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Abstract

Helicobacter pylori and Campylobacter jejuni are human pathogens and causative agents of gastric
ulcers/cancer and gastroenteritis, respectively. Recent studies have uncovered a series of proteases
that are responsible for maintaining the helical shape of these organisms. The H. pylori
metalloprotease Csd4, and its C. jefunihomologue Pgp1l, cleave the amide bond between meso-
diaminopimelate and /so-o-glutamic acid in truncated peptidoglycan side chains. Deletion of either
csd4 or pgpl results in bacteria with a straight rod phenotype, a reduced ability to move in viscous
media, and reduced pathogenicity. In this work, a phosphinic acid-based pseudodipeptide inhibitor
was designed to act as a tetrahedral intermediate analog against the Csd4 enzyme. The phosphinic
acid was shown to inhibit the cleavage of the alternate substrate, Ac-.-Ala-iso-o-Glu-meso-Dap
with a Kj value of 1.5 uM. Structural analysis of the Csd4-inhibitor complex shows that the
phosphinic acid displaces the zinc-bound water and chelates the metal in a bidentate fashion. The
phosphinate oxygens also interact with the key acid/base residue, Glu222, and the oxyanion-
stabilizing residue, Arg86. The results are consistent with the "promoted-water pathway™
mechanism for carboxypeptidase A catalysis. Studies on cultured bacteria showed that the
inhibitor causes significant cell straightening when incubated with H. py/oriat millimolar
concentrations. A diminished, yet observable, effect on the morphology of C. jejuniwas also
apparent. Cell straightening was more pronounced with an acapsular C. jejuni mutant strain
compared to the wild type, suggesting that the capsule impaired inhibitor accessibility. These
studies demonstrate that a highly polar compound is capable of crossing the outer membrane,
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inhibiting cell shape determinant proteases and altering cell shape, thereby affecting the
pathogenic attributes of these organisms. Peptidoglycan proteases acting as cell shape
determinants represent novel targets for the development of antimicrobials against these human
pathogens.

Graphical abstract

INTRODUCTION

Peptidoglycan is a key component of the bacterial cell wall that acts as a rigid barrier
essential for protecting the bacteria from lysis due to osmotic pressure, and for maintaining
bacterial cell shape.1~® It is composed of glycan polymers of alternating A=
acetylglucosamine (GIcNAc) and A-acetylmuramic acid (MurNAc) residues that are
crosslinked via peptides attached to the lactate side chain of the MurNAc units. The
importance of peptidoglycan in bacterial physiology is highlighted by the fact that many
clinically used antibiotics target enzymes involved in the biosynthesis of this
macromolecule.”

Helicobacter pyloriand Campylobacter jejuni are Gram-negative, helical shaped bacteria
that colonize the human gastrointestinal tract. H. py/oriis the causative agent of gastric
ulcers and has been linked to the development of gastric cancer.8 C. jejuniis a leading cause
of human gastroenteritis worldwide and has been linked to the development of the
debilitating Guillain-Barré syndrome in infected individuals.® In recent years, a series of
genes have been identified that are responsible for maintaining the helical cell shape in these
bacteria.>6 In the case of H. pylorithey have been named cell shape-determinant genes or
csa6.10-13 Most of these genes have been found to encode for either endo- or exo-proteases
that act on the peptide chains of peptidoglycan. Similar genes have been identified in C.
Jejuni and have been named peptidoglycan peptidases or pgps.1415 Deletion of these genes
in both organisms leads to abnormal cell shapes including straight rods, curved rods, "c"
shaped cells, and stocky/branched phenotypes.

This study focuses on the H. pylori enzyme Csd4 that plays a role in trimming uncrosslinked
peptidoglycan peptide chains (Figure 1A).1116.17 During peptidoglycan biosynthesis, each
MurNAc residue bears a pentapeptide chain with the structure .-Ala-/so-o-Glu-meso-Dap-o-
Ala-o-Ala. The amino group in the side chain of meso-diaminopimelic acid (meso-Dap) is
responsible for attacking a neighboring chain in the transpeptidase-catalyzed crosslinking
reaction that is crucial for the structural integrity of the cell wall. In H. py/ori, however,
many of the pentapeptide chains remain uncrosslinked and can be "trimmed" by a series of
proteases that sequentially remove the C-terminal residues. Csd4 has been found to be
responsible for hydrolyzing the bond between meso-Dap and /so-o-Glu in the trimming of a

ACS Chem Biol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 3

peptidoglycan tripeptide to a dipeptide.11:16.17 As the dipeptide no longer bears a meso-Dap
residue, it can no longer participate in a crosslinking event. Deletion of csd4 does not impair
growth rate, but results in a straight rod phenotype.11 Mutant strains lacking this gene have
impaired motility in viscous media and show markedly reduced stomach colonization.1? It
has been postulated that the lack of helical structure results in a reduced ability to traverse
the gastric mucus, impairing H. pylori’s ability to escape the low pH environment of the
stomach and colonize the mucus covered gastric epithelial surface. While the exact link
between the activity of Csd4 and the maintenance of helical shape remains unknown, it is
thought that localized control of the extent of crosslinking plays a key role.

A Csd4 homolog has also been identified in C. jejuni and has been named Pgp1.15 Deletion
of pgp1 also results in a straight rod phenotype and a motility defect, as well as biofilm
defects, an impaired ability to colonize chicks, and altered host-pathogen interactions.
Activity assays have confirmed that this enzyme also acts as a carboxypeptidase and cleaves
the bond between 7so-Glu and meso-Dap.

Recent crystallographic studies on Csd4 have confirmed that it is a member of the M14
family of zinc dependent proteases that contain the prototypical member carboxypeptidase
A.1617 The Csd4 enzyme bears an N-terminal domain with a typical carboxypeptidase fold
as well as two additional domains of unknown function. The enzyme has been shown to
accept peptidoglycan fragments (MurNAc-GIcNAc tripeptide and N-acetylated tripeptide) as
alternate substrates (where the tripeptide is .-Ala-iso-o-Glu-meso-Dap). Structures of Csd4
in complex with the MurNAc tripeptide and the acetylated tripeptide are available and
provide an informative model of the Michaelis complex. The /iso-o-Glu-meso-Dap portion of
these substrates is buried within the active site of the carboxypeptidase domain and makes
extensive interactions with active site residues (Figure 2A). The MurNAc-.-Ala or Ac-.-Ala
portions protrude outside of the active site and make few contacts. The active site zinc is
coordinated by a rare His-Glu-GIn motif that differs from the normal His-Glu-His
arrangement found in other M14 carboxypeptidases.1® A zinc-bound water is poised
appropriately for attack on the /iso-Glu y-carbonyl and is hydrogen bonded to Glu222. This
glutamate is thought to serve as the general base that deprotonates the water in the proposed
catalytic mechanism (Figure 1B).19-20 Arg86 is hydrogen bonded to the iso-Glu y-carbonyl
and serves to stabilize the anionic tetrahedral intermediate. Breakdown of the tetrahedral
intermediate presumably involves protonation of the departing meso-Dap by Glu222.
Overall, the active site of Csd4 closely resembles that of other family M14
carboxypeptidases with the exception of the unusual metal ligands.

In this study we report on the synthesis of a phosphinic acid-based inhibitor of Csd4 that
mimics the tetrahedral intermediate formed during catalysis. A structure of the resulting
Csd4-inhibitor complex is presented and studies with both H. pyloriand C. jejuni
demonstrate that the inhibitor is effective in promoting cell straightening in living cells.
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RESULTS

Inhibitor Design and Synthesis

A strategy that has been successfully used in the design of reversible mechanism-based
inhibitors of metalloproteases is to prepare phosphorus-containing peptide analogs (Figure
3).21-23 The negative charge and tetrahedral geometry about the phosphorus allow for a
bidentate metal-chelation that closely resembles features of the bound transition state or
tetrahedral intermediate formed during catalysis. Potent inhibition of metalloproteases has
been observed with phosphinic acids (X = CH5), phosphonic acids (X = O) and
phosphonamic acids (X = NH). In most cases, inhibition constants are in the low micromolar
or nanomolar range; however, in the case of carboxypeptidase A, inhibition constants have
been reported to be in the femtomolar range.?*

Our initial strategy for the design of a Csd4 inhibitor was to prepare inhibitor 1, which
contains a phosphinic acid in place of the amide bond linking 7so-0-Glu and meso-Dap
(Scheme 1). The choice of a phosphinic acid for the first target was due to the ease of
synthesis and the stability of the compound towards hydrolysis. As the structural studies
showed that the .-Ala moiety of the A-acetylated tripeptide substrate made few contacts with
the active site of Csd4,16:17 this residue was replaced by a simple acetylation of the "o-Glu"
a-amino group of the phosphinic acid. A commercially available derivative of o-Glu,
compound 2, was oxidatively decarboxylated to give alkene 3 and then converted into the
phosphinic acid 4 by treatment with ammonium hypophosphite and triethylborane.2526 A
hexamethyldisilane-mediated conjugate addition of compound 4 to the literature known
benzylacrylate 5 provided the phosphinic acid 6,27:28 which was not purified, but was
immediately protected with adamantyl bromide to give compound 7 as a mixture of four
stereoisomers. Hydrogenolysis removed both the benzyl ester and carboxybenzyl protecting
groups and treatment with acetic anhydride gave the A-acetylated compound 8. A final
deprotection with trifluoroacetic acid, followed by anion exchange chromatography,
provided the target inhibitor 1 as a mixture of two diastereomers (approx. 1:1 ratio). No
attempts were made to separate these diastereomers and the mixture was directly used in the
inhibition and crystallographic studies.

Enzyme Kinetics

A continuous coupled assay for Csd4 activity was developed that was based on a published
assay for meso-Dap formed in the reaction catalyzed by diaminopimelate epimerase.16:29
For this assay, His-tagged diaminopimelate dehydrogenase (DAPDH) from
Corynebacterium glutamicum was overproduced in Escherichia coli and purified by
immobilized metal affinity chromatography for use as a coupling enzyme.1® NADH formed
from the oxidation of meso-Dap by DAPDH was monitored by UV spectroscopy. This assay
was used to determine the kinetic constants for the A-acetylated tripeptide substrate (Ac- .-
Ala-7so-o-Glu-meso-Dap) in the presence of 30 uM zinc (pH 6.5) and the values of kgt =
0.015 £ 0.001 s™1 and Ky, = 112 + 5 uM were obtained (Figure S1). The low value of Ayt
may reflect the fact that the substrate is truncated and is not associated with the
peptidoglycan polymer. Additionally, it has been postulated that the two domains of
unknown function may bind to other Csd proteins, or to peptidoglycan, and the absence of
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these partners in an /n vitro analysis could affect Csd4 activity.16:17 The value of Ky was
reasonably low, which is consistent with the observation that contacts within the active site
are primarily made with the /so-o-Glu-meso-Dap portion of the substrate and the rest of the
polymeric structure protrudes into solution.

The inhibition of Csd4 by inhibitor 1 was investigated using the same coupled assay. Slow
binding inhibition was observed so the reaction mixtures were preincubated for 20 minutes
prior to initiation with substrate. Initial studies showed that the inhibitor was active in the
low micromolar range. Due to the low activity of Csd4, the enzyme concentration was also
in the low micromolar range. In order to account for a scenario where the inhibitor is not in
vast excess of the enzyme, the correction factor of Singh et al. was employed that corrects
the free inhibitor concentration using the enzyme concentration and the relative reaction
rates in the presence and absence of inhibitor.30 Given the precedence for such inhibitors to
act as transition state analogs of carboxypeptidase A,23 and the structure of the Csd4-
inhibitor complex (vide infra), inhibitor 1 was assumed to act as a competitive inhibitor.
Since the use of the correction factor led to varying inhibitor concentrations, a Dixon plot
was employed that showed intersecting lines corresponding to a K value of 1.5 + 0.3 uM
(Figure 4). This value is considerably lower than the Kj, value of the substrate (112 uM) as
expected for a compound that acts as a tetrahedral intermediate analog.

Structural Analysis of Csd4-Inhibitor Complex

Crystals of Csd4 were grown in Tris buffer (pH 8) containing sodium iodide and 13-18%
PEG 3350, as described previously.1® These crystals were then sequentially soaked with
solutions of ZnCls,, inhibitor 1, and cryoprotectant. A dataset to 1.9 A resolution was
collected and the structure factors were directly refined against the apo-Csd4 crystal
structure. The overall structure of the Csd4-inhibitor complex was very similar to that of the
Csd4-tripeptide complex, with the only notable differences occurring in the active site of the
carboxypeptidase domain (Figure 2B). Inspection of the bound inhibitor indicated that it had
an (S)-configuration at the stereocenter closest to the phosphinic acid (Figure 2D). This
mirrors the (S)-configuration of the Dap stereocenter that is attached to iso-Glu in the
normal substrate, and indicates that the enzyme has selected the appropriate sterecisomer
from solution. Both oxygen atoms of the phosphinic acid are coordinated with the zinc atom
(Zn-0O distances = 2.4 and 2.3 A) and the zinc bound water molecule has been displaced.
This is as expected for an inhibitor that mimics the transition state or tetrahedral
intermediate formed during catalysis.23 When compared to the structure of the bound
tripeptide substrate, a twisting of the peptide backbone has occurred that allows for this
coordination to take place (Fig. 2C). It should be noted that in the structure of the bound
tripeptide substrate, the carbonyl of the iso-Glu side chain amide (the site of hydrolysis) is
not coordinated to the zinc atom (Zn-O distance = 3.8 A, Figure 2A).16.17 This implies that
the mechanism proposed by Christianson and Lipscomb is operative, in which the metal acts
to acidify the nucleophilic water and stabilize the tetrahedral intermediate, but does not
directly activate the carbonyl of the substrate by electrophilic catalysis (Figure 1B).1920 Ag
expected, the key acid/base catalyst Glu222 that serves to deprotonate the nucleophilic water
molecule is hydrogen bonded to a phosphinic acid oxygen of inhibitor 1. Similarly, Arg86
that stabilizes the oxyanion of the tetrahedral intermediate interacts with the other
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phosphinic acid oxygen. Most other interactions are similar to those seen with the tripeptide
substrate with the exception of Lys225 that has moved to form a hydrogen bond with the
carboxylate of the "iso-Glu portion" of the inhibitor (N-O distance = 2.8 A; as compared to
3.4 A in the tripeptide bound structure) and contributes additional stabilization of the
tetrahedral intermediate. Overall, the structure provides an excellent model for the
tetrahedral intermediate complex and strongly supports the mechanism outlined in Figure
1B.

Testing of Inhibitor 1 with Cultured Bacteria

Given the phenotypic change in cell shape observed upon disruption of the Csd4 gene in H.
pyloritt it was anticipated that inhibitor 1 may cause similar cell straightening provided it
could cross the outer membrane to target Csd4, which is localized in the periplasm. In
addition, it was anticipated that inhibitor 1 would also be active against Pgpl of C. jejuni
and cause cell straightening in this organism.

We first tested H. pylori strain J99 with exposure to varying concentration of inhibitor 1 for
24 hours. At lower concentrations (2.5 mM) we observed cell straightening, and at higher
concentrations (>4.5 mM) cell growth was inhibited. To better quantify subtle differences in
shape, we used H. pylori strain KBH19 (a derivative of the human isolate G27),%6 which has
higher intrinsic cell curvature than J99. We performed a time course of exposure at 2.1 mM
inhibitor 1 using phase contrast microscopy coupled with quantitative image analysis of
100-200 cells at each time point using CellTool. By 10 hours (four doublings) the entire
culture showed nearly straight morphology in the presence of inhibitor 1 (Figure 5A-B). A
histogram showing the fractional cell population as a function of side curvature shows the
loss of curvature after 10 hours of treatment with 2.1 mm inhibitor 1 in comparison to
untreated cells (Figure 5C, p<0.00001). A histogram of a time course of the treatment shows
that the cell morphology of the untreated population shifts toward lower curvature as the
bacteria approach stationary phase (Figure S10A), but even after 2.5 hours (approximately
one doubling time) inhibitor 1 treated cells show a significantly higher proportion of cells
with lower curvature than untreated cells. This effect becomes more pronounced at
subsequent time points (Figure S10B, K-S statistics for comparison of untreated to treated
samples at 2.5 hours, p = 0.044; 5, 7.5, and 10 hours, p<0.00001). The observation of cell
straightening indicates that the polar inhibitor is able to cross the outer membrane and reach
the peptidoglycan layer in the periplasm where it acts to inhibit Csd4. The cause of the
growth inhibition due to inhibitor 1 is not clear, as deletion of Csd4 is not lethal to H.
pyloritl It is possible that at these concentrations, it can cross the inner membrane and
inhibit the cytosolic meso-Dap adding ligase (MurE) that is required for peptidoglycan
biosynthesis.3!

A similar study was performed with C. jejuni81-176 cells. Unlike H. pylori, which is not
encapsulated, wild type C. jejuniis coated with a carbohydrate capsule that provides an
additional barrier to polar compounds. For this reason inhibitor 1 was tested against both the
wild type and the acapsular mutant strain C. jejuni AkpsM. The kpsM gene encodes an ATP-
binding cassette transporter protein required for the transport of capsular polysaccharide
across the inner membrane. C. jejuni cells were grown in both the presence and the absence
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of varying concentrations of inhibitor 1 and visualized using DIC microscopy. Similar to the
observations with H. py/ori, cell straightening was observed after 24 hours of incubation
with a maximal effect at a concentration of 2.3 mM (Figure 6A, 81-176 and 7D, AkpsM). At
higher concentrations of inhibitor 1 (>4.5 mM), growth inhibition was observed. Cell
straightening was more pronounced with the C. jejuni AkpsM strain than with the wild type,
indicating that the presence of a capsule hindered the ability of the inhibitor to cross the
outer membrane. Scatter plots of side curvature vs. axis length (Figures 6B, 81-176 and 6E,
AkpsM) as well as histograms of fractional cell population as a function of side curvature
(Figure 6C, 81-176 and 6F, AkpsM) confirm that the cell straightening was statistically
significant. Similar effects were also seen with the C. jejuni strains 11168-O and 81116 (data
not shown). The effects were less pronounced in C. jefunias compared to H. pylori,
particularly in the case of the wild type strain. This is evident from the smaller magnitudes
of the shift in the maximal fractional cell populations in the histograms. Nevertheless, it is
clear that inhibitor 1 is promoting cell straightening in these bacteria, indicating that this
compound is also active against the Pgp1 carboxypeptidase.1® The reduced magnitude of the
effect between the two species may be due either to a lower affinity to Pgpl as compared to
Csd4, or to difficulties in crossing the outer membrane in C. jejuni strains, which have a
different LPS structure.

DISCUSSION

This study describes the design and synthesis of a phosphinic acid-based inhibitor against
the cell shape determinant enzyme Csd4 from H. pylori. The inhibitor is an acetylated 7s0-o-
Glu-meso-Dap pseudopeptide in which a phosphinic acid replaces the peptide bond in order
to mimic the tetrahedral oxyanion intermediate. The inhibitor was found to bind with a K;
value of 1.5 pM, which is markedly lower than the Kj, value of 112 pM for the tripeptide
substrate. Crystallographic analysis of the enzyme-inhibitor complex showed that the
inhibitor bound in the carboxypeptidase active site, as one would expect for a competitive
inhibitor.

Structures of the tripeptide substrate complex and the inhibitor 1 complex with Csd4 provide
snapshots of the Michaelis complex and the tetrahedral intermediate complex, respectively.
Together these structures provide strong support for the "promoted-water pathway"
mechanism proposed by Christianson and Lipscomb for carboxypeptidase A.19:20 |n this
mechanism, the zinc ion serves to acidify a bound water molecule but does not coordinate to
the substrate amide (Figure 1B). Instead, Arg86 serves to activate the carbonyl for attack.
Glu222 deprotonates the water and the resulting hydroxide attacks the scissile amide bond to
form the tetrahedral intermediate. As the tetrahedral center is formed, the incipient oxyanion
rotates into coordination with the metal so that bidentate coordination results. Such a
rotation could help to explain why slow binding kinetics were observed with inhibitor 1, as
the free enzyme adopts a slightly different conformation than the complex with the
tetrahedral intermediate. Arg86 and Glu222 provide further stabilization of the tetrahedral
intermediate. Finally, collapse of the tetrahedral intermediate is facilitated by protonation of
the departing meso-Dap amine by Glu222.
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Gene deletion and active site disruption mutants have demonstrated that Csd4 activity is
responsible for maintaining the helical shape of H. pylorithat is required for motility and
colonization.11:16 This suggests that a Csd4 inhibitor could induce cultures of H. pylorito
adopt a straight rod phenotype and thereby dramatically reduce pathogenicity. Our results
have shown that inhibitor 1 has a pronounced effect on the shape of cultured H. py/oriand
results in significant cell straightening when present in millimolar concentrations. The
requirement of a concentration that is higher than the K; value likely reflects the need of the
highly polar compound to cross the outer membrane. Straightening was also observed with
C. jejuni cells at similar inhibitor concentrations, and the effects were more pronounced with
an acapsular strain. This indicates that inhibitor 1 also targets Pgpl and that polysaccharide
capsules retard the ability of the compound to enter the cell.

This study represents the first usage of an inhibitor to directly target cell shape determining
enzymes in helical bacteria. Perhaps the most closely related work involves the development
of inhibitors against the bacterial cytoskeleton analogs MreB and FtsZ. MreB is the
prokaryotic version of actin, and inhibitors that interfere with the controlled polymerization
of this protein can cause normally rod-shaped bacteria to assume a spherical shape.32-38
FtsZ is the prokaryotic version of tubulin, and inhibitors that interfere with its ability to self-
assemble halt bacterial cell division and result in filamentous undivided cells.3945 It has
also been reported that inhibitors of peptidoglycan biosynthesis/degradation such p-lactams
and lytic transglycosylase inhibitors can result in spheroplast formation and ultimately cell
death.46-48

The demonstration that hydrophilic small molecules can cross the outer membrane and
cause cell straightening in pathogenic helical bacteria suggests that Csd4 is a novel target for
antibiotic development. Further work will involve the synthesis of more potent versions of
Csd4 inhibitors, such as phosphonic acids and phosphonamic acids that often bind more
tightly than the corresponding phosphinic acids, presumably due to the presence of an
additional hydrogen bond.23:2449 Sych compounds are predicted to demonstrate activities at
more physiologically relevant concentrations.

MATERIALS AND METHODS

General

Chemicals were purchased from Aldrich Chemical Co., Alfa Aesar Co. or Fisher Scientific
and used without further purification unless otherwise noted. lon exchange resin AG-1X8
was purchased from Bio-Rad Laboratories and Amberlite IR-120H resin was purchased
from Aldrich Co. CH,Cl,, MeOH and TEA were distilled under Ar from CaH,. 1H NMR
and proton-decoupled 3P NMR were recorded on a Bruker AV400dir spectrometer or a
Bruker AV400inv spectrometer at field strengths of 400 MHz and 162 MHz, respectively.
Mass spectrometry was performed by electrospray ionization (ESI-MS) using an Esquire LC
mass spectrometer. Neutral compounds were detected as positive ions and negatively
charged compounds were detected as negative ions. Recombinant H. pylori Csd4 and
Corynebacterium glutamicum DAPDH were overproduced in Escherichia coli and purified
as described previously.16
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Synthesis of Inhibitor 1

Compound 3—Compound 2 (1.54 g, 4.6 mmol) was added to 20 mL anhydrous benzene
in a round bottom flask. To the resulting suspension, cupric acetate monohydrate (208 mg,
1.2 mmol) was added. The mixture was stirred for 1 h at rt under argon. Fresh lead
tetraacetate (4.1 g, 9.2 mmol) was then added and the reaction was allowed to stir for
another 1 h at rt. The reaction was heated to reflux overnight under argon. After filtering
through celite, the filtrate was diluted with EtOAc and washed three times with water and
one time with brine. Then the organic layer was dried with MgSQO,. After filtration, the
filtrate was concentrated under reduced pressure. Further purification with flash
chromatography (silica, 10:1 Hexane:EtOAc) gave 450 mg (33 %) compound 3 as a
colorless oil. 1H NMR (400 MHz, CDCls) § 7.49 - 7.29 (m, 5H), 5.90 (m, 1H), 5.35 (d, J=
17.0 Hz, 1H), 5.25 (d, /= 10.4 Hz, 1H), 5.13 (s, 2H), 3.45 (m, 1H), 1.47 (s, 9H). MS (ESI)
(m/z) 314.3 [M+Na]™.

Compound 7—Ammonium hypophosphite (350 mg, 4.2 mmol) and triethylborane (1.0 M
in THF, 2.8 mL) was added to compound 3 (400 mg, 1.4 mmol) in MeOH (20 mL). The
solution was stirred for 3h, then evaporated to dryness under reduced pressure. The resulting
residue was dissolved in aqueous KHSO,4 (1.0 M, 10 mL) and was extracted with EtOAc (3
x 50 mL). The combined organic phases were dried over anhydrous Na,SO,4. Removal of
the solvent /n vacuo gave compound 4 as a colorless oil, which was used in the next step
without further purification.

A mixture of crude compound 4 (330 mg) and hexamethyldisilazane (640 mg, 4.0 mmol)
was heated for 1 h at 110 °C under argon. Compound 5 (300 mg, 0.70 mmol) was then
added. The resulting mixture was heated for 3 h at 90 °C. After cooling to 70 °C, the
reaction was quenched with MeOH (10 mL). The resulting solution was evaporated to
dryness /n vacuo, then extracted with a NaHCO3 solution (10%, 15 mL) and diethyl ether
(10 mL). The aqueous phase was separated, and extracted with EtOAc (3 x 50 mL). The
combined organic phases were dried over anhydrous NaySQy, filtered, and the solvent was
removed under reduced pressure to give crude compound 6 as a yellow oil (215 mg). This
oil was used in the next step without further purification.

Crude compound 6 (400 mg) and 1-adamantylbromide (235 mg, 1.2 mmol) were dissolved
in chloroform (20 mL). This solution was heated to reflux. Silver oxide (4 x 140 mg, 2.4
mmol) was added in a quarter portion each time, over 40 min. This solution was refluxed for
an additional hour. The solvent was removed /n vacuo and the residue was suspended in
diethylether and filtered through celite. The filtrates were concentrated. The residue was
purified by column chromatography using chloroform/methanol (9.6:0.4) as eluent.
Compound 7 was obtained as a colorless foamed gum (mixture of four diastereomers, 265
mg, 0.286 mmol, 25%). 1H NMR (400 MHz, CDCl3) § 7.52 - 7.28 (m, 10H), 5.10 (s, 4H),
4.40 - 4.05 (m, 2H), 2.26 — 2.02 (m, 15H), 1.75 - 1.40 (m, 35H), 1.34 — 1.24 (m, 3H), 1.05
- 0.81 (m, 2H). 3P NMR (162 MHz, CDCls) § 50.76, 50.32, 50.19. MS (ESI) (m/z) 947.8
[M+Na]*.
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Compound 8—To a solution of compound 7 (260 mg, 0.28 mmol) in MeOH (20 mL) was
added Pd/C (10%, 50 mg). The resulting mixture was stirred under hydrogen gas (1 atm) for
5 h, and then filtered through celite. The filtrate was evaporated /n vacuo and dried under
reduced pressure to give a colorless oil (210 mg).

The oil was dissolved in an aqueous solution of acetic acid (0.1 M, 20 mL). Acetic
anhydride (285 mg, 2.8 mmol) was added dropwise and the pH was adjusted to 6 by the
addition of triethylamine. The resulting solution was stirred for 10 min and was acidified to
pH 2 by the addition of Amberlite IR-120H ion exchange resin. Filtration and removal of the
solvent /n vacuo gave a colorless oil as crude. The oil was purified by silica gel
chromatography (5% MeOH in chloroform) and gave compound 8 as a colorless oil (mixture
of four diastereomers, 114 mg, 0.19 mmol, 68%). *H NMR (400 MHz, CDCl5) & 6.60

- 6.52 (m, 1H), 4.58 — 4.41 (m, 2H), 2.20 — 2.06 (m, 21H), 2.05 - 2.01 (s, 3H), 2.02 (s, 3H),
1.87 - 1.37 (m, 35H). 3P NMR (162 MHz, CDCls) § 54.30, 52.82. MS (ESI) (m/z) 741.6
[M-H]".

Inhibitor 1—Compound 8 (141 mg, 0.19 mmol) was dissolved in TFA (9.5 ml)/H,0 (0.5
ml). The resulting solution was stirred for 3 h at rt, and then the solvent was evaporated /n
vacuo. The residue was redissolved in H,O (2.0 ml) and the pH of the solution was adjusted
to 8 by adding NaHCO3 (0.5 M). This was loaded onto a column of AG 1-X8 resin (formate
form, 100-200 mesh, 5 ml). The column was washed with water (50 ml) and formic acid
(0.1 M, 50 ml; 0.5 M, 50 mL) and then was eluted by formic acid (4.0 M, 100 ml). The
fractions containing the compound were combined and evaporated to dryness /n vacuo to
give inhibitor 1 as a colorless oil (mixture of two diastereomers in a 54:46 ratio, 42 mg,
0.106 mol, 56%). 1H NMR (400 MHz, MeOD) § 4.44 (s, 2H), 2.22 - 2.08 (m, 3H), 2.03

- 2.00 (m, 2H), 2.00 (s, 3H), 2.00 — 1.91 (m, 4H), 1.82 = 1.70 (m, 4H). 3P NMR (162
MHz, MeOD) & 29.50, 28.24. MS (ESI) (m/z) 395.3 [M-H]".

Enzyme Kinetics—Csd4 activity with the tripeptide substrate was monitored using a
continuous coupled assay that involves m-Dap dehydrogenase (DAPDH) and NADP. The
production of NADPH occurred during the oxidation of /m-Dap by DAPDH, and the rate of
tripeptide substrate hydrolysis was followed by monitoring the increase in absorbance at 340
nm using a Cary300 UV-Vis spectrophotometer. All kinetic assays were performed at 30 °C
in 100 mM phosphate buffer (pH 6.5) in the presence of 500 mM NaCl and 2.5 mM NADP.
The concentration of Csd4 and DAPDH were set to 3.0 pM and 10.0 uM, respectively. The
concentration of ZnCl, was fixed to 30 uM. Assay mixtures were pre-incubated at 30 °C for
10 — 15 min, and then initiated by addition of the substrate at different concentrations. A
non-linear lag associated with the coupled assay was observed in the first 5 min, therefore
the initial velocity data was measured based on the slope of the linear plot after 5 min (6 —
20 min) using Microsoft Office Excel 2013. The initial rates measured in this manner were
found to be linearly dependent on the concentration of Csd4, indicating the assay was
efficiently coupled. Each data point in the Csd4 substrate concentration vs. initial velocity
plot was calculated from the average of triplicate assays. The data were fitted by GraphPad®
software using a non-linear fit program, and the Kinetic parameters were determined based
on this fit.
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In the inhibition assay, the initial velocity was monitored in the presence of inhibitor 1 at
several concentration levels. The concentration of all the components is consistent with the
activity assays. The pH and temperature of the solution were also kept identical. Initial assay
attempts run without preincubation of enzyme and inhibitor showed non-linear initial
velocities that decreased with time, as expected for a slow binding inhibitor. A 20 minute
preincubation of enzyme and inhibitor was sufficient to produce linear initial velocities,
indicating that binding equilibrium had been reached. The inhibitor was therefore added to
the mixture (without the tripeptide substrate), and pre-incubated for 20 min prior to initiating
the reaction by the addition of the tripeptide substrate. The initial velocity values were
calculated from the linear slope between 5 — 20 min after initiation using Microsoft Office
Excel 2013. The data were collected at inhibitor concentrations of 0 uM, 2.0 uM, 5.0 uM
and 10.0 uM in triplicate. For each data point the concentration of free inhibitor (/) was
corrected using equation 1 as described by Singh et a/. for situations in which enzyme and
inhibitor concentrations are similar.39 The data were globally fitted to a Dixon equation for
competitive inhibition and the error was calculated used a Maximum Likelihood Estimation
(MLE) analysis.>0

r=I-(1-Vy'/Vo)E: Eq1

Crystallization and Structure Determination—Csd4 was crystallized in the 212121
space group with a reservoir solution containing 13-18% PEG 3350, 15 uM Tris pH 8 and
0.4 M sodium iodide by hanging drop vapor diffusion. Crystals were grown for
approximately two weeks to reach a sufficient size. The inhibitor-bound structure was then
obtained by sequentially soaking crystals of Csd4 in freshly prepared well solution with 1.6
mM ZnCl, and PEG 3350 in increments of 3% up to 28% (~5 min per step) followed by the
addition of an equal volume of 28% PEG 3350 soaking solution supplemented with 2 mM
inhibitor for 80 min. These crystals were then briefly soaked in cryoprotectant consisting of
25% (v/v) ethylene glycol prepared with soaking solution and flash frozen. A native 0.9796
A wavelength dataset to 1.9 A resolution was collected at 100 K at the Canadian Light
Source CMCF-BM Beamline and processed using XDS.5! The structure factors were
directly refined against our apo-Csd4 crystal structure (PDB ID: 4WCK) using PHENIX and
manually completed using Coot (Table S1).52:53 The structure has excellent stereochemistry
with 97.1% of residues in the favored region of the Ramachandran plot and no outliers. The
atomic coordinates for the inhibitor-bound crystal structure Csd4 are available in the
Research Collaboratory for Structural Bioinformatics Protein Databank under PDB ID:
5D2R.

Inhibitor testing with H. pylori—H. pylori strains J99 and KBH19 were used in this
study. J99 was isolated from a patient in the USA with a duodenal ulcer.>* KBH19 is a
derivative of human clinical isolate G27 with three tandem copies of the FLAG tag at the C-
terminus of Csd4,16:55

KBH19 was grown at 37 °C in a Sanyo tri-gas incubator (10% CO,, 10% O, from air,
balanced with N,). KBH19 was first grown up on horse blood agar plates supplemented with
vancomycin (10 pg/mL), polymyxin B (2.5 U/mL), and amphotericin B (8 pg/mL). This
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culture was used to inoculate liquid Brucella broth (BD Biosciences) with 10% fetal bovine
serum (FBS; Gibco) with no antibiotics (BB10). This culture was back-diluted after 5-7
hours and grown overnight to reach an ODggg of 0.4.

For inhibitor testing, the overnight KBH19 culture was diluted in BB10 to ODgq reading of
0.1 and 120 pL was added per condition to a 96 well plate. 50 mM inhibitor 1 stock was
added to yield final concentrations of 2.1 mM, 4.2 mM, and 8.3 mM. A 120 uL well was left
untreated as a control. KBH19 growth was inhibited at 4.2 mM and 8.3 mM inhibitor 1.
Cultures were left shaking for 10 hours and 2 pL from each condition was imaged on
agarose pads every 2.5 hours. 2 mm-thick agarose pads were made with 2% low melting
point agarose (Invitrogen) dissolved in either Dulbecco’s phosphate buffered saline (Gibco)
or in water with 10% FBS and 2.8% (w/v) Brucella broth powder to mimic BB10. Cells
were spotted on the agarose pad, allowed to sit briefly, then covered with a coverslip and
sealed with VALP (1:1:1 Vasoline:lanolin:paraffin). Cells were imaged by phase contrast
microscopy with a 100x oil immersion objective using a Nikon TE200 microscope, a Nikon
CoolSnap HQ CCD camera, and MetaMorph software (MDS Analytical Technologies).

Phase contrast images for cells grown at 2.1 mM and the untreated control were thresholded
using ImageJ and debris was removed manually. These thresholded images were
quantitatively analyzed using Celltool (as previously described).12:56 Side curvature and axis
length was measured for 200-200 cells. Komolgorov-Smirnov statistics were calculated to
ascertain whether the side curvatures of the treated and untreated cells at each time point
were significantly different.1! P-values less than or equal to 0.05 were considered to be
significant.

Inhibitor testing with C. jejuni—The wild type C. jejuni 81-176 strain isolated from a
diarrheic patient was used in this study,®’ as well as an acapsular AkpsM mutant strain
constructed in the 81-176 background strain.>® C. jejuni strains were grown at 38 °C in
Mueller-Hinton (MH; Oxoid) broth or on 8.5% (w/v) agar plates supplemented with
vancomycin (V, 10 pg/mL) and trimethoprim (T, 5 pg/mL) under microaerobic conditions
(6% O, 12% CO5) in a Sanyo tri-gas incubator for plates or using the Oxoid CampyGen
system for broth cultures. Growth media was supplemented with kanamycin (50 ug/mL) for
the AkpsM mutant strain, where appropriate.

For inhibitor analysis, C. jejuni strains were streaked from fresh plate cultures and grown for
5-7 h. They were harvested in MH-TV broth and inoculated at an ODggg of 0.002 into MH-
TV broth and grown shaking for 18 h. Strains were subcultured to an ODggq of 0.0002 to
give approximately 1x10% CFU/mL and 50 pL was added to a microtitre plate containing 5
uL of doubling dilutions of inhibitor (final inhibitor concentrations of 4.5 mM to 0.07 mM)
and 5 pL of water was used as the control. Cell morphology was monitored by DIC
microscopy (described below) over 24 h. At 24 h, changes in cell morphology were
quantified by CellTool analysis on images from DIC microscopy (described below).
Experiments were carried out in triplicate with three biological replicates.

Microscopy and Shape Analysis—DIC microscopy was carried out on 1 pL of a broth
immobilized on a thin 1% agar (w/v in H,0) slab and overlaid with a cover slip. Images
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were captured with a Nikon Eclipse TE2000-U microscope and a Hamamatsu Orca camera
system. For shape analysis, several images were taken for each sample (with a sample size
of 350-900 cells) and were thresholded using Phototshop with debris being removed
manually. The CellTool software package was used to compare side curvature and central
axis length of bacteria in the images as described.12 Komolgorov-Smirnov statistical
comparisons were used to determine whether there was a significant difference in side
curvature and axis length between the strains.11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Peptidoglycan trimming and the reaction catalyzed by Csd4. The inset shows the

structure of meso-Dap. B) The proposed catalytic mechanism for the Csd4 reaction.
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Figure 2.
Comparison of structures of Csd4 in complex with a A-acetyltripeptide substrate and

inhibitor 1. A) The structure of A-acetyltripeptide complexed with Csd4 (produced using
PDB ID: 4WCN). The substrate carbon atoms are in dark grey; selected Csd4-substrate
interactions are shown as yellow dotted lines; zinc ligands are colored purple; carbon atoms
of residues interacting with the tripeptide are colored white; the predicted catalytic water is
red; zinc is grey. B) Structure of the Csd4-inhibitor 1 complex. The bound inhibitor (carbon
atoms in blue) with key active site residues are highlighted. Carbon atoms of selected amino
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acid residues that interact with the inhibitor are shown in teal. C) Superposition of the
structures of Csd4 with bound substrate and inhibitor 1. The substrate, inhibitor 1 and zinc
ligands are shown as in panels A and B. D) Top, the initial omit ~,—F, map contoured at 3.5
o prior to modelling of the inhibitor, and below, the final refined 2 ~,—F, map of the inhibitor
contoured at 1.5 o. In both maps, the final refined inhibitor model is included for
visualization purposes. The (S)-configuration of the inhibitor stereocenter that is closest to
the phosphinate is labeled. In all panels, oxygen, nitrogen and phosphorus atoms are shown
in red, blue and orange, respectively.
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Figure 3.
A metal-coordinated tetrahedral intermediate and the corresponding phosphorous-based

inhibitors.
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Figure 4.
A Dixon plot showing the inhibition of Csd4 by inhibitor 1. The value of [I'] was adjusted to

account for enzyme-bound inhibitor.30
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Figureb.
Inhibitor 1 alters H. pylori cell shape. A) Phase contrast images of H. py/lori (KBH19)

treated for 10 hours without (blue, left) or with 2.1 mM inhibitor 1 (red, right). B)
Scatterplot of 100-200 cell contours per condition from phase contrast images of cells
grown for 10 hours with 2.1 mM inhibitor 1 (red) or without (blue). Axis length is plotted on
the x-axis and side curvature is plotted on the y-axis. C) Smooth histogram of population
side curvature values for cells treated for 10 hours without (blue) and with 2.1 mM inhibitor
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1 (red). Treated cells have significantly lower side curvatures than u——ntreated cells
(p<0.00001).
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Figure®6.
C. jejuniwild type 81-176 and AkpsM show cell straightening in the presence of inhibitor 1.

DIC microscopy images of C. jefuni81-176 (A) and the acapsular AkpsM (D) without
inhibitor (left) and treated with 2.3 mM inhibitor for 24h (right). Scatter plots arraying cell
length (x-axis, um) and side curvature ()~axis, arbitrary units) for 81-176 (B) and AkpsM
(E) grown for 24 h with and without inhibitor 1. Each contour represents the morphology of
a single cell from a 1000x DIC image as determined using CellTool software. Smooth
histograms displaying population side curvature (x-axis, arbitrary units) as a density function
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()~axis) for 81-176 (C) and AkpsM (F) grown for 24 h with and without inhibitor 1.
Kolmogorov—Smirnov statistical comparisons of population cell side curvature distributions
indicate that treated cells have significantly lower side curvatures than untreated cells (81—
176, p<0.00001; AkpsM, p<0.00001, with p<0.05 indicating significance).
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Scheme 1.

The synthesis of inhibitor 1.
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