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CMP-Pseudaminic Acid is a Natural Potent Inhibitor of PseB, the First
Enzyme of the Pseudaminic Acid Pathway in Campylobacter jejuni and

Helicobacter pylori

David J. McNally,* lan C. Schoenhofen, R. Scott Houliston, Nam H. Khieu, Dennis M. Whitfield, Susan M. Logan,

Harold C. Jarrell, and Jean-Robert Brisson®
Campylobacter jejuni is the leading cause of bacterial gastroen-
teritis worldwide and a significant cause of child morbidity in
underdeveloped countries. There is also evidence linking C.
jejuni infections to the development of Miller Fisher and Guil-
lain-Barré neuropathies, the latter being the primary cause of
neuroparalysis since the eradication of polio."’ Approximately
two-thirds of the world’s population is infected with Helico-
bacter pylori/® which is a major etiological agent of gastroduo-
denal disease and the only bacterium associated with cancer.””
As a result of the prevalence of infections caused by these
pathogens and the increase in antibiotic resistant strains, novel
therapeutics are urgently needed.

Glycan biosynthetic pathways in bacteria are attractive ther-
apeutic targets as many of these glycans are associated with
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cell-surface virulence factors and are unique to prokaryotes. C.
jejuni and H. pylori decorate their flagella extensively with the
sialic acid-like sugar 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glyc-
ero-a-L-manno-nonulosonic acid or pseudaminic acid (Pse)."™®
Recently, C. jejuni was shown to decorate its flagellin with a
number of structurally related nonulosonate derivatives as
well.” O-linked flagellin glycosylation with Pse is necessary for
proper assembly of flagellar filaments, bacterial motility, coloni-
zation, and hence virulence. Agents that interfere with Pse pro-
duction may therefore offer therapeutic potential. Recently, we
identified six Pse biosynthesis enzymes (PseB, C, H, G, |, F,
Figure 1) which constitute the complete CMP-Pse biosynthetic
pathway starting from UDP-a-p-GIcNAc (1).%® The initial
enzyme, PseB, is considered unique as it is a 4,6-dehydratase/
HO ¢y, 3
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Figure 1. PseB catalyzed reactions with respect to the CMP-Pse and UDP-a-p-QuiNAc4NAc biosynthetic pathways.®® 1, UDP-a-p-GlcNAc; 2, UDP-2-acetami-
do-2,6-dideoxy-f-L-arabino-hexos-4-ulose; 2', gem-diol form of 2; 3, UDP-2-acetamido-2,6-dideoxy-0-b-xylo-hexos-4-ulose; 3', gem-diol form of 3, 4, CMP-

pseudaminic acid.
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5-epimerase that converts 1 to UDP-2-acetamido-2,6-dideoxy-
B-L-arabino-hexos-4-ulose (2). By using 'HNMR as a real-time
analytical probe to continuously follow the PseB reaction, it
can be shown that upon accumulation of 2, PseB catalyzes an
additional C5 epimerization forming UDP-2-acetamido-2,6-di-
deoxy-a-b-xylo-hexos-4-ulose (3) (Supporting Information Fig-
ure $1).%% In C. jejuni, 3 is used to make 2,4-diacetamido-2,4,6-
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trideoxy-a-p-Glc  (a-p-QuiNAc4NAc) which is an important
component of the N-linked glycan that modifies over 30 pro-
teins in this bacterium.'” A control experiment confirmed that
PseB is responsible for this additional C5 epimerization as 3
was never observed to be produced from 2 in solution when
PseB was absent (not shown). This finding supports a metabo-
lomics study that observed the accumulation of UDP-a-b-Qui-
NAc4NAc within a pseC mutant that suggested cross-talk be-
tween the Pse and a-p-QuiNAc4NAc pathways via PseB.” The
dependence of O-linked flagellin glycosylation on PseB, and its
possible contributions to other carbohydrate biosynthetic
pathways make PseB a prime therapeutic target. Inhibition of
PseB with a small molecule therefore presents an opportunity
to pharmaceutically control infections caused by C. jejuni and
H. pylori.

Mapping the dynamic interactions of a targeted protein
with its ligand and potential inhibitors can facilitate the devel-
opment of new inhibitors. Saturation transfer difference (STD)
NMR is now widely used for studies examining the binding of
carbohydrates to proteins."'® STD NMR relies on the principle
that when signals from a protein are selectively irradiated, li-
gands in exchange between the bound and the free forms will
also become saturated. Subtraction of spectra acquired with-
out protein irradiation reveals binding epitopes."™ STD NMR is
rapid, easy to implement, does not require isotope labeling of
the protein or excessive quantities of protein, and qualitative
interpretation of the spectra is straightforward.""'*'

As an initial step towards the development of a small molec-
ular inhibitor, binding epitopes were determined for PseB by
monitoring the reaction directly in an NMR tube (13°C) with
proton and STD experiments at regular intervals (Figure 2). For
1, the largest saturation transfer occurred at H1 of ribose indi-
cating its close proximity to the protein. Substantial STD ef-
fects were also observed for ribose H4 and H5/5’, and for uracil
H5 and H6. GIcNAc sugar ring resonances exhibited the lowest
saturation transfer suggesting that it is farthest from the pro-
tein. As the UDP-hexos-4-ulose sugars 2 and 3 rapidly convert
to their gem-diol forms in solution,” STD signals were only ob-
served for 2’ and 3'. As is the case for 1, the largest amount of
saturation transfer for 2’ and 3’ occurred at ribose H1 followed
by uracil resonances, whereas the sugar ring signals showed
the lowest STD effect (Supporting Information Figures S2 and
S3). Interestingly, we observed deuterium labeling at the H5
position of 2, as indicated by the singlet signal for H6, and no
deuterium labeling at H6 (Supporting Information Figure S2).
This finding conflicts with the reaction mechanism reported for
PseB where it would be expected to see deuterium labeling at
H6 but not at H5 as NADPH was proposed to protonate the 5
position."® Our NMR findings indicate that the PseB reaction
mechanism more closely resembles that described for RmlB,
which is a 4,6-dehydratase from the r-rhamnose pathway in
Salmonella enterica."” Resonances originating from the 2-acet-
amido-2,6-dideoxy-a-p-xylo-hexos-4-ulose sugar ring of 3’
showed the smallest STD effect compared to those for 1 and
2’ indicating a minimal amount of interaction with PseB. This
finding is consistent with 3 being an end product of the PseB
reaction that accumulates with no further conversion to anoth-
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Figure 2. Examination of the PseB reaction (13 °C, Time 0 h) with STD NMR
(600 MHz, 'H) showing binding epitopes for UDP-a-p-GIcNAc (1) (8% H,0/
92% D,0, 25mm NaPO,, 25mm NaCl, pH 7.3, 9.2mm 1, 530 pg or 46 um
PseB, substrate:protein 200:1). a) STD NMR spectrum (2 s saturation,

512 scans). b) Proton reference spectrum (16 scans). U represents uracil and
R is ribose. STD effects for R2/3 and R5/5" were calculated together because
of overlap of these resonances.

er product (Supporting Information Figure S1). Based on these
STD NMR results, it was concluded that the nucleotide group
in 1, 2, and 3’ is the key binding epitope for PseB. STD NMR
experiments aimed at examining the interaction between PseB
and UDP or GIcNAc-1-phosphate substantiated this hypothesis
as UDP interacted strongly with the enzyme whereas GIcNAc-
1-phosphate did not (Supporting Information Figures S4 and
S5).

During the recent characterization of the CMP-Pse biosyn-
thetic pathway, we observed a sharp decrease in PseB activity
following the accumulation of CMP-Pse that suggested it was
a natural inhibitor.® Furthermore, UDP-a.-p-Gal and UDP were
reported to completely inhibit the PseB reaction."® To investi-
gate these putative inhibitors, they were first assayed in a dose
dependent manner with PseB (Supporting Information Fig-
ure S6). Our findings do not support the literature as UDP-a-p-
Gal did not inhibit PseB, even when assayed at five times
higher concentration than 1. UDP only moderately inhibited
PseB. In contrast, CMP-Pse is a potent inhibitor that completely
inhibited the PseB reaction at very low concentrations
(100 um). From the double reciprocal plot shown in Figure 3, 4
was concluded to be a competitive inhibitor (K(@app) =18.7 um)
that competes directly with 1 for the active site of PseB.
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Figure 3. Double reciprocal plot for initial PseB reaction rates versus UDP-a.-
D-GIcNAc concentration in the presence of O pum (square), 5um (triangle), or
10 um (circle) CMP-Pse. As can be seen from this kinetic analysis, CMP-Pse is
a competitive inhibitor of PseB.

To characterize PseB inhibition by 4 at the molecular level,
STD NMR was used to determine binding epitopes (Figure 4).
Similar to 1, 2, and 3’, the largest saturation transfer for 4 oc-
curred at H1 of ribose. H5 and H6 of cytosine also experienced
large STD effects whereas the sugar ring and exocyclic chain
(H7, H8, and H9) resonances received the lowest amount of
transfer. Interestingly, STD signals for 4 were less intense com-
pared to those for 1, 2', or 3'. This observation is consistent
with 4 being an efficient inhibitor of PseB as high affinity li-
gands undergo slower chemical exchange (lower k) leading
to diminished STD signals."” Attempts to determine the bioac-
tive conformation of 4 bound to PseB using transferred NOESY
(tr-NOESY) experiments were not successful, even at lower
ligand-to-protein ratios (10:1, 2:1) as only positive NOEs origi-
nating from free 4 were observed (not shown). This finding
was not unexpected as tr-NOEs are usually only observed for
systems where exchange between the free and bound states
of the ligand is fast on the NMR relaxation time scale.">' As a
control, identical STD and tr-NOESY conditions were used to
determine binding epitopes and tr-NOEs for UDP-a-p-Gal (Sup-
porting Information Figures S7 and S8). The UDP-a-b-Gal/PseB
system is a suitable model as UDP-a-b-Gal was shown to inter-
act with the active site of PseB."® According to our findings
however, UDP-a-b-Gal does not inhibit PseB and therefore the
rate of exchange would be faster compared to 4.

Based on the crystal structure reported for PseB,"® complete
relaxation and conformational exchange matrix (CORCEMA)
calculations and molecular modeling were used to validate the
STD NMR findings and to study 4 docked within the active site
of PseB. CORCEMA can be used to calculate STD NMR intensi-
ties for a ligand-protein complex if parameters such as correla-
tion times, saturated protein protons, exchange rates, and
spectrometer frequency are known.”” Based on CORCEMA cal-
culations, the largest transfer of saturation in 4 was predicted
to occur at H1 of ribose (100%) and H6 of cytosine (91%),
whereas the smallest was predicted to occur at H3eq (26 %)
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Figure 4. Mapping binding epitopes for CMP-Pse (4) with PseB using STD
NMR (600 MHz, 'H) (25°C, 3% H,0/97 % D,0, 25mm NaPO,, 25mm NaCl,
pH 7.3, 44mwm 4, 22.3 um PseB, substrate:protein 200:1). a) STD NMR spec-
trum (2 s saturation, 3000 scans). b) Proton reference spectrum (128 scans).
STD effects were not determined for R-2, R-3, R-4, R-5/5' or for 4-H4, 4-H5,
and 4-H6 because of spectral overlap that prevented accurate integration
measurements.

and H9 (25%) of pseudaminic acid (Supporting Information
Table S1). Discrepancies for observed and calculated STD inten-
sities are likely attributable to factors that are not taken into
account by the calculations such as internal motions of 4 and
anisotropic movement of the PseB/CMP-Pse hexameric com-
plex in solution. Superimposing the energy minimized models
for 1 (red) and 4 (blue) docked within the PseB active site re-
vealed conformational similarities for both ligands (Figure 5,
Supporting Information Figures S9 and S10). 1 and 4 were
found to have the same orientation and length within the
PseB active site. Furthermore, the location and conformation
of the pyrimidine rings and ribose sugars were nearly identical
for both ligands. Interestingly, the 1- and 4-a-phosphates, and
the 1-f-phosphate and 4-carboxylic acid group were found to
occupy similar space in close proximity to arginine 199 and ar-
ginine 252. One may infer that electrostatic interactions with
these negatively charged groups (yellow) stabilize 1 and 4
within the active site. Hydrophobic interactions may also stabi-
lize 4 within the active site as the acetamido methyl protons
located at the 5 and 7 positions of 4 were found to be proxi-
mal to the aromatic rings of tyrosine 135 and tryptophan 201,
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Figure 5. Energy minimized models for UDP-a-p-GIcNAc (1, red) and CMP-
Pse (4, blue) docked within the PseB active site. As can be seen, the pyrimi-
dine rings, ribose sugars, and negatively charged groups (yellow) of 1 and 4
occupy similar space. Models were constructed using the Autodock 3.0 soft-
ware and the coordinates deposited for the crystal structure of PseB."

respectively. CORCEMA calculations and molecular modeling
therefore validated STD NMR findings and supported the nu-
cleotide group as the key binding epitope.

Rational design strategies for a small molecule inhibitor may
consider incorporating a nucleotide group or mimic as our
findings show that it is the dominant binding epitope for PseB.
There is more opportunity for experimentation/optimization
with the carbohydrate moiety as PseB interacts with structural-
ly diverse nucleotide-activated hexoses (1, 2, UDP-a-b-Gal) and
a nonulosonate (4). Nonulosonates may offer optimized levels
of inhibition as the acetamido group located on the exocyclic
chain establishes additional contacts with active site residues.
Based on the fact that PseB is strongly inhibited by CMP-Pse, it
can be concluded that Pse levels are feedback regulated
within the bacterial cell and that PseB is a key control point for
Pse production which underscores the importance of this
enzyme as a therapeutic target. Regulation of CMP-Pse biosyn-
thesis in C. jejuni and H. pylori more closely resembles CMP-
sialic acid production (CMP-N-acetyl-neuraminic acid, CMP-
NANA) in eukaryotes, which is also feedback regulated,”" com-
pared to CMP-NANA production in E. coli which is controlled
by an aldolase.” Based on these findings and studies that
have uncovered feedback inhibited carbohydrate pathways in
other bacteria,”"* the sugar metabolome may be a valuable
source of lead compounds and useful information for the de-
velopment of small molecule inhibitors as antimicrobial thera-
pies.

Experimental Section

Recombinant H. pylori PseB was expressed and purified as previ-
ously reported.” STD NMR spectra were acquired at 13°C or 25°C
on a Varian (Palo Alto, U.S.A.) spectrometer at 600 MHz ('H) with a
cryogenically cooled probe. STD experiments were carried out
using an excess of ligand:protein (200:1) in buffered D,0 (8% H,0/
92% D,0, 25mm NaPO,, 25mm NaCl, pH 7.3). Saturation of PseB
resonances was achieved using a train of Gaussian-shaped pulses,
with bandwidths of 300 Hz centred at —1.0 ppm. Phase cycling

58 www.chemmedchem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was used to subtract reference spectra (pulses centered at
30 ppm) from those where PseB resonances were excited. STD
spectra were acquired using 2 s saturation time, a relaxation delay
of 2.5, an acquisition time of 1.9 s, and the number of transients
varied from 1024 to 3072. A spin-lock filter of 10 ms was used to
suppress the protein background. STD effects are reported as a
percentage of the resonance that received the largest absolute
amount of saturation transfer, which was normalized to 100%. Ab-
solute amounts of saturation transfer were determined for each
resonance by comparing the ratio of signal-to-noise (S/N) in the
STD spectrum to that in the proton spectrum. STD effects are re-
ported only for resonances where accurate integration measure-
ments could be obtained. Proton and STD spectra were referenced
to an internal acetone standard (dy=2.225 ppm). For enzyme ki-
netic analysis, 10 pg of PseB was incubated at 37°C in 200 uL of
25mm NaPO, buffer (pH 7.3, 25 mm NaCl) containing various quan-
tities of UDP-a-p-GIcNAc and CMP-Pse. An apparent K; value was
derived using 0.6mm UDP-a-b-GIcNAc measurements. Enzymatic
reactions were analyzed by capillary electrophoresis according to
Schoenhofen etal® Substrate concentrations and conversions
were determined using the molar extinction coefficients for UDP
(£260=10000) and CMP (g,50=7400). Kinetic plots were performed
using the GraphPad Prism 3 software (GraphPad Software Inc., San
Diego, U.S.A.). The Autodock 3.0 software was used to dock ligands
into the PseB monomer.*” Coordinates for PseB were extracted
from the X-ray structure reported for the PseB dimer."¥ Grid maps
were calculated at the PseB active site and a Lamarckian genetic al-
gorithm was used to perform 100 docking experiments with a
maximum number of 1.5x10° energy evaluations. Step sizes used
were 0.2 A for ligand translations, and 5° for ligand orientations
and tortions. Figure 5 shows the lowest energy conformation for
CMP-Pse docked within the PseB active site. Figures for molecular
models were generated using the Insight Il software (Accelrys, San
Diego, U.S.A.). Details for CORCEMA-ST theory and calculations are
described elsewhere.?” For CORCEMA calculations, the generalized
order parameter S* for intramethyl group relaxation was set to
0.25 whereas an S? of 0.85 was used for methyl-X relaxation; the
ligand concentration was 8mm; the ligand-to-protein ratio was
200:1; K,, was 10% K., was varied from 10° to 10° with 2x10°
giving the best fit compared to the experimental results (saturation
time 2 s). The correlation time of the free ligand was set to 0.3 ns,
whereas a correlation time of 80 ns was used for the PseB/CMP-Pse
complex (hexameric form). Calculated STD signal intensities were
evaluated as 100X [(/(0);—/(t))/1(0)]] with I(t); and /(0); corresponding
to the intensity of proton j with and without saturation transfer
during a saturation time t. Calculated relative saturation transfer in-
tensities are expressed as the ratio of the STD intensity of proton k
in the ligand to that of the ligand ribosyl H1.
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