified M9 minimal media (6 g/L Na2HPO4, 3 g/L

KH2PO4, 0.5 g/L NaCl, 1 g/L 15NH4Cl, 10 g/L D-glucose, 1 mM MgSO4, 10 mg/L vitamin B1,
10 µM FeCl3, 0.1 mM CaCl2, 100 µg/mL ampicillin). Briefly, overnight LB broth cultures
were collected by centrifugation and resuspended in M9 media. Cell suspensions were
standardized to OD600 0.05 in M9 media and grown at 37 °C to achieve log phase (OD600 ~0.7–
1.0). Protein expression was induced for 16 hours at 22 °C with 0.3 mM IPTG. The purification
protocol was adapted from that for unlabeled Pgp2. The final buffer contained 50 mM TrisHCl pH 6.5, 150 mM NaCl and 1 mM DTT. This was the buffer for all NMR experiments in
this study.
Pgp2 labeled with 2H, 13C, and 15N was expressed in M9 minimal media with deuterium
oxide (D2O) and D-glucose-13C6-d7 (3 g/L). Protonated reagents were dissolved in D2O and
lyophilized prior to use. To optimize expression, cells were first adapted to deuterium M9
media (170), inoculated in M9/D2O media at OD600 0.05, and cultured at 37 °C to OD600 1.0.
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Protein expression was induced with 1 mM IPTG for 16 hours at 25 °C. Cells were lysed in
denaturing buffer (4 M guanidinium HCl, 20 mM Na2HPO4, pH 7.0, 0.5 M NaCl, 2 mM Tris(2carboxyethyl)phosphine (TCEP), and 5% glycerol) supplemented with 1 mM PMSF and
DNase using a homogenizer. The denatured protein underwent uniform amide deuterium to
protium exchange, as required for 1H-detected NMR measurements. The cleared supernatant
was loaded onto a HisTrap HP column (GE Healthcare). After binding, the column was washed
with denaturing buffer followed by on-column refolding with gradually decreasing
concentrations of guanidinium HCl to 0 M. Folded protein was eluted with elution buffer (20
mM Na2HPO4, pH 7.0, 0.5 M NaCl, 0.5 M imidazole, 2 mM TCEP, and 5% glycerol). The
His6-tag was cleaved by thrombin (100:1 w/w Pgp2: thrombin ratio) during dialysis (50 mM
Tris pH 7.0, 150 mM NaCl and 1 mM DTT). Thrombin was removed with paminobenzamidine agarose beads (5 mg thrombin: 1 mL beads). Uncleaved proteins and
cleaved His6-tag were removed using a HisTrap HP column. His6-tag free Pgp2 was polished
using a Superdex 200 16/60 column (GE Healthcare) in NMR experiment buffer. The sample
was immediately concentrated to ~ 350 µM and was used for NMR data collection.

2.4.3 Csd6
A Csd6 expression plasmid, pET15b-Csd6, was a gift from Dr. Nina R. Salama (127).
The csd6 gene coding for amino acids 18–330 (without the predicted signal peptide) was
cloned from H. pylori strain G27 into pET15b. Csd6 purification was as for Pgp2 except that
the binding buffer was adjusted to pH 7.5.
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2.4.4 Ape1
Ape122-392, Ape141-392 and variants were prepared in E. coli BL21(DE3) grown
overnight at 37 °C in LB media containing 25 µg/ml kanamycin. Overnight cultures were
inoculated into 1 L LB media at a 1:100 dilution and grown at 37 °C to OD600 of 0.8-1.0 before
induction with 0.5 mM IPTG at 20 °C for 16 hours. The cells were pelleted by centrifugation
at 5,000 rpm at 4 °C for 15 min. The cell pellet was resuspended at 4 °C in 50 mM Tris-HCl
pH 7.0, 500 mM NaCl, 20 mM Imidazole, 1 mM PMSF, and DNase and lysed using an Emulsi
Flex-C5 homogenizer (Avestin). The cell lysate was centrifuged at 16,000 rpm at 4 °C for 50
min, then the soluble fraction was filtered through 0.22 µm PVDF membrane filter before
loading onto a 5 mL HisTrap HP column (GE Healthcare). The column was washed with 20
column volumes of 50 mM Tris-HCl pH 7.0, 500 mM NaCl, and Ape1 was eluted with
imidazole. Ape1 was dialyzed against 20 mM Tris-HCl pH 7.0, 150 mM NaCl and
simultaneously digested with thrombin (200:1 w/w Ape1: thrombin ratio) at 4 °C overnight to
remove the His6-tag. The Ape1-thrombin mixture was incubated with p-aminobenzamidineagarose beads (5 mg thrombin:1 mL beads ratio; Sigma) at 4 °C for 15 min to remove thrombin
and was then filtered through a 0.22 µm PVDF membrane filter. The cleaved protein was
separated using a second HisTrap HP column (GE Healthcare). His6-tag free Ape1 protein was
then loaded onto a Superdex 200 16/60 column (GE Healthcare) in 20 mM Tris-HCl pH 7.0,
150 mM NaCl. Finally, monodisperse tag-free Ape1 was concentrated using 10 kDa MWCO
Amicon (Millipore) to 15–20 mg/ml, flash frozen in liquid nitrogen, and stored in −80 °C.
Protein purity was assessed by SDS-PAGE and electrospray ionization mass spectroscopy
(MSL/LMB Proteomics Core Facility, UBC).
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Seleno-methionine (SeMet) labeled Ape141-392 was prepared in E. coli BL21(DE3)
grown overnight at 37 °C in LB media containing 25 µg/ml kanamycin. Pelleted cultures were
then inoculated in 1 L M9 minimal media (6 g Na2HPO4, 3 g KH2PO4, 1 g NH4Cl, 0.5 g NaCl,
1 mM MgSO4, 40% (w/v) glucose, 0.5% (w/v) thiamine, 4.2 g Fe2SO4, 25 μg/mL kanamycin
per liter) and grown at 37°C to an OD600 of 0.3. 100 mg of L-lysine, L-threonine, Lphenylalanine and 50 mg of L-isoleucine, L-leucine, L-valine, and L-seleno-methionine were
then supplemented into the 1 L culture media, followed by induction with 0.5 mM IPTG at 20
°C for 16 hours. SeMet-labeled Ape1 was purified using the same protocol as for unlabeled
proteins.

2.5 Crystallization and Structure determination
2.5.1 Pgp2 and K307A variant
Unlabeled recombinant Pgp2 (10 mg/mL) was prepared in a buffer of 50 mM Tris pH
7.0, 150 mM NaCl and 1 mM DTT. Pgp2 crystals grew at room temperature using the hanging
drop vapor diffusion method. The reservoir contained 200 mM tris-methylamine N-oxide
dihydrate, 100 mM Tris pH 8.5 and 20% (w/v) PEG monomethyl ether 2000. Rectangular
shaped crystals grew to size of 0.2–0.4 µm within a week. Reservoir solution supplemented
with 25% glycerol was used as a cryoprotectant. X-ray diffraction data was collected on
beamline 9-2 at the Stanford Synchrotron Radiation Lightsource (SSRL; Palo Alto, CA). Each
data set was collected from a single crystal at 100 K using a wavelength of 0.98 Å. Diffraction
images were processed using HKL2000 (171). The Pgp2 structure was phased by molecular
replacement method using Csd6 (PDB ID: 4XZZ) as the search model with Phenix.phaser
(172). The structure was refined with Phenix.refine and manual model building was done with
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Coot (173). The final model includes residues Ser-His-Met from the expression vector and the
residues of the Pgp2 construct (residues 43 to 325). Due to weak electron density, the side
chains of residues R121, K268, Y296, Y297, Q302 and F303 were not included in the model.
Pgp2K307A (14 mg/mL) was prepared in 50 mM Tris pH 7.0, 500 mM NaCl and 10%
glycerol. The reservoir contained 0.17 M ammonium acetate, 0.085 M sodium acetate pH 4.6,
25.5% (w/v) PEG 4000 and 15% (v/v) glycerol. Pgp2K307A crystals grew at 4 °C by hanging
drop vapor diffusion and were cryoprotected with 20% glycerol. X-ray diffraction data were
collected from a single crystal at 100 K using a wavelength of 0.98 Å at the Canadian Light
Source on beamline 08B1-1. Diffraction images were processed using XDS (174) and CCP4
packages (175), phased using the Pgp2 structure and refined as above. Data collection and
refinement statistics for Pgp2 and Pgp2K307A are summarized in Table 3-1. The coordinates are
deposited as entries 6XJ6 and 6XJ7 in the Protein Data Bank.

2.5.2 Ape1
Ape141-392 was crystallized by hanging drop vapor diffusion. The crystallization well
contained a 900 µl solution of 100 mM CAPS pH 10.5, 200 mM NaCl, 16% (w/v) PEG8000,
2.5% (w/v) PEG3350. 1 µL of this solution was mixed with 1 µL Ape141-392 (12 mg/ml). A
rod-shaped crystal with a size of 0.2 µm appeared after one day of incubation at room
temperature. The crystal was submerged in 35% (w/v) PEG8000 prepared in the crystallization
solution as a cryoprotectant, then immediately stored in liquid nitrogen before data collection.
A native dataset was collected at 1 Å at 100 K on beamline 9-2 at SSRL. SeMet Ape141-392
was crystallized as described for unlabeled Ape141-392 with modification. The crystallization
well contained 100 mM CAPS pH 10.5, 200 mM NaCl, 16% (w/v) PEG 8000, 12 mM phenol.
A 0.4 mm rod-shaped crystal was submersed in cryoprotectant consisting of 35% (w/v) PEG
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8000 and 10% (v/v) glycerol prior to freezing. A single-wavelength anomalous dispersion
(SAD) dataset was collected at 0.979 Å.
The collected datasets were indexed, integrated, and scaled with HKL2000 (176).
Structural determination was conducted using software packages in Phenix (172). SeMet
Ape141-392 SAD dataset was processed in Phenix.AutoSol to obtain initial phases and a
preliminary model through automated fitting. Manual model construction of SeMet Ape1 was
done with Coot (173) and Phenix.refine. The Ape141-392 native dataset was phased by molecular
replacement using SeMetApe1, and the model was built as described above. The side chains
of K49, Q63, K224, K316 of chain A to C; K177, K313, Q314 and K319 of chain A; K147
and K313 of chain B; K50, K53, E56, K168, K275, K298, Q361 and D391 of chain C were
not included due to disorder.
Ape122-392 was crystallized using hanging drop vapor diffusion. The crystallization well
contained 900 µl of 166 mM sodium acetate, 28% (w/v) PEG4000, and 80 mM Tris-HCl pH
8.5. 1 µl precipitant solution and 1 µl Ape122-392 (28 mg/mL) were mixed with 0.2 µl of 10
mM GSH (L-Glutathione reduced) and 10 mM GSSG (L-Glutathione oxidized) in the hanging
drop. Crystals grew at room temperature within a week. The crystal was briefly soaked in
crystallization solution containing 15% (v/v) glycerol before stored in liquid nitrogen. A native
dataset was collected at 0.98 Å at 100 K at the Canadian Light Source on beamline 08ID-1.
Data process, phasing and model building are same the Ape141-392 model determination
methods. Side chains of K329 of chain B and D28 of chain A to C were not included in the
final model due to disorder.
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2.6 Microscopy and Celltool shape analysis
Overnight broth cultures of C. jejuni were standardized to OD600 0.05 in fresh MH-TV
media and grown for 4 hours at 38 °C under microaerophilic conditions (Oxoid CampyGen)
to log phase (OD600 0.1–0.3). Cells were mounted on a 1% agarose gel pad on a glass slide and
imaged with a Nikon Eclipse TE2000-U microscope equipped with 100X oil-immersion
objective and a Hamamatsu C4742-95 digital camera. Cell images were transformed into
binary mode with GIMP software and analyzed with the Celltool software package (177).
Principal component analysis on wild-type cell contours of ~400 cells from each strain
generated a shape mode that described cell curvature from straight to highly curved
morphology. To compare the curvature distributions of each strain to the distribution of wildtype cells, all cells were aligned with the averaged morphology of wild-type cell by iterative
translation and rotation.

2.7 Immunoblotting
C. jejuni whole cell lysates of each strain were prepared from log phase cultures (OD600
0.1–0.3) that were centrifuged and frozen. The cell pellet was lysed in 100 µl of 0.1% Triton
X-100, 50 mM Tris pH 8.0, 10% glycerol and 150 mM NaCl at room temperature for 30 min.
Total protein from each lysate was by normalized to OD595 0.44/µl using Bradford reagent
(Bio-Rad). Sample were separated on a 12% SDS-PAGE and transferred onto a nitrocellulose
membrane. Membranes were blocked by TBS-T buffer plus 5% skim milk (TBS-T; 20 mM
Tris pH 7.5, 150 mM NaCl and 0.5% Tween 20) at 4 °C for overnight. The membrane was
incubated with 1:3500 dilution of an anti-Pgp2 antibody, produced from a rabbit immunized
with recombinant Pgp2, at 4 °C overnight followed by three washes with TBS-T buffer.
Secondary antibody Alexa Fluor 680 (Invitrogen) was added at 1:2000 dilution and incubated
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for 1 hour at room temperature. The membrane was washed three times with TBS-T buffer
before imaged at 700 nm by Odyssey Classic Imaging System (LI-COR).

2.8 Peptidoglycan isolation
C. jejuni was cultured on 100 MH-T plates for 18 hours at 38 °C and at late log phase
cells were collected in cold MH-TV broth (1 mL/plate) by scraping. Culture media was
removed by centrifugation at 5,000 rpm at 4 °C for 10 min and the cell pellet was re-suspended
in 80 mL cold PBS buffer. Cells were lysed by mixing with an equal volume of boiling 6%
SDS for 4 hours and centrifuged at room temperature to remove intact cells. The PG was
pelleted from the cell lysate by ultracentrifugation at 45,000 rpm at 22 °C for 3 hours and
washed with water. To remove glycogen and lipoproteins, the PG was resuspended in buffer
(10 mM Tris pH 7.0 and 10 mM NaCl) and digested sequentially with alpha-amylase (200
µg/mL) and Pronases (200 µg/mL) at 37 °C overnight. The PG sample was boiled in 6% SDS
for 10 min followed by centrifugation (10,000 rpm, room temperature, 10 min). SDS was
removed by 3 washes with water and ultracentrifugation (45,000 rpm at 22 °C for 3 hours).
PG samples were lyophilized in water and stored at -20 °C.

2.9 Muropeptide preparation and HPLC analysis
To prepare muropeptides, 0.2 mg PG was digested with 50 U mutanolysin (Sigma) in
50 mM Tris pH 7.0 and 150 mM NaCl at 37 °C for 24 hours. Mutanolysin was removed by
boiling for 10 min and centrifugation. Muropeptides prepared for HPLC analysis were reduced
with 100 mM sodium borohydride pH 9.0 at room temperature for 30 min, titrated to pH ~4
with phosphoric acid, and passed through a 0.22 µm filter. Muropeptide separation by HPLC
was performed with an Xterra MS C18 column (Waters) and UV detection at 210 nm. Elution
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relied on a gradient from 100% buffer A (50 mM sodium phosphate pH 4.3) to 100% buffer B
(50 mM sodium phosphate pH 4.9 and 15% (v/v) methanol) over 100 minutes.

2.10 NMR
2.10.1 NMR spectra assignment
NMR spectra for resonance assignments of Pgp2 were recorded at 25 °C using an ~
350 µM uniformly labeled 2H-13C-15N Pgp2 sample with 5% D2O included for locking. Spectra
were acquired on Bruker Avance III 500, 600, and 850 MHz spectrometers equipped with xyzgradient TCI cryoprobes. Collected spectra include a
TROSY-HNCACB/BEST-TROSY-HNCOCACB

15

N-BEST-TROSY-HSQC, a BEST-

pair,

and

a

BEST-TROSY-

HNCACO/BEST-TROSY-HNCO pair (178). Data were processed with NMRpipe (179) and
analyzed in NMRFAM-SPARKY (180) and Topspin. Spectra were automatically interpreted
using PINE (181) and verified manually to assign main chain 1H, 13C, and 15N signals.

2.10.2 NMR titration experiment
NMR titration experiments were performed with 15N-labeled Pgp2. PG ligand titration
studies with

15

N-labeled Pgp2 were monitored by

15

N-BEST-TROSY-HSQC at 25 °C for

different ligand-to-protein ratios. PG ligand was dialyzed against water using a float dialysis
membrane device with a 100–500 Da cut-off (Spectrum Laboratories, Inc) and lyophilized
before preparation of a concentrated stock solution in NMR buffer (182). A 160 µM sample
of

15

N-labeled Pgp2 was titrated with 3.4 and 6.8 µL of D-Glu-m-oxa-Dap-D-Ala (4 µg/µL;

MW 434.2 g/mol), giving a final peptide:protein molar ratio of 2:1. A 160 µM sample of 15Nlabeled Pgp2 was titrated with 5, 10 and 20 µL of purified murotetrapeptide (50 µg/µL; MW
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941.1 g/mol) to a final peptide:protein molar ratio of 33:1. A 160 µM sample of 15N-labeled
Pgp2 was titrated with 5, 10 and 20 µL of purified cross-linked murotetrapeptides (50 µg/µL;
MW 1864.8 g/mol) to a final peptide:protein molar ratio of 16:1. A 160 µM sample of 15Nlabeled Pgp2 was titrated with 5, 10, and 20 µL of muramidase-digested Δpgp2 PG solution
(60 µg/µL) to a final concentration of 5.5 µg/µL. A 110 µM sample of 15N-labeled Pgp2 was
titrated with 60 µL of Tse1-digested E. coli PG (~30 µg/µL) to a final concentration of ~4
µg/µL. Spectra were overlaid in NMRFAM-SPARKY, and CSP (∆δ) values were calculated
as ∆δ = #(∆δ! )" + (0.14 ∗ ∆δ# )" , where ∆δH and ∆δN denote the observed changes of the
amide 1HN and 15N chemical shifts in the absence versus presence of PG ligand at the final
highest concentration used for a titration series.

2.11 Peptidoglycan pull-down
Pgp2 and variant proteins pulled-down by PG isolated from C. jejuni ∆pgp2. Pgp2
proteins at the indicated amounts were incubated with purified PG (50 µg) in a 250 µL reaction
at 4 °C for 30 min, followed by centrifugation at 13,000 rpm for 10 min. Insoluble PG and
pulled-down proteins were washed 3 times with 1 mL of buffer (50 mM Tris pH 7.0 and 150
mM NaCl) to remove unbound proteins. Insoluble PG and pulled-down proteins were analyzed
by SDS-PAGE stained with Coomassie Blue.
Ape1 and variant proteins (40 µg) were incubated with purified C. jejuni ∆ape1 PG (50
µg) in 250 µL of reaction buffer (50 mM sodium phosphate pH 6.5, 50 mM NaCl) at 4 °C for
20 min, followed by centrifugation at 13,000 rpm for 10 min. To remove unbound proteins,
insoluble PG and pulled-down proteins were washed three times with 1 mL of buffer. Pulleddown proteins were analyzed by SDS-PAGE. Band intensities were quantified in ImageJ.
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2.12 O-acetylesterase activity on 4-Nitrophenyl acetate
O-acetylesterase activity was quantified using a colorimetric assay. 20 nM Ape1
protein and 2 mM pNPAc (prepared in methanol and diluted with reaction buffer to a final
concentration of < 1%) were incubated in a 300 µl volume of 50 mM sodium phosphate pH
6.5 and 50 mM NaCl at 25 °C for 5 min. 1 unit of specific activity was defined as the amounts
of released p-nitrophenol (µmole) per min per mg of protein. A molar extinction coefficient of
18,000 M-1cm-1 for p-nitrophenol at 405 nm was used to calculate product formation (183).

2.13 HADDOCK docking
2.13.1 Pgp2-PG
Models of Pgp2 in complex with murotetrapeptides were produced in HADDOCK 2.2
(184). Two starting conformers for Pgp2, based on the wild-type and Pgp2K307A crystal
structures, were generated as they differed in the NTF2 loop region that overhangs the pocket
entrance. Unmodeled side-chains were manually rebuilt and residue 307 was restored to Lys
in Pgp2K307A using Coot (173) prior to docking. The sugar moiety coordinates and topology
files of GlcNAc-GlcNAc with a β-(1-4)-glycosidic bond of a phi/psi angles of 69°/12° (185)
was produced with the GlyCaNS server (186). Tetrapeptide coordinates and topology files
were generated with the PRODRG server (187) using a tetrapeptide model extracted from PDB
entry 2MTZ. An ensemble of 20 murotetrapeptide conformers were generated by simulated
annealing and energy minimization (188).
AIRs are defined as either active residues involved in binding or passive residues
potentially involved (Table 3-2). The active residues of Pgp2 were defined as solvent
accessible residues with a CSP above a cut-off in the murotetrapeptide titration experiment
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and from the list of functional residues identified by mutagenesis. The passive residues of Pgp2
were defined as the proximal residues within 5 Å of the active residues. The active residues of
the murotetrapeptide were the peptide moiety and the passive residues were the sugars.
For the docking experiment using data from a titration with purified murotetrapeptide,
an unambiguous distance restraint (2.0 Å) was defined between the sulfur of the nucleophile
Cys174 and the carbonyl carbon of m-DAP. A sample of 10,000 docking solutions were
generated at the rigid body stage. The top 400 complexes based on HADDOCK score were
used subjected to simulated annealing and the resulting top 200 complexes were further refined
with waters. The docking solutions formed 5 clusters using an FCC cut-off of 0.45. In a second
docking experiment, the active residues of Pgp2 were defined from residues with CSP above
the cut-off in the muramidase digested Δpgp2 PG titration experiment. Both the peptide and
sugar moieties of the murotetrapeptide were defined as passive residues. The final 200
solutions were grouped into 5 clusters using the FCC cut-off of 0.4.

2.13.2 Ape1-PG
A model of the CjApe1-PG complex was produced using HADDOCK 2.2 (184,189).
The Ape1 docking conformer was extracted from the crystal structure of the acetate-bound
CjApe141-392, with missing side-chains rebuilt using Coot (173). The binding interface of Ape1
was predicated using the CPORT server (190). CPORT predicts the consensus binding
interface from the results of 6 prediction servers. An output of active (i.e., involved in binding)
and passive residues (~5 Å proximal to the binding site) were produced from CPORT.
An ensemble of 10 O-acetyl hexasaccharide conformers were used to represent the PG
glycan. The phi/psi angles of the β-(1-4)-glycosidic bond in the hexasaccharide was modelled
at 69°/12°, as was previously determined by NMR (186). An O-acetyl group was manually
52

built onto the third sugar residue of the hexasaccharide using CNS (188). The ensemble of Oacetyl hexasaccharide conformers were generated by simulated annealing and energy
minimization in CNS. All residues in O-acetyl hexasaccharide were defined as passive and are
fully flexible in HADDOCK.
The list of AIR is summarized in Table 4-4. A total of 6 unambiguous distance
restraints were used in docking. Two involved the triad hydrogen bond distance: 2.5–3.5Å
between Oδ2 of the acid D367 and Nδ1 of the base H369, and 3.5 Å between Nε2 of the base
H369 and Oγ of the nucleophile S73. The remaining four involved the bond distance between
the catalytic cleft and the O-acetyl group of the substrate, including 2.5–3.5Å between the Oγ
of S73 and carbonyl carbon of O-acetate, 2.5 Å between the O-acetate oxygen atom to the
amide nitrogen of G237 and Nδ2 of N270 from the oxyanion hole, and 4.0 Å of hydrophobic
contact between the methyl group carbon of O-acetate and Cγ of V368. In the docking
procedure, a sample of 10,000 docking solutions were generated at the rigid body stage. The
top 400 complexes based on HADDOCK scoring were subjected to simulated annealing and
the resulting top 200 complexes were further refined with waters.
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CHAPTER 3: PG recognition of Pgp2 determines C. jejuni helical shape
3.1 Introduction
Helical cell shape is maintained by PG trimmed by the LD-carboxypeptidase Pgp2, an
enzyme that cleaves D-Ala from both monomeric and cross-linked tetrapeptides (49). Deletion
of pgp2 displayed a straight-rod morphology and no PG tripeptides were detected (49).
Sequence analysis predicts Pgp2 contains an LD-carboxypeptidase (LD-CPase) and a conserved
NTF2-like superfamily fold (NTF2), but little is known about the function of NTF2 domain in
Pgp2. Here, we report the crystal structure of Pgp2 and identified a conserved binding pocket
in the NTF2 domain. We investigated the role of the NTF2 domain in maintaining C. jejuni
helical shape. Site-directed mutagenesis combined with interaction studies using PG fragments
were used to show that the NTF2 domain binds PG and is required for C. jejuni helical shape.
On the basis of these results, we propose a model for Pgp2-PG interaction involving both the
LD-CPase and the NTF2 domains to guide catalytic activity.

3.2 Results
3.2.1 Two clusters of conserved residues are identified in the Pgp2 structure
A recombinant Pgp2 construct (Pgp243-325) containing residues 43–325 of the native
sequence (CJJ81176_0915) is enzymatically active (191) and was suitable for structural
characterization. Pgp2 crystallized in space group P212121 and the structure was solved to 1.6
Å resolution by molecular replacement using Csd6 as a search model (PDB ID: 4XZZ). X-ray
data collection and refinement statistics are summarized in Table 3-1. The Pgp2 structure
contains one Pgp2 molecule in the asymmetric unit (Figure 3-1). Analysis in solution by
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dynamic light scattering indicated an average molecular weight of 44 kDa, consistent with the
predicted weight of the recombinant Pgp2 monomer (36 kDa; not shown).
Table 3-1. Data collection and refinement statistics for Pgp2 and Pgp2K307A
Data collection a
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Total reflections
No. of unique reflections
Resolution (Å)
Rmerge
I/σI
CC (1/2)
Completeness (%)
Redundancy

Pgp243-325

Pgp2K307A

P212121

P22121

47.5, 71.9, 91.7
90, 90, 90
320747
51069
50.00-1.50 (1.53-1.50)
0.037 (0.581)
33.5 (2.0)
0.978 (0.885)
99.5 (99.5)
6.3 (6.1)

64.9, 89.8, 106.6
90, 90, 90
396576
53923
50.00-1.85 (1.89-1.85)
0.102 (0.868)
13.1 (2.3)
0.998 (0.829)
100 (100)
7.4 (7.4)

Refinement
Resolution (Å)
32.97-1.50
Rwork/Rfree
0.158/0.192
Ramachandran
Favored (%)
98.2
Allowed (%)
1.8
Outliers (%)
0
Average B factors (Å2)
Protein
30.8
Water
38.5
RMSDs from ideal values
Bond lengths (Å)
0.004
Bond angles (°)
0.709
PDB ID
6XJ6
a
Value for the highest resolution shell is shown in parenthesis.

47.18-1.85
0.164/0.203
99.1
0.9
0
31.0
35.6
0.010
0.964
6XJ7

The structure of Pgp2 contains an N-terminal helix (residues Q43-I51), the catalytic
LD-CPase domain (residues V65-K201), and the C-terminal NTF2 domain (residues K208-

Q325), each connected to the next domain by a single loop (Figure 3-1A). An extensive
interface with a buried surface area of 1130 Å2 is found between the LD-CPase and NTF2
domains, as calculated by the PISA server (192). The LD-CPase domain consists of parallel
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strands β5-β6 sandwiched by a beta sheet (β1-β4 and β7), four helices (α2-α5) and connecting
loops. The likely catalytic triad (C174-H157-G158) is located on the central stands β5-β6
(Figure 3-1A and Figure 3-1D). The NTF2 domain contains three helices (α6-α8) wrapped
around a curved antiparallel β-sheet (β8-β11), which together forms a cone shape domain with
a broad pocket.
Using a Dali search (193) for similar structures in the PDB, only Csd6 can be
superimposed with Pgp2 over both the LD-CPase and NTF2 domains (PDB ID: 4XZZ, RMSD
of 1.8 Å for 281 Cα atoms). The structure of Csd6 includes two additional α-helices at the Nterminus that forms a homodimerization domain between two Csd6 monomers. The equivalent
27 residues are absent in the truncated Pgp2 construct. The structure of Csd6 deviates from
strands β9-β10 of the Pgp2 NTF2 domain (Figure 3-1B). The LD-CPase domain of Pgp2 is
distantly related to LD-transpeptidases with sequence identity <20%. An example is LdtMt5
from Mycobacterium tuberculosis (PDB ID: 4Z7A, RMSD of 2.4 Å over 106 Cα atoms). The
NTF2 domain is structurally similar to proteins with diverse functions, such as calmodulindependent protein kinase II from Rattus norvegicus (PDB ID: 5U6Y, RMSD of 2.4 Å over 109
Cα atoms) and penicillin binding protein 2A, a DD-transpeptidase from methicillin-resistant
Staphylococcus aureus (PDB ID: 3ZFZ, RMSD of 2.7 Å over 95 Cα atoms).
To predict functionally important residues in Pgp2, 150 homologous sequences with
35%-95% sequence identity to Pgp2 were identified and aligned in ConSurf (194). The level
of sequence conservation was mapped onto the surface of Pgp2 (Figure 3-1C). Regions of
high sequence conservation are observed on one side of the molecule, focused in two clusters.
The first cluster is in proximity to the catalytic triad in the LD-CPase domain (Figure 3-1D).
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The second cluster is formed by 17 primarily aromatic (41%) and charged (30%) residues that
are clustered in the pocket of the NTF2 domain.

Figure 3-1. The conserved residues of Pgp2 are focused in two clusters: the active site
of the LD-CPase domain and the pocket of NTF2 domain
(A) The overall monomeric structure of Pgp2. The N-terminal helix, LD-CPase and NTF2
domains, and loops between domains are colored orange, cyan, magenta and gray,
respectively. (B) Superimposition of Pgp2 and H. pylori Csd6 (orange, PDB ID: 4XZZ).
The strands β9-β10 of Pgp2 (circled) showed the largest deviation from the Csd6 model. (C)
Surface representation of Pgp2 colored by amino acid conservation. The most conserved
residues are shown in purple and the least conserved in green. (D) The clustered conserved
residues are shown in stick form (nitrogen, blue; oxygen, red; sulfur, yellow). Residues
targeted for subsequent site-directed mutagenesis studies are labeled.
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3.2.2 The LD-CPase and NTF2 domains are required for helical shape
Previously, integration of wild-type pgp2 with its native promotor at a remote site of
the ∆pgp2 chromosome restored helical cell shape in the straight-rod deletion strain (49).
Using this complementation system, we evaluated the importance of the two conserved clusters
by constructing single residue Pgp2 variants. Mutants of pgp2 encoding substitutions of
catalytic residues (H157 and C174) or residues in the NTF2 pocket (Y233, F242, K257, K307,
and E324) were generated, and the morphologies of these strains were examined by differential
interference contrast microscopy. The ∆pgp2 strains complemented by mutants of the catalytic
triad (H157A, C174S) displayed rod morphologies, confirming that Pgp2 catalytic activity is
required for helical shape (Figure 3-2A). Point mutations within the NTF2 pocket resulted in
bacteria with partially curved to straight morphologies. Quantitative analysis of each strain by
Celltool (177) indicated that strains complementation with native pgp2 displayed a cell
curvature distribution similar to wild-type cells, whereas the strains expressing Pgp2 mutants
had similar lengths but varied in cell curvature (Figure 3-2B). The catalytic triad mutants
(C174S, H157A) and three mutants within the NTF2 pocket (Y233A, K257A and K307A)
resulted in bacteria with cell curvature distributions that were similar to the ∆pgp2 strain. Two
mutants were of an intermediate phenotype (F242A and E324Q). These curvature defects were
not due to Pgp2 expression deficiency as confirmed by Western blot using an anti-Pgp2
antibody (Figure 3-2C). Together, we concluded that the LD-CPase and NTF2 domains are
both required for helical shape in C. jejuni.
Pgp2 was reported to be post-translationally modified (195). In this earlier study, Pgp2
purified from cell lysate using a carbohydrate binding column displayed three spots by 2dimensional electrophoresis. Two C. jejuni N-linked glycosylation sequons (D/E-X1-N-X2-
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S/T, where X1, X2≠Proline) were found in the sequence of Pgp2, suggesting post-translational
glycosylation likely gave rise to the two bands observed on the Western blot (Figure 3-2C).
No positive correlation was found from a quantification of the intensities of the two bands and
a comparison against cell shape.

Figure 3-2. Helical shape restoration of ∆pgp2 by complementation with wild-type
pgp2 and point mutants of the catalytic triad and within the NTF2 pocket
(A) Light microscope images of C. jejuni strains. Scale bar = 2 µm. (B) Quantitative analysis
of the shape of individual cells extracted from images using Celltool software. The shape
mode that best describes the shape variance in each analysis (axis length or curvature) is
plotted on the left side. Smooth histograms display the population of cells by axis length or
curvature (x-axis). (C) Composite western blot of C. jejuni whole cell extracts for Pgp2.
Samples were normalized to total protein using a Bradford assay. Spliced lanes are separated
by white lines.
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3.2.3 The NTF2 domain is required for Pgp2 catalytic activity in C. jejuni
Pgp2 activity was quantified by assaying for the products (tripeptide or cross-linked
tetratripeptides) in the hydrolysed PG of C. jejuni. Purified PG from C. jejuni strains
complemented with pgp2 harboring point mutations was digested by muramidase and analyzed
by HPLC. The identities of peaks from the HPLC elution profile were confirmed by MALDITOF mass spectrometry. Complementation with a catalytically inactive variant (C174S)
produced undetectable levels of monomeric and crosslinked tripeptides (Figure 3-3, left
panel), and this variant served as a negative control. Lower levels of products were observed
in the NTF2 domain mutant strains (K257A, K307A, and E324Q) relative to the strain
expressing wild-type Pgp2 (Figure 3-3, left panel). The proportion of monomeric tripeptides
ranged from 14% to 25% whereas the proportion of cross-linked tetratripeptides ranged from
41% to 95% (Figure 3-3, right panel), demonstrating that the NTF2 domain is required for
full Pgp2 activity in C. jejuni. Furthermore, for NTF2 mutants, the activity on monomeric
tetrapeptides was diminished more than for cross-linked tetrapeptides.

Figure 3-3. HPLC muropeptide profile of C. jejuni wild-type, ∆pgp2 and ∆pgp2
complemented with point mutations of the catalytic triad and within the NTF2 pocket
Purified PG digested with muramidase were reduced with sodium borohydride and separated
by HPLC. Muropeptides were monitored by absorbance at 210 nm. Each peak is labeled
with the corresponding muropeptide. The proportion of each muropeptide (Tri, Tetra,
TetraTri or TetraTetra), relative to the combined total of these four muropeptides, are shown
on the right.
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3.2.4 The NTF2 domain binds PG
In some multi-domain PG hydrolases, the presence of a PG-binding domain enhances
the activity of the catalytic domain (196,197). We examined whether the NTF2 domain
functions as a PG binding domain that is synergistic with the LD-CPase domain for Pgp2
catalytic activity. A pull-down experiment was performed with Pgp243-325 and variants using
Δpgp2 PG, which is rich in tetrapeptides. Wild-type Pgp2 was pulled down, demonstrating PG
binding (Figure 3-4). Two catalytically inactive variants, C174S (Pgp2C174S) and H157A
(Pgp2H157A), showed minimal association. The K307A variant (Pgp2K307A), a conserved
residue within the pocket of the NTF2 domain, was also weakly associated, supporting a role
for this binding pocket for appreciable PG interaction. Mutation of conserved Y233 in the
NTF2 domain (Pgp2Y233F) was insufficient to disrupt the pull down of Pgp2 by PG. The
removal of one hydroxyl group by replacement of tyrosine by phenylalanine was insufficient
to substantively decrease PG binding.

Figure 3-4. Binding of Pgp2 mutants to ∆pgp2 PG
Pgp2 and variant proteins pulled-down by PG isolated from C. jejuni ∆pgp2. Pgp2 proteins
at the indicated amounts were incubated with purified PG (50 µg) in a 250 µL reaction at
4 °C for 30 min, followed by centrifugation at 13,000 rpm for 10 min. Insoluble PG and
pulled-down proteins were washed 3 times with 1 mL of buffer (50 mM Tris pH 7.0 and 150
mM NaCl) to remove unbound proteins. Insoluble PG and pulled-down proteins were
analyzed by SDS-PAGE stained with Coomassie Blue.
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3.2.5 Strands β9-β10 form a flexible lip of the NTF2 domain binding pocket
To investigate if the loss of PG binding by the Pgp2K307A was due to conformational
change, the crystal structure of this variant was solved at 1.85 Å resolution (Table 3-1). The
Pgp2K307A crystal structure contains two Pgp2K307A molecules in one asymmetric unit that
superimposed with an RMSD of 0.7 Å over 281 Cα atoms. The fold of the Pgp2K307A is similar
to that of wild-type Pgp2 (RMSD of 1.5 Å over 277 aligned Cα atoms). The largest deviation
is located at residues 296-306 of strands β9-β10 (Figure 3-5A to Figure 3-5C), which form a
protruding lower lip of the NTF2 domain binding pocket. An overlay of the structures of Pgp2,
Pgp2K307A, and H. pylori Csd6 (PDB ID: 4XZZ) showed the conformation of lower lip is more
similar between the latter two (Figure 3-5). In the wild-type Pgp2 crystal structure, the average
B-factor of β9-β10 (residues 292-310) was 53.4 Å2, 1.8-fold higher than the average B-factor
over all residues. We conclude that β9-β10 is conformationally flexible and may allow
variation in ligand specificity.

Figure 3-5. Superimpositions of the Pgp2, Pgp2K307A and Csd6 structures
(A) Cartoon representation of an overlay of Pgp2 (cyan), Pgp2K307A monomer B (pink) and
Csd6 monomer A (orange, PDB ID: 4XZZ). Cartoon representation of Pgp2 (B), Pgp2K307A
(C), and Csd6 (D) structures. Residues 296-306 of strands β9-β10 form a flexible lip (circled
or highlighted in red).
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3.2.6 Identifying PG-binding interfaces of Pgp2 by NMR-monitored titrations
To identify PG interaction sites by NMR spectroscopy, triple labeled (2H-13C-15N)
Pgp243-325 was produced and used to obtain the assignments of 236 out of 287 expected main
chain amide 1HN-15N signals (Figure 3-6). The unassigned residues include those in two loops
(residues 167-173 and 238-253) for which conformational exchange may have led to resonance
broadening. Although deuteration was required for resonance assignments of this 36 kDa
protein, the 15N-BEST-TROSY-HSQC spectrum of 15N-labeled Pgp243-325 was of high quality
(Figure 3-7), enabling titration experiments with panel of PG derived ligands.
Four PG ligand preparations for titration experiments were derived from digesting
whole PG: a muramidase digestion of C. jejuni Δpgp2 PG, a DL-endopeptidase (Pseudomonas
aeruginosa Tse1) digestion of E. coli PG, HPLC purified murotetrapeptide, and HPLC purified
cross-linked murotetrapeptides. The latter two ligands were treated with sodium borohydride
before purification, which reduced the MurNAc residue. A fifth ligand was a synthesized
peptide analogue (D-Glu-m-oxa-Dap-D-Ala) of the Pgp2 substrate (191).
In general, the 1HN and

15

N chemical shifts of many amides in Pgp2 changed

progressively with added ligand (Figure 3-8). This corresponds to the fast exchange regime
on the chemical shift timescale (kex >> Δω, where kex is the interconversion rate constant and
Δω is the chemical shift difference between free and bound states) and is indicative of
relatively weak binding (198). Such a response enabled their signals to be followed over the
course of the titration, and their chemical shift perturbations (CSPs) to be calculated as the
square root of the sum of the squared 1HN and 15N chemical shift differences between the apoversus ligand-bound protein at the titration endpoint (199). To define residues most perturbed
by ligand binding, a CSP cut-off was determined for each given titration based on the average
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CSP value for all residues, combined with patterns of clustering when mapped to the structure.
In some cases, increasing linewidths and decreasing intensities of amide signals also occurred
upon ligand binding (Figure 3-9). This typically corresponds to the intermediate exchange
regime (kex ~ Δω) and could arise from larger amide chemical shift changes upon binding, or
perhaps sensitivity to exchange between multiple bound conformations. Although precluding
the measurement of CSP values, the patterns of such spectral perturbations aided in the
identification of ligand binding sites.

Figure 3-6. HSQC spectra of Pgp2 assignment of backbone amide 15N and 1HN cross
resonances
Assigned 15N-BEST-TROSY-HSQC spectrum of a 2H-13C-15N labeled Pgp2 sample,
recorded at 25 °C with an 850 MHz NMR spectrometer. Based on 3D 1H-13C-15N scalar
correlation experiments, backbone amide 1HN-15N signals were automatically assigned using
PINE, followed by manual verification with NMRFAM-SPARKY.
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Figure 3-7. Overlaid HSQC spectra of 2H-13C-15N labeled and 2H-15N labeled Pgp2
Overlaid 15N-BEST-TROSY-HSQC spectra of Pgp2 uniformly labeled with only 15N (red)
and with 2H, 13C and 15N (blue). Although deuteration was required to obtain assignments,
15
N-labeling was sufficient for NMR-monitored titrations.
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Figure 3-8. Overlaid 15N-BEST-TROSY spectra of 15N-labeled Pgp2 titrated with
muramidase-digested PG from C. jejuni Δpgp2
Spectra colored blue, green, yellow and orange represent Pgp2 titrated with 0, 5, 10 and 20
µL of digested PG (60 µg/µL), respectively. Selected peaks from residues showing chemical
shift perturbations or line broadening and signal loss over the course of the titration are
labeled.
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Figure 3-9. Relative intensity analysis of 15N-labeled Pgp2 interacting with a panel of
PG derived ligands
Relative intensity is calculated as I(PG)/I(Ref), where I(Ref) and I(PG) denote the height of
an amide 1HN-15N peak in 15N-BEST-TROSY spectra recorded in the absence versus the
presence of a PG ligand at the endpoint (highest) ligand:protein ratio for each given titration
experiment. Signal intensities were not corrected for dilution (~0.99 with D-Glu-m-oxa-DapD-Ala, ~0.9 with the murotetrapeptide, cross-linked murotetrapeptides and muramidasedigested PG, and ~0.5 for the Tse1-digested E. coli PG) or in the case of Tse1-digested E.
coli PG, increased acquisition time to better detect weaker signals.
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Titration with D-Glu-m-oxa-Dap-D-Ala identified three patches of amides in the protein
with CSP values above the cut-off (Figure 3-10 & Figure 3-11A). These include a patch next
to helix α2 and strand β5 of the active site in the LD-CPase domain (Y130, W155, H157 and
Y159), consistent with slow hydrolysis of the synthetic substrate by Pgp2 (191). The second
patch is located on the pocket of the NTF2 domain at helix α8 and strands β8-β10 (S262, E265,
K268, F271, D273, N275, I276, Y296-T298, Q302, R304, and D306). A cluster of residues
along helix α8 and strand β9 also showed signal broadening during the titrations (M256, I260,
D266, K267, F292). This confirms the role of the NTF2 domain in PG binding. The third small
patch is primarily from a loop with low sequence conservation at the inter-domain interface
(N281, L282 and N284-M287) along the surface on the opposite side of both the LD-CPase
domain active site and the NTF2 domain pocket.
Titrations using purified murotetrapeptide resulted in amides with line broadening or
CSPs above the cut-off localized to three main patches (Figure 3-10 & Figure 3-11B). One
patch, which includes helix α2, strand β5 and nearby loops (F123, Y130, F133-F135, T137,
G152, G153, W155, H157, Y159, L166, C174 and L177), corresponds to a more extended
interface near the Pgp2 active site than seen with the synthetic peptide. The second patch lies
on the NTF2 pocket with residues within helices α7-α8 and strands β9-β11 showing extensive
line broadening. The third backside patch is located at loops between the two domains (N281L282 and N284-T286, E202-I204, D314-K316, K318), and is more extended than seen with
the peptide titration. Titration of purified cross-linked murotetrapeptides identified the same
three patches (Figure 3-10 & Figure 3-11C). No significant differences in the patterns of
amide spectral perturbations were observed between monomeric murotetrapeptide and cross-
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linked murotetrapeptides. This suggests that, even when cross-linked, the murotetrapeptides
(and the synthetic peptide) bind to distinct interaction surfaces on Pgp2.
A titration with muramidase-digested Δpgp2 PG identified a predominant patch within
the NTF2 pocket that includes residues A224, W225, K268, I269, Y297 and K307, which are
located along helix α6 and strands β8-β10 within the NTF2 pocket (Figure 3-8, Figure 3-10
and Figure 3-11D). Considerable resonance broadening was also observed for the nearby
residues, including Y233 and Y237 of helix α7, A254 and M256-S262 of helix α8, E265-K267,
and residues of strands β9-β11. An analysis of peak intensity changes over the course of the
titration revealed the largest reductions for amides on strands β8-β10 of the NTF2 domain
(I269-F271, D273, F292, Y297, K299, Y301 and K307) (Figure 3-9). Thus, under the
conditions of this titration experiment, the digested PG mixture primarily bound to the NTF2
pocket.
Titration with Tse1-digested E. coli PG showed patterns of small CSPs for amides
located at helices α6 and α8 (T220, W225, R263 and K264), and strands β8-β10 (F271, D273,
I276, L282-N284, S291-F292, Y301, G305, K307 and L309) along the NTF2 domain pocket
(Figure 3-10 & Figure 3-11E). In addition, resonance broadening was associated with
residues on helices α6-α8 and strands β9-β11. Thus, Tse1-digested E. coli PG also bound to
the pocket of the NTF2 domain, with little measurable association near the active site of the
LD-CPase domain. This may reflect a relatively low endpoint concentration of the PG used for

the titration and a decrease in tetrapeptides due to the cleavage mechanism of Tse1 (200). As
perturbations of resonances of residues in the NTF2 pocket were observed by NMR when
titrating with PG fragments, including residues that when mutated gave rise to a straight
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phenotype (Y233, K257, K307), binding of PG by the NTF2 domain may be a necessary for
C. jejuni helical shape generation.

Figure 3-10. Chemical shift perturbation (CSP) analysis of 15N-labeled Pgp2
interacting with a panel of PG-derived ligands
CSP values (∆δ) were calculated for each residue by ∆δ = #(∆δ! )" + (0.14 ∗ ∆δ# )" ,
where ∆δH and ∆δN denote the observed changes of the amide 1HN and 15N chemical shifts
in the absence versus presence of a PG ligand at the endpoint (highest) ligand:protein ratio
for each given titration experiment (see methods). Residues above and below the indicated
CSP cut-off values are colored in red and gray, respectively. Residues that showed shift
perturbations that could not be quantitated due to line broadening or severe intensity loss are
colored in light orange (Figure 3-9). Blank values correspond to prolines and residues with
overlapping or unassigned signals. Residues that when mutated exhibited straight cell shape
phenotype (H157, C174, Y233, K257, K307) are marked with arrow in the bar graph.
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Figure 3-11. Interaction surfaces of Pgp2 with PG ligands identified from NMRmonitored titrations
(A) D-Glu-m-oxa-Dap-D-Ala. (B) HPLC purified murotetrapeptide. (C) HPLC purified
cross-linked murotetrapeptides. (D) Muramidase-digested Δpgp2 PG. (E) DL-endopeptidase
(P. aeruginosa Tse1) digested E. coli PG. A representation of the ligand used in each
experiment is shown as a diagram (hexagons: glycan backbone; circles: peptide residues;
open hexagons: reduced MurNAc). Amide CSP values of 15N-labeled Pgp2 upon titration
with the indicated PG ligand (Figure 3-10) are mapped onto the protein surface (residues
above the CSP cut-off in red; residues below the cut-off in gray; prolines and residues with
unassigned signals in white). Also identified in orange are amides for which CSP values
could not be determined due to severe signal line broadening (Figure 3-9).
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3.2.7 NMR data-driven docking to identify binding modes between Pgp2 and PG
NMR-monitored titrations identified three major PG binding sites: the catalytic cleft,
the NTF2 pocket and a backside patch. The titration with purified murotetrapeptide exhibited
the largest continuous patch of perturbed residues in the catalytic cleft and the backside patch,
and the muramidase-digested PG mixture displayed extensive perturbations in the NTF2
pocket. These two NMR titration datasets were therefore chosen for computational docking
experiments using HADDOCK (184,189) to construct a model of the Pgp2-PG complex. To
overcome the inherent challenges of identifying bound conformations of a flexible ligand in
molecular docking, an ensemble of murotetrapeptide conformers was derived by sampling
molecular dynamic simulations using CNS. In addition, we used two Pgp2 crystal structures
(WT and Pgp2K307A) as initial docking conformers.
For the docking using CSP data from the murotetrapeptide titration experiment, an
unambiguous distance restraint of 2.0 Å between the nucleophile (Cys174) and the carbonyl
carbon of m-DAP was added. The top 200 docking solutions were grouped into 5 clusters with
a coverage rate of 92.5% (185/200) (Table 3-2). The largest cluster (88 solutions) had the best
HADDOCK score with reasonable distances between nucleophilic C174 and the carbonyl
carbon of m-DAP (Figure 3-12A). Contacts within the complex were primarily between the
active cleft and peptide moiety, with minor interactions between the protein and sugar moiety.
Within this cluster, all disaccharides point away from the active cleft. The second major cluster
(68 solutions) features contacts primarily between the murotetrapeptide and loops of the
domain interface on the backside of Pgp2 (Figure 3-12A). The solutions in this cluster are
catalytically unfavorable because the nucleophilic attack distance for C174 is over 18 Å.
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For docking using the CSP data from the titration with muramidase-digested PG, no
unambiguous distance restraints were included. The top 200 solutions grouped into 5 clusters
with a coverage rate of 95.5% (191/200) (Table 3-2). The largest cluster (126 solutions) had
the best HADDOCK score, featuring strands β8-β12 and helix α8 of the NTF2 domain pocket
interacting with the peptide moiety (Figure 3-12B). The contact regions within the second
cluster (31 solutions) are similar to cluster 1 but positions the backbone sugar in the reverse
direction. The remaining clusters had poor scores with small buried surface areas.
Selecting the best solutions from the docking of a murotetrapeptide to the catalytic and
NTF2 domains (Figure 3-12C), we generated a model of Pgp2 bound to PG by manually
building a bridging peptidoglycan polymer between the two docked muropeptides, which are
~40 Å apart (Figure 3-13A). This PG strand runs the length of the Pgp2 molecule. Csd6 is a
dimer formed by a small dimerization domain at the N-terminus. Much of this domain is absent
in the recombinant Pgp2 construct used in these biochemical studies. Based on homology to
Csd6, full length Pgp2 is expected to also form a dimer. To model PG binding to the Pgp2
dimer, two Pgp2-PG complexes were superimposed onto crystal structure of the Csd6 dimer
(PDB ID: 4XZZ) (Figure 3-13B). Remarkably, the two PG strands are on one face of the dimer
and run antiparallel 32 Å apart, close to the inter-stand distance of model crosslinked PG (201).
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Table 3-2. HADDOCK calculation statistics of Pgp2-murotetrapeptide complexes
Docking experiment

Murotetrapeptide

Muramidase-digested PG

74,87,111,266,273,282
,284,286
55,62,63,73,83,86,88,8
9,95,105,106,107,108,
121,122,124,127,128,1
29,132,138,145,147,15
0,153,161,164,165,168
,170,172,178,183,201,
202,203,205,245,264,2
65,268,272,283,285,29
3,296,304,325
3

64,87,110,138,152,225,262,264,268,293,297,2
99,301,304,306,324
44,45,48,49,50,53,54,55,57,62,63,73,74,75,83,
84,86,88,89,105,106,107,108,111,118,120,136
,145,147,150,153,168,169,170,172,190,192,19
3,201,202,203,204,205,207,208,209,210,223,2
27,229,231,232,235,239,240,241,243,244,245,
248,250,252,255,256,258,259,260,263,265,26
6,270,272,273,281,282,295,296,298,300,302,3
03,325

a

AIR
Pgp2 active residues b
Pgp2 passive residues b

murotetrapeptide active
residues b
murotetrapeptide passive
residues b
Clusterc
Number
HADDOCK score
Average RMSD (Å)
between structures
No. of structures
Buried surface area (Å2)
Eintermolecular (kcal/mol)

1,2,3

1,2

1

2

1

2

3

4

-52 ± 11

-35 ± 8

-81 ± 8

-54 ± 12

-59 ± 13

-30 ± 16

1.0 ± 0.5

0.8 ± 0.3

1.3 ± 0.5

0.8 ± 0.4

0.9 ± 0.4

0.99 ±
0.5
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68
835 ±
118

126
1131 ±
116

31
1034 ±
138

16

24 ± 26

-234 ± 79

-91 ± 55

810 ± 153
-19 ± 59

833 ± 64
-179 ± 64

11
859 ±
143
-48 ± 57

-252 ± 49 -181 ± 46 -319 ± 51 -225 ± 53 -32 ± 83 -134 ± 66
Enon-bonded (kcal/mol)
-31 ± 7
-34 ± 7
-41 ± 7
-37 ± 7
-23 ± 5
-28 ± 4
Evan der Waals (kcal/mol)
-221 ± 52 -147 ± 48 -278 ± 49 -187 ± 49 -298 ± 84 -106 ± 65
Eelectrostatic (kcal/mol)
Eambiguous intermolecular restraints
233 ± 34
205 ± 31
85 ± 56
134 ± 40 142 ± 52
-87 ± 45
(kcal/mol)
3.6 ± 0.5
2.9 ± 0.7 2.4 ± 1.2 3.3 ± 1.0
3 ± 1.2
2.2 ± 1.1
No. of AIR violations
a
The AIR residues were defined based on NMR CSP data and mutagenesis studies.
b
The number for Pgp2 corresponds to the amino acid number in the native sequence. The
number 1, 2, and 3 for the murotetrapeptide corresponds to the residues GlcNAc, MurNAc and
tetrapeptide.
c
In each cluster, the energetic statistics were calculated over the 10 structures with the best
HADDOCK scores.
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Figure 3-12. HADDOCK models of the Pgp2-murotetrapeptide complexes driven by
NMR spectral perturbations
The top 10 scoring docking solutions from each of the dominant clusters (with >10
solutions) in each docking experiment are displayed. Pgp2 is shown in green. The bound
murotetrapeptide is shown in stick form, where the sugar and peptide moieties are colored
orange and red, respectively. (A) Clusters identified from docking using CSP data from the
murotetrapeptide titration experiment. (B) Clusters identified from docking using CSP data
from the muramidase-digested PG titration experiment. (C) Superimposition of the best
HADDOCK scoring models for the murotetrapeptides (stick form) bound to the LD-CPase
and NTF2 domains.
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Figure 3-13. The Pgp2-PG binding model
(A) A Pgp2-PG binding model manually built by bridging the murotetrapeptides bound to
the LD-CPase and NTF2 binding sites through a penta-disaccharide peptidoglycan polymer.
Each MurNAc residue is attached to one tetrapeptide. PG is shown in stick form. The sugar
is colored orange and tetrapeptide is colored red, respectively. Pgp2 is shown as a surface
representation. (B) A dimer Pgp2-PG binding model made by superimposition of two copies
of the Pgp2-PG model onto the dimeric Csd6 crystal structure (PDB ID: 4XZZ). The
monomers are colored cyan and green, respectively.
3.3 Discussion
Pgp2 is annotated to be within the YkuD protein family (Pfam entry ID: PF03734)
(202), which are LD-transpeptidases (LD-TPase) with a conserved catalytic triad of Cys, His
and the main-chain carbonyl of a third residue (Gly in Pgp2) (203). LD-TPases bind two
muropeptide stems in the active cleft to catalyze the formation of (L) m-Dap3➝(D) m-Dap3 (33) cross-links (204). However, the catalytic cleft of Pgp2 can only accommodate a single
muropeptide and a water molecule for peptide bond hydrolysis. Superimposition of the LDCPase domain of Pgp2 and the LD-TPase domain of LdtMt5 from Mycobacterium tuberculosis
(PDB ID: 4Z7A) revealed that the Pgp2 loops composed of residues 102-115 and 138-151
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block the entry of an acyl receptor, consistent with the absence of 3-3 cross-links in C. jejuni
PG (46).
The catalytic domain of Pgp2 shares conserved features with Csd6, the LD-CPase from
H. pylori (Figure 3-14). The arrangement of the catalytic triad (C174, H157 and G158) is
conserved. Also conserved are residues (E107, Y130, and W155, Pgp2 numbering) interacting
with two bound D-Ala molecules observed in the Csd6 active site (137). One D-Ala is proposed
to mimic the binding of the D-Ala residue of the peptide stem substrate whereas the second DAla is thought to bind in the m-DAP subsite. Despite these similarities, Pgp2 cleaved both
monomeric and cross-linked tetrapeptides in a biochemical assay with recombinant enzyme
containing the predicted dimerization domain (residues 19-325) and purified C. jejuni PG (49),
whereas the equivalent Csd6 construct (residues 18-303) fully cleaved monomeric
tetrapeptides with only trace digestion of cross-linked tetrapeptides in purified H. pylori PG
(127). We assayed the same purified H. pylori Csd6 construct with C. jejuni PG and observed
digestion of both monomeric and cross-linked tetrapeptides (Figure 3-15). Taken together, the
difference in activity may thus be due to the differing PG architectures as opposed to enzyme
substrate specificity differences.
Our pull-down data demonstrate that both the LD-CPase and NTF2 domains of Pgp2
are required for high affinity binding to PG (Figure 3-4), a feature not previously observed for
the LD-CPase enzyme family. Many cell wall enzymes contain a non-catalytic NTF2 domain
in addition to their catalytic module. For example, an NTF2 domain is found in a subset of
class B penicillin binding proteins (143,205), the DD-endopeptidase NlpD and β-lactamase
(144). These NTF2 domains may also be required for high-affinity PG binding, playing a role
in the recognition of specific local PG structural features and guiding catalysis. Characterizing
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the structures and substrate preferences of the NTF2 domain from these enzymes will
determine how this domain is adapted to diverse roles in PG metabolism.

Figure 3-14. Superimpositions of active sites of Pgp2 and Csd6 structures
Superimposition of the active sites of Pgp2 (PDB ID: 6XJ6) and Csd6 (PDB ID: 4XZZ).
Residues of the catalytic triad and substrate binding site are shown in stick form (nitrogen,
blue; oxygen, red; sulfur, yellow). A hydrogen bond network between residues of the triad
is drawn as dashed lines.

Figure 3-15. ∆pgp2 PG digestion by Csd6
HPLC muropeptide profile of purified C. jejuni ∆pgp2 PG after digestion with Csd6.
Samples were separated on a C18 column using a gradient from 100% buffer A (50 mM
sodium phosphate pH 4.3) to 100% buffer B (50 mM sodium phosphate pH 4.9 and methanol
15% (v/v)) over 200 minutes. Muropeptides were monitored by absorbance at 210 nm.
HPLC results are plotted as the intensity of absorbance (in units of mAU, y-axis) as a
function of column retention time (in units of min, x-axis).
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We observed extensive NMR spectral perturbations clustered into three regions on the
surface of Pgp2 upon titration with model PG ligands (i.e., the CPase active site, the NTF2
pocket and a third backside patch; Figure 3-11A to Figure 3-11C). The conserved CPase
active site and NTF2 domain pocket are ~40 Å apart along the same side of the protein surface.
The glycan backbone of PG was proposed to preferentially form a right-handed helix with a
periodicity of 30-40 Å, or approximately three to four GlcNAc-MurNAc repeats with
successive peptide stems projecting outward from the glycan strand screw axis (185,206). As
the top solutions from NMR-data driven docking at both domains position two bound
murotetrapeptides oriented such that they can originate from a single right-handed PG strand
(Figure 3-12C), we propose this as the most parsimonious Pgp2-PG binding model, an
interaction that simultaneously involves both the catalytic and NTF2 cavities (Figure 3-13A).
The backside patch features low sequence conservation and was prominent during
titrations with the synthetic peptide analog and purified monomeric and crosslinked
murotetrapeptides (Figure 3-11A to Figure 3-11C). Situated between the two domains, the
region may be involved in allosteric coupling of the two frontside binding sites. Neither the
third patch nor the active site exhibited strong relative perturbations when titrated with
enzymatically digested PG (Figure 3-11D & Figure 3-11E). This may reflect low relative
concentrations of each muropeptide in the PG mixture and complex binding dynamics arising
from multiple binding sites.
Pgp2 likely forms a higher oligomerization state within the bacterial cell. The Pgp2
homolog Csd6 dimerizes through three N-terminal helices from each monomer, building a sixhelix bundle (137). The hydrophobic dimer interface of Csd6 is composed of the sequence
IMRLYX3GLEMV. The N-terminal residues, including the hydrophobic dimer interface
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(LVRIYX3GLDAV), are conserved in Pgp2 but missing in the truncated recombinant
construct. We used the crystal structure of the Csd6 dimer (PDB ID: 4XZZ) and our PG
docking data to predict the interaction of a Pgp2 dimer with PG (Figure 3-13B). In this model,
the PG interaction interface of both Pgp2 monomers is on the same face of the dimer. The
Pgp2 dimer can interact with two PG strands ~32 Å apart, allowing for recognition of an
ordered PG tertiary structure that may direct patterned digestion of the PG to form helical
shape.
Some Pgp2 and PG structural features were not included in the generation of the
proposed model. Firstly, the docked murotetrapeptides did not include acetylation at O6 of
MurNAc. Secondly, strands β9-β10 which form the lip of the NTF2 pocket are flexible (Figure
3-5) and this flexibility may alter binding specificity. Lastly, a more complex PG binding
model is possible in which the two muropeptides bound to the active site and NTF2 domains
originate from separate glycan strands ~40 Å apart. In this alternate model the Pgp2 dimer
could interact with up to four distinct PG strands. Solid-state NMR can be used to calculate
the 13C-15N inter-nuclear distance of D-[1-13C]Ala and L-[15N]Ala labeled PG peptide stems
(207), and may be able to resolve these possibilities. Attempts to co-crystallize Pgp2 with
synthesized peptide D-Glu-m-oxa-Dap-D-Ala and purified murotetrapeptide were ultimately
unsuccessful.
Bacterial cell shape requires the spatial coordination of PG insertion (103). A localized
‘shapesome’ complex, coordinated across the cytoplasm, inner membrane, and periplasm, is
proposed to contribute to helical shape generation in H. pylori via asymmetrical cell wall
synthesis (128,130,133). However, no interactions were identified between Pgp2 and PG
synthesis machinery. Biophysical modeling suggests that spatially-targeted PG growth
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(120,123,208) or changes to the degree of cross-linking along a helical axis can lead to a helical
cell shape (52,209). Neither overall growth rates (49) nor cell length (Figure 3-2B) were
affected upon the deletion of Pgp2. However, Pgp2 may modulate spatial PG insertion or
cross-linking. The percentage of cross-links are similar between the wild-type (47.9%) and
∆pgp2 (47.6%) strains (49), suggesting the overall proportion of cross-links is not sufficient to
determine helical shape. Instead, the deletion of Pgp2 increases the ratio of tetra-tetra to tetratri crosslinks due to the absence of tripeptides (49). In H. pylori, the overall proportion of crosslinks is also unaffected upon the deletion or overexpression of Csd6, but the ratio of tetra-tetra
to tetra-tri cross-linked peptide stems varies (127). Both deletion and overexpression of Csd6
gives a straight cell shape, suggesting that helical shape requires a proper balance between
these two types of cross-links.
We show that Pgp2 has higher enzymatic activity on monomeric as compared to crosslinked peptides (Figure 3-3), consistent with previous experiments using synthetic model
peptides and purified PG (49,191). By mutating conserved NTF2 domain pocket residues, we
demonstrate that this domain impacts enzyme activity and is required for the preference for
monomeric substrates in C. jejuni. Point mutations in the NTF2 domain resulted in a 75-86%
reduction in the proportion of monomeric tripeptide products in C. jejuni PG as compared to
wild-type. The same mutations reduced cross-linked tetratripeptides by 5-59% in the same
samples. Clearly, muropeptide distribution is insufficient to determine shape phenotype. The
NTF2 domain mutants (K257A, K307A, E324Q) have a similar loss in monomeric and crosslinked tripeptides but differ in shape phenotype ranging from curved to straight rods (Figure
3-2A & Figure 3-2B). Nonetheless, these mutants may differ in function, such as modified
localization or targeting of PG substructures, that would lead to the shape phenotypes.
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Based on the evidence that NTF2 domain binds to PG and regulates Pgp2 activity, we
propose that preferential trimming of monomeric tetrapeptides by Pgp2 is localized to one of
the helical axes. Since tripeptides produced by Pgp2 can be further digested to release m-DAP
by the DL-carboxypeptidase Pgp1 (49), they are no longer able to form crosslinks. Thus, Pgp2
activity along a helical axis may allow for local relaxation of the PG, leading to cell twist.
Future examination of Pgp2 localization and involvement of the NTF2 domain will test this
model.
The requirement of Pgp2 for helical shape may serve as a basis for antimicrobial
development as C. jejuni colonization within the host could be reduced. This strategy was
successfully employed to target Pgp1 and the H. pylori homolog Csd4 (166). Incubation of
bacteria with a small molecule inhibitor of the carboxypeptidase domain results in a
morphological shift from helical to straight rod cells. Unlike the LD-CPase domain, which is
found in both helical and non-helical shaped cells, the NTF2 domain appears to be restricted
to helical shaped cells, suggesting that the NTF2 domain may be a more selective target.
In summary, we show that helical shape in C. jejuni depends on both the LD-CPase and
NTF2 domains of Pgp2. Our proposed Pgp2-PG model highlights the importance of PGbinding by the NTF2 domain that may guide Pgp2 activity through recognition of PG
architecture.
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CHAPTER 4: Role of the CBM35 domain in the O-acetyl esterase Ape1
4.1 Introduction
C. jejuni helical cell shape is maintained by de-O-acetylation of PG by O-acetylesterase
Ape1 (CjApe1), an enzyme that hydrolyzes acetyl group from O-acetylated MurNAc residues
(54). Deletion of ape1 resulted in bacteria with a highly curved morphology, a significant
increase of O-acetylation level, and longer of PG glycan strands (54). Sequence analysis
predicts CjApe1 contains a SGNH hydrolase domain and an uncharacterized CBM35 family
domain. The role of CBM35 domain in CjApe1 function remains unclear. In this chapter, I
present a 1.8 Å resolution crystal structure of a complex between acetate and CjApe1. An
active site cleft is formed at the interface of the two domains and two large loops from the
CBM35 domain are proposed to form part of the active site. Site-directed mutagenesis of
residues in these loops coupled with activity assays using p-nitrophenol acetate indicate that
the CBM35 loops are required for full catalytic efficiency. Molecular docking of a model Oacetylated hexasaccharide model substrate to CjApe1 gives insight into the PG binding mode.
Together, we propose that the active cleft of CjApe1 diverges from other SGNH hydrolase
members by using the CBM35 loops to assist catalysis. The concave CjApe1 active cleft may
accommodate the long glycan strands for selecting PG substrates to regulate subsequent
biological events.
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4.2 Results
4.2.1 Structure determination of C. jejuni Ape1
C. jejuni Ape1 is a 392 amino acid protein containing a predicted signal peptide at
residues 1-21 of the native sequence (CJJ81176_0638) (Figure 4-1A). The full-length mature
protein (Ape122-392) was crystallized, and despite diffracting to high resolution (better than 1.6
Å), structure determination was impeded by crystal twinning. A truncated construct with
residues 41-392 (Ape141-392) was crystallized and its structure was solved to 1.8 Å resolution
by single anomalous dispersion (SAD) with selenomethionine-labeled protein (SeMetApe141392

). An initial model was automatically built with Phenix AutoBuild (210), resulting in three

partial Ape1 monomers in the asymmetric unit. A continuous model was built for two
monomers, with the third monomer incomplete due to disorder.
The native Ape141-392 protein structure was solved to 1.8 Å resolution by molecular
replacement with one of the complete monomers from the SeMetApe141-392 structure. Three
monomers were built and refined to Rwork and Rfree values of 0.17 and 0.19, respectively. The
final model includes three complete Ape1 monomers (residues 41-392), with each monomer
bound to one acetate molecule in the active site. The electron density for the acetate was clearly
defined in electron density maps and was refined to an average B-factor of 20.7 Å2. To explore
the oligomeric state, Ape141-392 was analysed by SEC-MALS. In solution, the molecular weight
was determined to be 37.3 ± 2.5% kDa, consistent with the predicted molecular weight of the
recombinant Ape1 monomer (41.1 kDa).
The Ape122-392 structure was solved by molecular replacement with Ape141-392 as the
search model and refined assuming merohedral twinned to Rwork and Rfree values of 0.14 and
0.18. The Ape122-392 and Ape141-392 structures are similar, with a RMSD of 0.16 Å over 352
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aligned Cα atoms. The Ape122-392 structure also contains three monomers in the asymmetric
unit and reveals an additional N-terminal helix (Figure 4-1B). The N-terminal helix of Ape122392

shows limited contacts to the rest of the protein and its sequence is not conserved amongst

homologs from different species. As the Ape141-392 structure is of higher quality, it was used
for all subsequent analyses and will be denoted as CjApe1. All data collection, phasing and
refinement statistics are summarized in Table 4-1.

Figure 4-1. The crystal structure of C. jejuni Ape1
(A) Schematic representation of full-length Ape1 (SP = signal peptide). The regions
corresponding to recombinant Ape141-392 and Ape122-392 proteins are labeled. (B) The overall
structure of acetate-bound Ape122-392 with the N-terminal helix, SGNH and CBM35 domains
colored in red, brown and light purple, respectively. The acetate is shown in stick form.
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Table 4-1. Data collection and model refinement statistics of C. jejuni Ape1

Data collection a
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Total reflections
No. of unique
reflections
Wavelength (Å)
Resolution (Å)

Ape141-392

Selenomethioninesubstituted Ape1

Ape122-392

P32

P32

P32

94.9, 94.9, 102.7
90, 90, 120
546678
95429

95.3, 95.3, 103.1
90, 90, 120
696966
111763

95.3, 95.3, 103.0
90, 90, 120
271029
46459

0.97946
50.0–1.80
(1.83–1.80)
0.100 (0.798)
18.3 (1.7)
(0.810)
99.7 (99.7)
5.7 (5.1)

0.97915
50.0–1.70
(1.73–1.70)
0.087 (0.614)
23.0 (2.6)
(0.859)
97.1 (98.6)
6.2 (6.4)

0.98011
50.0–2.30
(2.34–2.30)
0.148 (0.782)
13.2 (2.3)
(0.653)
100 (100)
5.8 (5.8)

Rmerge
I/σI
CC (1/2)
Completeness (%)
Redundancy
Refinement
Resolution (Å)
34.9–1.80
Rwork/Rfree
16.7/18.8
Ramachandran
Favored (%)
96.7%
Allowed (%)
3.3%
Outliers (%)
0%
2
Average B factors (Å )
Protein
27.2
Water
31.4
RMSDs
Bond lengths (Å)
0.003
Bond angles (°)
0.562
a
Values for the highest resolution shells are shown in parentheses.

43.70–2.30
14.3/18.1
96.2%
3.8%
0%
30.71
37.43
0.002
0.510
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4.2.2 The overall structure of acetate-bound CjApe1
CjApe1 has a rigid two-domain structure with an SGNH hydrolase domain (residues
S41-Y87 and Y228-Y392) and a CBM35 domain (residues I94-T222) interconnected by two
short loops (residues L88-S93 and N223-N227) (Figure 4-1). An extensive interface, with a
buried surface area of 1370 Å2 as measured using PISA (192), is found between the SGNH
and CBM35 domains. The domain-domain interaction is mediated by a hydrophobic core of
19 hydrophobic amino acids (Ala, Ile, Leu, Met, Val, Trp, Phe, Tyr) from the SGNH domain
and 15 hydrophobic amino acids from the CBM35 domain.
The CjApe1 SGNH domain adopts a three-layer α/β/α fold, with a central five-stranded
parallel β-sheet (β2, β14, β15, β16, β17) flanked by 10 α-helices (α1-α10) (Figure 4-2A, top).
The invariant catalytic residues (S73, G237, N270 and H369) are situated within a concave
surface above the parallel β-sheet of CjApe1 (Figure 4-2A, bottom). The catalytic triad (S73D367-H369) form a hydrogen bonding network adjacent to a bound acetate molecule. Clear
electron density for the acetate showed that one of the oxygen atoms as 2.7 Å from the amide
of G237 and 2.9 Å from Nδ2 of N270, two residues that comprise the oxyanion hole. The
methyl group of the acetate packs against a conserved hydrophobic cavity formed by L273 and
V368. The orientation of the bound acetate thus likely represents a model for the tetrahedral
oxyanion intermediate of the acetyl moiety of the substrate-enzyme complex.
The electrostatic surface potential of CjApe1 was investigated. The side of CjApe with
the shallow active site had a largely positively charged surface. Rotating the molecule along
the long axis by 90° showed a relatively neutral to negatively charged surface (Figure 4-2B).
The positive charged surface of the CjApe1 may help to orient molecule such that the catalytic
cleft is directed towards the negatively charged PG substrate for catalysis.
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The CBM35 domain of CjApe1is formed by two sandwiched antiparallel β-sheets (β3,
β5, β6, β8, β11, β13 in the first sheet and β4, β7, β9, β10, β12 in the second). A structural
homolog search using Dali (193) identified CBM35 domains in various glycoside hydrolases
(Figure 4-3). In these hydrolases, the inter-β-strand loops of the CBM35 domain often
coordinate calcium ions and saccharides (165). Saccharide binding by this domain has been
proposed to guide substrate specificity of the associated glycoside hydrolase domain
(164,211). However, these CBM35 domains and CjApe1 shares sequence identities less than
11% suggesting the CBM35 domain of CjApe1 may have functions other than saccharide
binding. Notably, two large loops of the CjApe1 CBM35 domain (CBML1 and CBML2) are
situated close to the active cleft of the SGNH domain (Figure 4-3E). Inspection of the
sequences of CBML1 (13 amino acids, A97-N109) and CBML2 (16 amino acids, N121-F136)
identified conserved polar (Q105, Q106, N121, S122) and aromatic (Y104 and F132) residues.
Inspection of the CjApe1 structure revealed that the side chains of Q105, N121 and R123 form
hydrogen bonds with the main chain of the loop in the SGNH domain forming the oxyanion
hole (residues A234-D240) (Figure 4-3E). A similar hydrogen bond network is found in
NmApe1 (Table 4-2). We hypothesize that these residues of the CBM35 domain contributes
to enzyme catalysis by stabilizing the oxyanion hole.
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Figure 4-2. Active site arrangement and electrostatic potential properties of Ape141392

(A) Magnified view of the active site. The catalytic triad (S73-H369-D367), oxyanion hole
(G237 and N270) and conserved hydrophobic residues (V368 and L273) are shown in stick
form (nitrogen, blue; oxygen, red; carbon, brown). The electron density is shown as a
weighted 2Fobs-Fcal map contoured at 1 σ. Hydrogen bond networks between residues of
the triad are drawn as dashed lines. (B) The electrostatic potential (±6 kT/e) plotted onto the
solvent accessible surface of CjApe1. The surface charge was calculated using the APBS
plugin in PyMOL, and the input Ape1 structure containing charge and radius information
for each atom was prepared using the PDB2PQR web server.
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Figure 4-3. Structural comparison of CBM35 structural homologs
Comparison of CBM35 domain structural homologs: (A) Campylobacter jejuni, Ape1; (B)
Podospora anserina, β-(1,4)-mannanase, PDB 3ZM8; (C) Paenibacillus barcinonensis,
Xyn30D, PDB 4QB2; (D) Bacillus circulans, cycloisomaltooligosaccharide
glucanotransferase, PDB: 3WNO. Bound calcium ions and bound saccharides are displayed in
green sphere and stick form, respectively. (E) Residue Q105 of CBML1 and residue R123 of
CBML2 make H-bonds to residue A235, N236, G237 of the oxyanion hole loop. H-bonds are
shown as black dash lines between atoms.
Table 4-2. H-bond network between the CBM35 loop and the oxyanion hole
CjApe1
CBM35

NmApe1 a
CBM35

Oxyanion
Distance (Å)
hole
Q105, Nε2
A234, O
3.0
Q115, Nε2
Q105, Oε2
N236, N
2.9
Q115, Oε2
N121, Oδ1
R123, N
3.0
T130, Oγ1
R123, Nε
G237, O
2.7
R132, Nε
a
The NmApe1 model is derived from PDB 4K7J.

Oxyanion
hole
G233, O
N235, N
R132, N
N235, O

Distance (Å)
2.8
3.0
3.2
3.5
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4.2.3 Two CBM35 loops promote Ape1 O-acetyl esterase activity
To examine if these loops are required for CjApe1 deacetylase activity, site-directed
variants of residues of CBML1 (K103A, Y104G, Q105A, Q106A) and CBML2 (N121A,
S122A, R123A, F132A) were generated in the context of the full-length Ape122-392 construct
(Figure 4-4A). All purified CjApe1 variants were concentrated to higher than 9.5 mg/mL,
suggesting the proteins are stable in solution. The O-acetyl esterase activity of the wild-type
and variant proteins were assayed using p-nitrophenol acetate (pNPAc) as a substrate. Controls
with pNPAc alone and pNPAc incubated with an inactive CjApe1 variant with a substitution
of the catalytic nucleophile (S73A) showed minimal absorbance change at 405 nm (Figure
4-4B & Table 4-3). Wild-type CjApe1 cleaved pNPAc at a specific activity of 32 µmole·min1

·mg-1, which is consistent with previously measured CjApe1 activity (26.1–38.9 µmole·min-

1

·mg-1) (54). Wild-type activity levels were observed for the K103A (110%), Y104G (113%),

Q106A (102%), S122A (101%) and F132A (95%) variants, indicating that replacement of
these residues did not substantially reduce O-acetyl esterase activity (Table 4-3). On the
contrary, reduced deacetylase activity was observed for variants Q105A (59%), N121A (60%),
and R123 (34%), suggesting these residues are required for optimal CjApe1 catalysis.
To examine whether the reduced activity of the variants Q105A, N121A, and R123A
was due to a deficiency in PG-binding, a PG pulled-down assay was performed. CjApe1 and
variant proteins were incubated with insoluble ∆ape1 PG, followed by centrifugation and wash
steps. Proteins pulled down by PG isolated from C. jejuni ∆ape1 were recovered from the
pellet and quantified using SDS-PAGE. Protein pulled down in the absence of PG was minimal
(Figure 4-5). Conversely, CjApe1 and variants were pulled down by ∆ape1 PG. Relative PG
binding was estimated by band densitometry analysis by comparing the amount of variant
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protein pulled down to that of wild-type CjApe1. Slight reductions were observed for all
variants tested: K103A (94%), Y104G (88%), Q105A (90%), Q106A (82%), N121A (85%),
S122A (91%), R123A (88%) and F132A (78%) (Figure 4-4C); however, the discernable
differences in the amount of protein pulled down did not explain the larger differences in
pNPAc activity. The site-directed variants support a role for the CBML1 and CBML2 loops
in deacetylase catalysis.
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Figure 4-4. Assays of O-acetyl esterase activity and PG binding of CBM35 loop variants
(A) Residues predicted to be involved in catalysis of O-acetylated PG, shown in stick form.
The catalytic triad and oxyanion hole are colored in red. CBM35 loops are colored in blue. (B)
O-acetyl esterase activity of the CjApe1 variants. Purified Ape1 and variants were incubated
with pNPAc in 50 mM Na2HPO4/NaH2PO4, 50 mM NaCl, pH 6.5 at 25 °C for 5 min. The rate
of pNP generation was monitored spectrophotometrically at 405 nm. Assays were performed
in triplicate, mean data are plotted in lines, errors (within ± standard deviation) are shown as
filled area. (C) Binding of CBM35 loop variants to ∆ape1 PG. Wild-type and variant proteins
were incubated with C. jejuni ∆ape1 PG in 50 mM Na2HPO4/NaH2PO4, 50 mM NaCl, pH 6.5
at 4 °C for 20 min. Unbound proteins were washed with buffer and removed by centrifugation.
Proteins pulled-down by PG were recovered using buffer and analyzed by SDS-PAGE. Band
intensities were quantified using ImageJ. The relative quantity (%) was calculated as the
amounts of pulled-down variants relative to pulled-down wild-type (set as 1). Assays were
performed in triplicate, and data are shown as mean ± the standard deviation. Each dot reflects
an individual experiment.
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Table 4-3. O-acetyl esterase activity of CBM35 loop variants on pNPAc
Specific activity a
Residual activity b
(µmol min-1 mg-1)
(100%)
Ape1 wild-type
33 ± 1
100
Nucleophile
S73A
0±1
0
CBM35 Loop 1
K103A
36 ± 3
111
Y104G
36 ± 3
113
Q105A
19 ± 1
59
Q106A
33 ± 2
102
CBM35 Loop 2
N121A
19 ± 1
60
S122A
32 ± 2
101
R123A
11 ± 1
34
F132A
31 ± 1
95
a
Enzyme assay was measured at 25 °C in triplicate using 20 nM Ape1 enzyme and 2 mM
pNPAc substrate in buffer (50 mM sodium phosphate, 50 mM NaCl, pH 6.5).
b
Residual activity is defined as the percentage of Ape1 wild-type activity.
Group

Enzyme

Figure 4-5. ∆ape1 PG pull-down assay
40 µg CjApe1 and variant proteins were incubated in the absence (A) or presence (B) of
∆ape1 PG in 250 µl buffer (50 mM sodium phosphate buffer, 50 mM NaCl, pH 6.5) at 4 °C
for 20 min, followed by three times wash with 1 mL of buffer using centrifugation. The
pellet was resuspended in 30 µl of 1× SDS dye (1% (w/v) β- mercaptoethanol, 0.02% (w/v)
bromophenol blue, 30% (v/v) glycerol, 10% (w/v) SDS, 250 mM Tris pH6.8). 20 µl of the
sample was ran on a 12% SDS-PAGE. The number labelled on each lane indicates the
corresponding protein (shown as text in right side).
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4.2.4 Ape1-PG binding mode by mechanism-guided HADDOCK docking
To obtain a plausible binding mode of CjApe1 to PG, docking experiments were
performed using HADDOCK2.2 with active site restraints (184,189). The CjApe1 crystal
structure and an ensemble of 10 O-acetyl PG conformers were used for docking. The O-acetyl
PG model was prepared as a hexasaccharide to approximately match the length of the putative
substrate binding groove (20- 30Å) on the CjApe1 protein surface. Considering ~10% of total
∆ape1 PG is acetylated (54), only the second MurNAc residue in the hexasaccharide was
acetylated. A total of six unambiguous distance restraints were applied for the CjApe1-PG
complex to maintain catalytically reasonable distances between the catalytic triad, oxyanion
hole and the acetyl group of the hexasaccharide (see methods for details).
Of the final 200 docking solutions, 188 were grouped into 7 clusters using a fraction
of common contacts (FCC) cut-off of 0.79 (Table 4-4). All of the clusters showed a convergent
binding mode with an RMSD < 2.5 Å to the model with the best HADDOCK score (lowest
energy) (Figure 4-6A). Importantly, each cluster featured the O-acetyl glycan strand sitting
along the interface of the SGNH and CBM35 domains (Figure 4-7). The main difference
among the 7 clusters was the direction of O-acetyl hexasaccharide (Figure 4-6B), in which the
reducing end of the hexasaccharide, containing the free hydroxyl group at carbon 1, is either
close to the CBML1 loop (named as O1→O4) or close to the CBML2 loop (named as O4←O1)
(Figure 4-7). 91% of the 188 solutions, including the best HADDOCK score, belongs to
O1→O4; 9% of the 188 solutions were oriented as O4←O1. However, the direction preference
cannot be discerned in the docking experiment. Repeating the docking experiment with another
random set of simulated PG conformers resulted in the highest scoring model with the opposite
glycan direction, suggesting the glycan orientation bound to Ape1 varies depending on the
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input glycan conformers. Between the top docking solutions, only subtle changes were
observed in the phi-psi angle of glycan strands. The phi-psi angle of the bound glycan strand
is comparable to that of the starting backbone of glycan strand conformers, suggesting the
binding pose maintains the low energy conformer state of the PG hexasaccharide.
The protein surface of a representative complex (Figure 4-7) is colored by the amino
acid conservation derived from ConSurf analysis (194). The bound glycan strand runs the
length of the putative substrate groove on the CjApe1 surface, and the O-acetylated MurNAc
sits adjacent to the catalytic center of the enzyme. Each MurNAc O3 atom is exposed to the
solvent, allowing the peptide stem to point away from Ape1 without steric clashes.
In the docked model, surface loops of CjApe1 are predicted to act like clamps that hold
the glycan strand in place adjacent to the catalytic residues. Loops with residues less than 15
Å from the bound O-acetylated MurNAc include SGNHL1 (loop that connects β2 and α3),
SGNHL2 loop (between β16 and α7) and the two CBM35 loops CBML1 and CBML2 (Figure
4-7). Loop SGNHL2 contains several conserved residues (K313, Y316 and K318), which may
involve in Ape1 activity through an unidentified mechanism. Residues Q105, N121 and R123
of CBML1 and CBML2, in which mutations reduced catalytic activity, are within 15 Å from
O-acetylated MurNAc.
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Table 4-4. HADDOCK calculation statistics of CjApe1-PG complex
CjApe1-O-acetylated PG

Docking experiment
AIR a
Ape1 active residues b
Ape1 passive residues b
O-acetylated PG active
residues b
O-acetylated PG
passive residues b
Cluster c
Cluster no.
HADDOCK score
Average RMSD (Å)
between structures in
the cluster
Number of structures in
the cluster
Buried surface area
(Å2)
Eintermolecular (kcal/mol)
Enon-bonded (kcal/mol)

73,77,79,82,86,87,90,91,101,103,104,105,106,108,111,112,113,114,121,123
,236,237,239,241,272,273,276,277,323,325,328,365,367,369,370,371,372,3
73,376,380
62,88,92,110,115,116,117,118,119,122,124,125,126,127,128,147,149,151,1
53,154,156,244,245,246,274,275,278,279,280,281,285,312,313,318,320,322
,326,329,332,333,347,350,359,361,362,366,377,384,392

1,2,3,4,5,6

Cluster
1
-69.2 ±
4.3

Cluster
2
-57.2 ±
3.2

Cluster
3
-50.9 ±
9.3

Cluster
4
-60.0 ±
7.0

Cluster
5
-45.8 ±
10

Cluster
6
-50.7±
8.9

Cluster
7
-54 ±
10.4

0.5 ±
0.2

0.6 ±
0.2

0.4 ±
0.1

0.5 ±
0.2

0.4 ±
0.2

0.4 ±
0.2

0.3 ±
0.2

113

36

11

11

6

6

5

1346 ±
54

1316 ±
106

1281 ±
63

1393 ±
57

1292 ±
50

1327 ±
74

1296 ±
21

131 ±
68
-120 ±
22
-45 ± 4

148 ±
52
-135 ±
21
-42 ± 4

230 ±
72

162 ±
39
-124 ±
20
-42 ± 3

128 ±
44
-109 ±
24
-39 ± 8

200 ±
50
-119 ±
11
-41 ± 4

130 ±
63
-100 ±
11
-34 ± 4

-79 ± 16

-44 ± 5
Evan der Waals (kcal/mol)
-75 ± 24 -93 ± 20 -35 ± 16 -82 ± 21 -71 ± 18 -79 ± 11
-66± 8
Eelectrostatic (kcal/mol)
Eambiguous intermolecular
251 ±
282 ±
309 ±
286 ±
237 ±
319 ±
230 ±
52
47
68
29
37
54
72
restraints (kcal/mol)
Number of AIR
6.1 ±
6.8 ±
7.3 ±
6.8 ±
5.8 ±
8.3 ±
5.4 ±
1.3
1.3
1.8
0.9
1.1
1.4
1.6
violations
a
The AIR residues were defined based on the binning interface predicted from CPORT server
using Ape1structure and sequence as input information.
b
The number for Ape1 corresponds to the amino acid number in the native sequence. The
number 1, 3, 5 and 2, 4, 6 for corresponds to the residues GlcNAc and MurNAc, respectively.
Residue 3 is O-acetylated MurNAc.
c
In each cluster, the energetic statistics were calculated over the 10 structures with the best
HADDOCK scores.
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Figure 4-6. Seven clusters of Ape1-O-acetyl hexasaccharide docking models from
HADDOCK
(A) The final 200 water-refined models are presented as HADDOCK score in the function
of RMSD deviation from the best HADDOCK score model (lowest energy). Models with
FCC higher than cut-off (FCC=0.79) are clustered and are shown in same color. (B) Clusters
4 and 5 which show large RMSD deviation from the best model contain the glycan strand
position in the opposite direction of the best model.

Figure 4-7. HADDOCK model of the CjApe1-O-acetyl hexasaccharide complex
The CjApe1-O-acetyl hexasaccharide model presents the best HADDOCK scoring solution
in the docking experiment. Two views are rotated by 90° along z axis as to emphasize that
the proximal loops form a clamp that holds a hexasaccharide. In the left panel, CjApe1 is
shown in the surface representation colored by amino acid conservation. The O-acetyl
hexasaccharide is shown in stick form and saccharide residues (MurNAc=M; GlcNAc=G;
O-acetylated MurNAc=OAcM) are labelled. MurNAc O3 atoms are highlighted as red
spheres. In the right panel, residues that are within 15 Å to O-acetylated MurNAc are colored
in grey, including SGNHL1, CBML1 and CBML2. The predicated functional residues in
these loops are labelled.
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Structural comparison of Ape1 homologs
To study whether the loops in the active site of CjApe1 determine substrate entry and
binding, CjApe1 was compared to its structural homologs. From a search in the PDB database
using Dali, the N. meningitidis (NmApe1; PDB ID: 4K7J) is the closest structural homolog of
CjApe1, with an RMSD of 2.0 Å over 267 aligned Cα positions. A carbohydrate esterase of
the SGNH superfamily from Clostridium thermocellum (CtCE2; PDB ID: 2WAB) showed an
RMSD of 2.7 Å over 98 aligned Cα positions.
The concave surface that forms the active groove of the CjApe1 and NmApe1 are
generally similar (Figure 4-8A and Figure 4-8B). Both CjApe1 and NmApe1 contain long
SGNHL2 (17 amino acids) and short SGNHL1 loops (8 amino acids). CjApe1 and NmApe1
had the largest structural deviation at loop SGNHL2. In NmApe1, the SGNHL2 loop
conformation is nearly 90 ° from of the equivalent position of this loop in CjApe1 (Figure
4-9). The difference in the conformation of this loop is likely caused by a disulfide bond
between Cys316 and Cys352 observed in the NmApe1 structure (PDB ID: 4K7J). The cysteine
residues are conserved in several bacteria but not in C. jejuni (Figure 4-10).
The surface of CtCE2 near the active site is significantly different as compared to
CjApe1 and NmApe1. In CtCE2, the SGNHL2 loop is 6 residues long, which is 11 amino
acids shorter than in CjApe1. Conversely, CtCE2 loop SGNHL1 is 4 amino acid longer than
the equivalent loop in CjApe1 (Figure 4-8A & Figure 4-8C). The shorter SGNHL2 and longer
SGNHL1 loops of CtCE2 restructure the substrate binding groove to be 90° from that in Ape1.
The consequence of the altered loops is illustrated by the orientation of bound cellulohexose
to CtCE2 which is perpendicular in comparison to the glycan in the CjApe1 docking model.
Collectively, we propose the orientation of substrate binding groove in Ape1 is divergent from
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that of CtCE2 because of altered loop lengths in the active cleft. Such changes might indicate
an adaptation to substrate specificity.

Figure 4-8. Comparison of proposed substrate binding orientations within the SGNH
hydrolase superfamily
Structures of (A) CjApe1, (B) NmApe1 (PDB 4K7J) and (C) CtCE2 (PBD: 2WAB) are
shown as cartoons (left) and surface representations (right). These structures are aligned
based on the orientation of the SGNH domains. The orientation of glycan substrates bound
in the active site grooves are indicated using purple arrows. Loops involved in determining
the substrate orientation are highlighted (SGNHL1 and SGNHL2, orange; CBML1 and
CBML2; blue). Conserved SGNH domain catalytic residues are shown in stick form and
colored red.
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Figure 4-9. Structure of the SNGHL2 loop and sequence alignment
(A) Cartoon representation of the SGNHL2 loop from CjApe1. Conserved SGNH domain
catalytic residues are shown as sticks and colored red. (B) NmApe1 (PDB 4K7J blue; 4K9S
green). The SGNHL2 loop of CjApe1 is orientated 90° about the z-axis in comparison to the
loops in the NmApe1 structure. Residues constituting the disulfide bond are shown in stick
form (nitrogen, blue; oxygen, red; sulfur, yellow). (C) Sequence alignment of CjApe1
homologs performed in Clustal Omega and presented by ESPript. Highlighted in this partial
alignment is the Cys-Cys bond of the SGNHL2 loop. Ape1 homologs: Helicobacter
mustelae (WP_013022746.1); Proteus vulgaris (WP_185901317.1); Photorhabdus
temperata (WP_023045068.1); Moraxella oblonga (WP_066805747.1); Neisseria
gonorrhoeae (WP_003695451.1); Neisseria meningitidis (WP_049224741.1).
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Figure 4-10. Ape1 phylogenetic tree showing the evolution of the intramolecular
disulfide bond of loop SGNHL2
Ape1 homologous sequences (sequence identity: 25%–80%) were searched in UniRef90
database using ConSurf. Sequences showing ± 20 of ammino acids of the length of C. jejuni
Ape1 (CJJ81176_0638) were manually removed. The final 61 sequences were aligned using
MUSCLE alignment algorithm, and a maximum likelihood tree was constructed based the
aligned sequences in MEGA X. Ape1 homologs in betaproteobacteria and
gammaproteobacteria contains the intramolecular disulfide bond, whereas Ape1 homologs
of epsilonproteobacteria (e.g., Campylobacter and Helicobacter species) evolved to loss this
disulfide bond.
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4.3 Discussion
CBM35 domains are proposed to bind sugars and assist in catalytic efficiency of
glycoside hydrolases (165,211). The domain displays a jelly roll/β-sandwich fold with two
conserved calcium ions binding sites. The first calcium ion is considered a structural site
coordinated by conserved acidic residues. The second calcium ion is typically involved in
sugar binding. The bound sugar is coordinated by the calcium ion and interacts with conserved
residues such as stacking interactions with aromatic residues (Trp and Phe) (164,211,212) and
charged interactions with arginine residues (164,165). The structure of CBM35 in CjApe1
diverges from CBM35 domains in other glycoside hydrolases. We did not observe bound metal
ions nor the conserved amino acids for metal ion binding, consistent with the observation that
EDTA treatment of Neisseria gonorrheae Ape1 did not inhibit Ape1 activity (162). The
absence of metal binding is reflected in the low level of sequence identity of the Ape1 CBM35
and the CBM35 domains from other glycoside hydrolases.
We showed that the CjApe1 CBM35 has two big loops positioned near to the catalytic
triad. The length of these loops is longer than the equivalent loops in other CBM35 domains
suggesting that these long loops evolved for distinct biological function. The catalytic domain
of SGNH hydrolase superfamily is characterized with a canonical α/β/α fold. Interestingly,
The CjApe1 CBM35 domain is inserted between helix α2 and strand β14 in the α/β/α fold.
This insertion places the big loops of the CBM35 domain in proximity to the active site. Our
mutagenesis results confirmed that residues of the CjApe1 CBM35 domain are important for
catalysis. The insertion of CBM35 domain might be an adaptation for CjApe1 for hydrolysis
of the PG substrate.
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The proposed CjApe1-PG binding model features a long putative substrate binding
groove docked with a six-saccharide polymer. C. jejuni ∆ape1 showed increased O-acetylated
of MurNAc linked to dipeptides, tripeptides, and tetrapeptides when compared to the wildtype strain (54), suggesting that muropeptide length has little effect on CjApe1 de-O-acetylase
activity. Purified NmApe1 is active against various O-acetylated muropeptides in vitro, but
deletion of N. meningitidis ape1 displayed accumulated O-acetylated tripeptide levels,
suggesting a preference for O-acetylated tripeptides in cell (213). However, the mechanism
leading to a preference for tripeptide substrates in N. meningitidis is not known. Our Ape1-PG
complex model suggested that the peptides are positioned away from the protein and do not
form specific interactions. Ape1 is proposed to act as a prerequisite enzyme for LT to control
glycan strand length in the cell (54,157,213). LTs cleave the glycosidic bond between MurNAc
and GlcNAc, and catalyze the concomitant formation of a 1,6-anhydroMurNAc end. During
PG turnover, CjApe1 might efficiently de-O-acetylate PG containing glycan strands that are
longer than six saccharides and initiate LT activity for subsequent biological events.
A direct binding between Ape1 and LT was recently identified by gel filtration in N.
meningitidis, revealing a 105 kDa complex from co-elution of NmApe1(40 kDa) and the LT
LtgA (65 kDa) (214). The authors monitored NmApe1 O-acetyl esterase activity on pNPAc in
the presence of LtgA, finding that maximal NmApe1 activity is dependent on the presence of
LtgA. BLAST searches with LtgA in C. jejuni found Slt (CJJ81176_0859) shares 30% with
LtgA, and the recombinant Slt was expressed as described (215). We did not observe a change
in CjApe1 O-acetyl esterase activity in the presence of Slt (Figure 4-11). This suggests that
the mechanisms of Ape1 in C. jejuni and N. meningitidis are distinct, possibly due to
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requirements of helical shape maintenance in C. jejuni that are absent in spherical N.
meningitidis.

Figure 4-11. O-acetyl esterase activity of CjApe1 and Slt
CjApe1 O-acetyl esterase activity with 2 mM pNPAc in the presence and absence of
equimolar Slt from C. jejuni in 50 mM sodium phosphate, 50 mM NaCl, pH 6.5.
The SGNHL2 loop of CjApe1 displayed distinct conformation from that of NmApe1.
It is important to note that this disulfide bond in SGNHL2 is conserved among NmApe1
homologs

from

betaproteobacteria

and

gammaproteobacteria

but

is

absent

in

epsilonproteobacteria (Figure 4-9 & Figure 4-10). In the CjApe1 and in other Campylobacter
and Helicobacter species, both Cys residues are absent from the SGNHL2 loop. In N.
gonorrhoeae Ape1 (NgApe1), titration of 5,5'-dithiobis-(2-nitrobenzoic acid) to quantify free
thiolate groups indicated that ~65% of SGNHL2 Cys residues formed a disulfide bond (216).
The dynamics of the Cys redox state of NgApe1 (and NmApe1) is hypothesized to regulate its
activity. Upon the treatment of NgApe1 with thiol oxidizing reagent diamide, activity on
pNPAc was reduced by 70%. Treatment of NgApe1 with the reducing agent glutathione also
showed a 30% reduction in activity. Future work on exploring the function of the SGNHL2
loop on Ape1 activity on PG substrates would help to understand possible regulatory
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mechanisms of Ape1 catalysis. Key residues for study by site-directed mutagenesis include
introducing Cys residues at equivalent positions in CjApe1 and the substitutions at conserved
positively charged residues of the SGNHL2 loop (Figure 4-7).
In our CjApe1-PG model, the binding interface consists of a positively charged groove
in CjApe1 and the glycan saccharides of PG. A high throughput inhibitor screen using
fluorogenic substrate 4-methyllumbelliferyl acetate (MU-Ac) identified 7 potential NgApe1
inhibitors (216). These compounds feature phenyl rings and hydroxyl groups, which show
similarity to the saccharide structure of PG. One of the inhibitors is purpurin (Ki=4.8 µM), an
anthraquinone-based compound found in the roots of the plant Rubia tinctorum. Attempts to
obtain a structure of the CjApe1-purpurin complex was performed by soaking and cocrystallization experiments. Crystals that were soaked with purpurin turned from clear to
yellow in color, suggesting possible binding. Crystals of Ape1 were obtained from solution in
the presence of inhibitor. However, these crystals showed poor diffraction to ~6.5 Å, possibly
due to local conformational changes disrupting crystal packing upon purpurin binding.
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CHAPTER 5: Concluding remarks
Helical shape is preserved in bacteria as a selective advantage for optimal growth in
the environment. The helical shape of enteropathogenic C. jejuni is maintained in part by
remodeling of PG structure through the enzymes Pgp2 and Ape1. This thesis examined the
interaction between PG and these two enzymes, which increases our knowledge on PG
selectivity by Pgp2 and Ape1. The current work informs a helical shape generation model
resulting from local PG hydrolysis in C. jejuni.

5.1 Role of Pgp2 in helical shape generation
5.1.1 Overview
C. jejuni helical shape is determined by PG trimming by Pgp2 LD-carboxypeptidase
activity. In Chapter 3, I demonstrate that the accessory NTF2 domain of Pgp2 is required for
full Pgp2 activity and formation of the helical shape. A pocket within the NTF2 domain, ~40
Å away from the catalytic cleft, is formed by conserved residues (Y233, F242, K257, K307
and E324). This conserved pocket allows Pgp2 to bind PG tightly. Using NMR to define PG
interaction interfaces of Pgp2, the catalytic cleft and the NTF2 pocket are identified as the two
PG binding sites. Pgp2 likely forms a dimeric protein in the cell, thus up to four PG binding
sites are present in the dimer. Based on these results, we propose Pgp2 may use two conserved
PG binding sites to recognize PG tertiary structure to produce C. jejuni helical shape.

5.1.2 Future directions
The specific PG substructure recognized by the NTF2 domain has not been defined.
To characterize the PG motif recognized by the NTF2 domain, we attempted to prepare
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isotope-labeled PG fragments and a recombinant construct of the NTF2 domain alone for an
NMR affinity experiment. Isotope-labeled PG can be prepared from bacteria cultured in M9
medium containing

13

C-glucose and

15

N-ammonium chloride as sole carbon and nitrogen

sources (217). The NTF2 domain construct was prepared by removing the N-terminal residues
consisting of the LD-CPase domain of Pgp2. Two recombinant NTF2 constructs containing
residues 201–325 or 207–325 were expressed in E. coli as inclusion bodies, indicating these
recombinant proteins were misfolded. Inspection of the Pgp2 structure shows that 11 buried
hydrophobic residues (I211, L215, I274, N275, S277, P278, Y279, P280, R289, I308, Y310)
become exposed in the recombinant NTF2 domain constructs. To obtain a soluble form of the
NTF2 domain, future work can focus on point mutations of the buried residues to polar
residues to increase hydrophilicity. Alternatively, solubility of the NTF2 domain may be
improved by adding a solubility enhancement tag such as the MBP and GST proteins at the Nterminus (218).
We found that some NTF2 variants (K257A, K307A, and E324Q) greatly reduced
enzyme activity on monomeric tetrapeptides compared to cross-linked tetrapeptides, implying
Pgp2 selectively cleaves muropeptides in PG. The site of where Pgp2 trims peptides is likely
important to understand how helical shape is achieved. A biophysical model suggests that
helical cell shape could be generated by asymmetrical levels of cross-linking along one helical
axis (209). The 4-3 cross-linkage catalyzed by DD-transpeptidase (DD-TPase) uses tetrapeptide
as the acyl receptor. As Pgp2 trims tetrapeptides to tripeptides which would reduce available
substrates for DD-TPase, localized Pgp2 activity could reduce cross-linking along one helical
axis in the cell to generate the helical shape.
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Pgp2 cellular localization can be visualized by microscopy using a HaloTag-Pgp2
fusion protein coupled to a fluorescent dye. The HaloTag is a 33 kDa modified haloalkane
dehalogenase which irreversibly binds to a chloroalkane reactive linker (219). The linker is
attached to different functional molecules, including a fluorescent dye that illuminates when
excited by a specific wavelength. A commonly used dye TMR ligand is added externally to
the growth media and the dye penetrates through the outer membrane to the periplasm of
bacteria. We have successfully expressed a functional HaloTag-Pgp2 recombinant protein in
C. jejuni. The localization of Halo-Pgp2 was visualized using TMR dye with a confocal
microscope (Ziess LSM900). The preliminary results suggest Pgp2 is localized to regions
within the cell. The next step is to quantify the fluorescent signal as the function of the
Gaussian curvature over the C. jejuni cell. Examples of this quantification method are available
for localization studies of CrvA (123) and CcmA (130). Briefly, Gaussian curvature of the C.
jejuni cell is defined by principal component analysis of curvature parameters (helical radius
and helical pitch) at points on the cell surface. Relative fluorescence intensity compared to the
average intensity is calculated at each point. Analysis of the fluorescent signal in reference to
the Gaussian curvature can define Pgp2 subcellular localization at the cell surface.
PG binding to the NTF2 domain may guide Pgp2 localization to regions of PG.
Accessory PG binding domains such as the SPOR domain were shown to direct septum
localization of cell division proteins (220). The SPOR domain recognizes PG without peptide
stems (221). The NTF2 domain of Pgp2 may act by a similar mechanism, in which the NTF2
domain recognizes a specific PG substructure and guides spatial localization of Pgp2.
Comparison of the localization of wild-type and NTF2 variants (Y233A, F242A, K257A,
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K307A, E324Q) in C. jejuni or to purified PG sacculi by microscopy could address this
question.
Defining the distribution of monomeric tetrapeptides in PG could be an alternative
method to study Pgp2 localization. In the C. jejuni sacculus, the tetrapeptides present represent
muropeptides protected from Pgp2 cleavage. Tetrapeptides can be detected in vitro using LDtranspeptidase (LD-TPase) and fluorescent D-amino acids (222). LD-TPase catalyzes labelling
of tetrapeptides in two steps. First, LD-TPase preforms nucleophilic attack to the carbonyl of
third residue in a tetrapeptide (acyl donor), forming an acylenzyme intermediate; the free
amino group of the fluorescent D-amino acid (acyl receptor) then attacks the intermediate,
releasing LD-TPase and forming a fluorescent tetrapeptide. From our model for Pgp2 activity,
I expect that monomeric tetrapeptides are enriched along one helical axis in the cell.
Pgp2 is likely an N-glycosylated protein. Up to three Pgp2 isoforms are observed on
our Western blot (223) and in 2D-PAGE experiment by another group (195). Based on the Nglycosylation consensus sequon (N-X-S/T), we predicted four possible sites for N-linked
glycosylation of Pgp2: 53DKNIS57, 69LTNKT73, 273DINIS277, 282LENET286. Among these sites,
two sequences meet the consensus sequence (D/E-X1-N-X2-S/T, where X1, X2≠Proline)
recognized by C. jejuni PglB N-oligosaccharyltransferase (224,225). The N-glycosylation site
53

DKNIS57 has already been experimentally validated (226). Pgp2 was shown to bind to a

soybean agglutinin affinity column specific for GalNAc residues (195). PglB transfers a
heptasaccharide

(GalNAc-α1,4-GalNAc-[Glcβ1,3-]GalNAc-α1,4-GalNAc-α1,4-GalNAc-

α1,3-diBacNAc-β1, where diBacNAc is 2,4-diacetamido-2,4,6-trideoxyglucopyranose) from
a lipid carrier to over 50 proteins within the periplasm of C. jejuni (226). These results imply
that Pgp2 is glycosylated by PglB.
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The role of N-glycosylation in Pgp2 function is unclear. Many PG biosynthesis proteins
are also N-glycosylated, including Pgp1 (Cj1345c), MreC (Cj0277), PatB (Cj0610c), Slt
(Cj0843c), and the penicillin-binding proteins PbpA (Cj0508) and PbpC (Cj0652) (226). One
hypothesis is that N-glycosylation contributes to protein stability in C. jejuni (227). Proteome
analysis showed that ∆pglB had accumulation of chaperons and proteases compared with wildtype, implying that misfolded proteins were produced with the loss of N-glycosylation.
Interestingly, ∆pglB demonstrated a straight shape, suggesting a potential link between Nglycosylation and cell shape maintenance (227). Assessment of Pgp2 stability and examination
of the morphology restoration to ∆pgp2 using variants within the predicted glycosylation sites
would inform the mechanism of N-glycosylation in Pgp2 function and in helical shape
generation.

5.2 Mechanism of Ape1 in cell wall turnover
5.2.1 Overview
Activity of the O-acetyl esterase Ape1 contributes to C. jejuni helical shape and
pathogenesis. In Chapter 4, I present the structure of Ape1 and biochemical studies. The Ape1
structure consists of a catalytic SGNH hydrolase domain and a CBM35 domain. I investigated
the function of the loops adjacent to the Ape1 active site. Two big loops, CBML1 and CBML2
of the CBM35 domain, are found to be required along with the conserved catalytic triad for
catalysis. The length of loops SGNHL1 and SGNHL2 diverge from members of SGNH
hydrolase family, which likely changes the orientation of the substrate binding groove in the
active site. I propose that the putative Ape1 substrate binding groove can accommodate a
hexasaccharide and infer that Ape1 may gain substrate specificity to control subsequent
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biological events in the cell. The proposed model also suggests the PG peptide stems are not
directly interacting with the active cleft, providing a guidance for the design of a mechanismbased inhibitor.

5.2.2 Future directions
Our Ape1-PG model implies that Ape1 activity is dependent on the length of PG strand.
To test this hypothesis, PG substrates containing long and short glycan strands can be prepared
by digesting whole ∆ape1 PG with DL-endopeptidase (P. aeruginosa Tse1) (200), DDendopeptidase (P. aeruginosa Tae2) (228) and muramidase, producing long PG strands with
dipeptides, long PG strands with peptides, and a mixture of monomeric and crosslinked
muropeptides, respectively. The rate of acetate released from these different PG fragments by
Ape1 can be measured using an acetic acid assay kit (Megazyme). Our preliminary result
showed that Ape1 cleaved more efficiently substrates containing long PG strands, consistent
with the prediction from our structural study. Future work is needed to repeat the experiments
and confirm the results.
The proposed Ape1-PG complex provides a direction to design a mechanism based
Ape1 inhibitor. Previously, seven Ape1 inhibitors were found from a Canadian Compound
Collection (216). These inhibitors vary in molecular mass and contain one phenyl ring and a
hydroxyl group. The mechanism of Ape1 inhibition by these inhibitors is not known. Most of
these inhibitors carry a very reactive electrophile. As these inhibitors are dissimilar to PG in
structure, they may inhibit other enzymes. An inhibitor that mimics the PG substrate may be a
more specific. This requires the knowledge of the PG motif required for binding to Ape1. The
current complex model suggests that the saccharides of PG, but not the peptide stems, are

112

important for interacting with Ape1. We suggest the design of an Ape1 inhibitor should focus
on mimicking the polysaccharide component of PG.
De-O-acetylation of PG by Ape1 is important for transglycosylase (LT) activity. Often
multiple genes encoding LT enzymes are found in bacterial genomes. For example, Gramnegative P. aeruginosa has 11 LTs (229) and H. pylori has two non-redundant LT enzymes
(230). Based on the site of cleavage, LTs are classified as either exo and endo. We found three
LT homologs in C. jejuni strain 81-176, slt (CJJ81176_0859), mltD (CJJ81176_0673) and
rlpA (CJJ81176_0674). The amino acid sequence of Slt has 31% identity to exo-lytic H. pylori
Slt; MltD has 43% identity to endo-lytic H. pylori MltD; the RlpA has 54% identity to the
catalytic domain of P. aeruginosa RlpA (231). Our Ape1-PG model suggests Ape1 favours
hydrolysis of the O-acetylated MurNAc residue in the third or fourth position of a
hexasaccharide, indicating the produced de-O-acetylated PG is suitable for endo-lytic cleavage
by an LT enzyme. It will be informative to elucidate which C. jejuni LT enzyme is dependent
on Ape1 activity to further understand the role of de-O-acetylation in regulating cell wall
metabolism.
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