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The x-ray crystallographic structure of selenomethio-
nyl cytosine-5'-monophosphate-acylneuraminate syn-
thetase (CMP-NeuAc synthetase) from Neisseria menin-
gitidis has been determined at 2.0-A resolution using
multiple-wavelength anomalous dispersion phasing,
and a second structure, in the presence of the substrate
analogue CDP, has been determined at 2.2-A resolution
by molecular replacement. This work identifies the ac-
tive site residues for this class of enzyme for the first
time. The detailed interactions between the enzyme and
CDP within the mononucleotide-binding pocket are di-
rectly observed, and the acylneuraminate-binding
pocket has also been identified. A model of acylneurami-
nate bound to CMP-NeuAc synthetase has been con-
structed and provides a structural basis for understand-
ing the mechanism of production of “activated” sialic
acids. Sialic acids are key saccharide components on the
surface of mammalian cells and can be virulence factors
in a variety of bacterial species (e.g. Neisseria, Hae-
mophilus, group B streptococci, etc.). As such, the iden-
tification of the bacterial CMP-NeuAc synthetase active
site can serve as a starting point for rational drug design
strategies.

Cytosine-5'-monophosphate-acylneuraminate synthetase (cyto-
sine-5’-monophosphate-N-acetyl neuraminic acid synthetase,
CMP-NeuAc synthetase)! catalyzes the penultimate step in the
addition of sialic acids to the oligosaccharide component of glyco-
conjugates and is a required component of sialylation pathways.
CMP-NeuAc synthetase-deficient mutants do not express sialy-
lated glycoconjugates and can be complemented with functional
CMP-NeuAc synthetase in both mammalian (1) and bacterial sys-
tems (2). Sialic acids participate in a myriad of signaling, recogni-
tion, and cell-cell adhesion phenomena in mammalian cells (3) and
are overexpressed in some highly malignant tumors (4). Genetic
disorders that lead to altered physiological levels of sialic acids have
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many consequences in humans and can be fatal (5). In bacterial
systems, sialic acids are less common and frequently have roles as
virulence factors (6). In Neisseria gonorrhoeae, sialylated glycocon-
jugates protect the organism from phagocytosis and increase serum
resistance (7). In Haemophilus ducreyi the presence of 2-keto-3-
deoxy-manno-octulosonate-containing glycoconjugates correlate
with the organism’s pathogenicity (8). Likewise, the sialylated cap-
sule of Neisseria meningitidis, Escherichia coli K1, and group B
streptococci are virulence factors (9—11). It has been suggested that
bacterial species produce sialylated glycoconjugates to mimic the
host and escape detection by the immune system (12). Clearly, the
mechanism of production of sialic acid-containing glycoconjugates
is of clinical interest. Although bacterial and eucaryotic CMP-
NeuAc synthetase enzymes share many catalytic properties, sev-
eral important differences have been reported, including substrate
specificity, tertiary structure, inhibitor sensitivity, and cellular lo-
calization (13). As a result, bacterial CMP-NeuAc synthetase en-
zymes can be targeted by rational drug design strategies.

CMP-NeuAc synthetase is also of considerable interest in the
field of biotechnology. In the presence of Mg?", CMP-NeuAc
synthetase utilizes CTP and acylneuraminate (NeuAc, a sialic
acid) as substrates and produces pyrophosphate and cytosine-
5’-monophosphate acylneuraminate (CMP-NeuAc or CMP-
NANA), an “activated” sugar nucleotide monophosphate
(Fig. 1) (14, 15). The reaction catalyzed by CMP-NeuAc synthe-
tase (and homologous enzymes) is unique in that sialic acid is
directly coupled to a cytosine monophosphate. All other acti-
vated sugar nucleotide synthetases use a phosphorylated sugar
substrate and produce a sugar nucleotide diphosphate (16).
Given the expense of chemically synthesizing CMP-NeuAc and
its instability, CMP-NeuAc synthetase together with various
sialyltransferases are valuable for the preparative enzymatic
synthesis of biologically relevant, sialylated oligosaccharides
(17). In turn, these sialylated oligosaccharides are used in
clinical medicine and are invaluable tools for the study of the
many processes that require sialic acids.

In this work, the refined x-ray crystallographic structures of
selenomethionyl CMP-NeuAc synthetase and CMP-NeuAc syn-
thetase in complex with the substrate analogue CDP (CMP-
NeuAc synthetase-CDP) are reported. The active site and sub-
strate binding sites for this class of enzyme are described in
detail for the first time, and a comparison of the two structures
indicates substrate binding is accompanied by significant con-
formational rearrangements within the active site.

EXPERIMENTAL PROCEDURES

Protein Purification—Recombinant CMP-NeuAc synthetase was
overexpressed in E. coli and purified using published protocols (18) with
modifications. Briefly we used a combination of anion-exchange on a
MonoQ column (Amersham Pharmacia Biotech) and gel filtration on a
Superose 12 column (Amersham Pharmacia Biotech). Selenomethionyl

This paper is available on line at http://www.jbc.org
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Fic. 1. The reaction catalyzed by CMP-NeuAc synthetase in
the presence of Mg?*. CMP-NeuAc synthetase specifically utilizes the
B anomer of NeuAc (a sialic acid) and CTP as substrates and produces
pyrophosphate and CMP-NeuAc, an activated sugar monophosphate
nucleotide. In turn, CMP-NeuAc is substrate for sialyltransferases that
add sialic acids to cellular glycoconjugates. Selected NeuAc and CTP
atoms are labeled with their corresponding number or Greek letter.

CMP-NeuAc synthetase was overexpressed in a methionine auxotroph
of E. coli (WA-834) grown in a defined medium containing 40 mg liter !
selenomethionine (19) and purified using the same protocol. All protein
samples were purified to homogeneity and were of the expected molec-
ular mass as judged by mass spectrometry and SDS-polyacrylamide gel
electrophoresis.

Crystallization and Data Collection—All crystals used in this work
were grown by vapor diffusion using hanging drops consisting of 3 ul of
protein stock (5.0 mg ml™' in 20 mMm Tris-HCI, pH 8.0, 100 mm NaCl,
1 mM dithiothreitol, and 0.1 mm EDTA) and 3 ul of reservoir solution.
Crystals of CMP-NeuAc synthetase and CMP-NeuAc synthetase-CDP
were both grown over reservoir solutions composed of 16% polyethylene
glycol 2000, 100 mMm Tris-HCI, pH 8.0, 10 mMm MgCl, and 1 mwm dithio-
threitol. The CMP-NeuAc synthetase crystals grow in 2-3 days, are
orthorhombic (space group, P2,2,2;; unit cell, a = 42.99, b = 59.52, ¢ =
15756 A; @ = B = y = 90°), and a 2.0-A resolution data set has been
collected at Brookhaven National Laboratory in the Biology Depart-
ment single-crystal diffraction facility at beamline X8-C in the National
Synchrotron Light Source. Orthorhombic crystals of CMP-NeuAc syn-
thetase-CDP were grown in the presence of 10 mm CDP (unit cell, a =
43.01,b = 69.89, ¢ = 157.78 A; a = B = y = 90°), appeared after 7 days,
and diffracted to 2.2 A on a local Rigaku RU200 rotating anode (50 kV,
100 mA) equipped with OSMIC mirrors. All CMP-NeuAc synthetase
crystals in this work were rod-shaped and the largest crystals grew to
~0.80 X 0.15 X 0.15 mm in size. All intensity data sets were collected
at 100 K after flash-freezing in mother liquor containing 22% glycerol.
Intensity data collection and processing statistics for each data set used
in this work are summarized in Table I.

Structure Solution—The structure of the CMP-NeuAc synthetase
homodimer was determined by MAD phasing based on 10 selenium
atom positions. The Se atom positions were identified using both
SHAKE’N'BAKE (20) and SOLVE (21) and subjected to positional,
isotropic B-factor, and occupancy refinement within SOLVE prior to the
calculation of phases (Table I). The initial phase estimates were im-
proved by density modification using DM (22) prior to calculation of a
2.0-A MAD phased electron density map. The initial electron density
map is easily interpretable and an initial trace of the CMP-NeuAc
synthetase main chain was generated within XTALVIEW (23). The
CMP-NeuAc synthetase-CDP structure was determined by molecular
replacement using the CMP-NeuAc synthetase model and the program
AMORE (24). Both, CMP-NeuAc synthetase? and CMP-NeuAc synthe-
tase-CDP? were refined using CNS 1.0 (25), and all interactive fitting of
the models made use of XTALVIEW. Table II lists common statistical
indicators for both refined models.

Structure Analysis and Figure Preparation—PROMOTIF (26) and
PROCHECK (27) were used to identify secondary structures and to

2 The atomic coordinates for CMP-NeuAc synthetase are available in
the Protein Data Bank under PDB 1EYR.

3 The atomic coordinates for CMP-NeuAc synthetase-CDP are avail-
able in the Protein Data bank under PDB 1EZI.
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check the stereochemical quality of both models throughout the refine-
ment. SURFACE (22) and GRASP (28) were utilized to examine the
molecular surface of the models and to examine the local environment
of specific residues. XTALVIEW was used for various least-squares
superpositions and DOCKVISION (29) was used for the NeuAc model-
ing. Docking made use of an energy-minimized acylneuraminate struc-
ture derived from Protein Data Bank accession code 1WIA and the
refined CMP-NeuAc synthetase-CDP model. The starting NeuAc model
was used to generate all common NeuAc conformations, and all confor-
mations were docked (10,000-50,000 trials) against a static CMP-
NeuAc synthetase-CDP model using either an energy term or confor-
mational energy terms as a scoring function. The best docking results
were obtained using CMP-NeuAc synthetase-CDP and CDP con-
formation I. The figures were prepared using GRASP (28) and
MOLSCRIPT (30).

RESULTS AND DISCUSSION

Overall Fold—The overall fold of the CMP-NeuAc synthe-
tase-CDP homodimer is presented in Fig. 2. The CMP-NeuAc
synthetase monomer is composed of an ~190 residue, globular
o/B domain (~50 X 50 X 40 A) that is structurally classified as
an afa, three-layered sandwich (31) and a small 35-residue
domain that is directed away from the rest of the monomer and
forms an extended dimerization interface. The dimerization
domains of each monomer wrap around one another in a tight
interaction and make contacts with the globular «/8 domain of
the opposite monomer. The resulting functional homodimer is
highly asymmetric with dimensions of ~85 X 45 X 40 A

A twisted, central B-sheet forms the hydrophobic core of the
o/B domain of the monomer and is flanked by helices giving rise
to the aBa, three-layered sandwich structure. The B-sheet con-
tains six parallel g strands (31, 4, 85, 86, B7, B11) and a single
antiparallel 8 strand (810) connected with a —1x, —1x, +3x,
+2x, —1x, +2x topology (32). The connectivity of consecutive
parallel B strands is right-handed except for a relatively rare
left-handed linkage between strand 6 and strand 7. Align-
ments of known CMP-NeuAc synthetase sequences (33) indi-
cate that residues between strands 86 and B7 (102-110) are
among the most highly conserved in the comparison (Fig. 3).
Three « helices (B, C, F) pack against and bury the face of the
central B-sheet furthest from the dimerization interface. The
remaining face of the B-sheet is covered by two « helices (E, H)
and contacts with the dimerization domain of the opposite
monomer. The 3;, helix A, a short 8 ribbon (82, B3), 3;, helix D,
and a helix I are all located on the C-terminal side of the mostly
parallel, central B-sheet. These secondary structures and their
associated loops form a deep pocket at the C-terminal ends of
the B-sheet that is the mononucleotide-binding pocket. The
presence of a substrate-binding pocket at the C-terminal ends
of predominantly parallel B-sheets is a recurring theme in
structural biology (34).

The dimerization domain contains a 3, helix (helix G) and a
B ribbon (strand B8 and strand B9) that is continuous with the
central B-sheet of the opposite monomer. The dimerization
domain is located between strands g7 and 810 and is directed
away from the rest of the o/ domain by a B-bulge at position
175 of strand p10. In the homodimer, a B-bulge in strand 810
facilitates an antiparallel hydrogen-bonding network between
the N terminus of strand 10 and strand B8 of the opposite
monomer. The dimerization interface buries a large surface
area despite its modest size. Using a probe radius of 1.4 A, a
single monomer buries ~1450 A2 in the dimer (35).

A search of representative structures in the Protein Data
Bank using the DALI server (36) indicates the CMP-NeuAc
synthetase overall fold has only limited homology with other
known folds in the Protein Data Bank. In general, enzymes
containing a mononucleotide-binding (Rossman) fold (37) re-
semble the N-terminal 100 residues of the o/B domain, up to
but not encompassing the left-handed linkage between strands
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TABLE I

Summary of data collection and MAD phasing statistics for

CMP-NeuAc synthetase-CDP and CMP-NeuAc synthetase

CMP-NeuAc synthetase

Selenomethionyl CMP-NeuAc synthetase®

CDP Peak Inflection Remote

Resolution (AZ 20.0-2.2 20.0-2.0 20.0-2.0 20.0-2.0
Wavelength (A) 1.5418 0.9790 0.9786 0.9500
Ref. unique 21889 26150 25681 25606
Redundancy 6.3 9.1 8.2 8.1
Complete (%) 87.9 99.0 99.0 99.0
1/o(I) 13.1 21.0 21.2 20.7
Rmerge® 0.061 0.074 0.071 0.073
Unit cell

a @) 43.01 42.99

b (A) 69.89 59.52

c(A) 157.48 157.56

a=B=y0) 90.0 90.0
Number of Se sites 10
SOLVE Z-score® 56.6
Refined Se occupancy 0.61-1.46
Refined Se B, * 20.6-60.0
Figure of merit 0.44

“ Data were collected at the NSLS DataCol’99 Workshop on rapid structure determination techniques (April 17-22, Brookhaven, NY). The time
between the collection of three-wavelength MAD data and the calculation of an interpretable electron density map was 16 h.

b
Roerge

and its symmetry equivalent reflections.

=30 = Tpisols where (1, ) is the mean intensity of reflection o and I,,, , represents the individual measurements of reflection o

¢ Z-score = corrected sum of standard deviations above mean for four separate SOLVE criteria.

dB_

iso,i

= 8mui2, where ui2 is the mean vibrational amplitude of atom i.

TaBLE II
Summary of refinement statistics for selenomethionyl CMP-NeuAc
synthetase and CMP-NeuAc synthetase in complex with CDP

CMP-NeuAc Se CMP-NeuAc
synthetase-CDP synthetase

Resolution (&) 20.0-2.2 20.0-2.0
RYR;. b . 0.185/0.247 0.212/0.267
r.m.s.© bonds (A) 0.008 0.008
r.m.s. angles (°) 1.3 1.5
Model

A 1-225 1-73, 80-225

B 1-148, 151-223 1-14, 18-74, 81-222

CDP 2 N/A

Solvent 446 404
B, ave’, monomer A 31.9 31.6
B,y ave» monomer B 32.8 315
Bi.o ave» CDP 36.6 N/A
B,y aves SOlVent 41.6 40.8

“R =3(F,. — F. D2(F,.), where F,_and F,,, are the observed

and calculated structure factor amplitudes, respectively.
® Ry is defined as for R, except F, . is a set of test reflections (5%)

free obs
that have been excluded from the refinement.

crm.s. = CX, — Xigea)/N)*>> ¥Pere X and X4, are observed and
target values, respectively and N is the number of observations.

@ Bigo.ave is the average of the mean vibrational amplitude (B-factor)
for a given set of atoms.

B6 and B7. The similarities between the N terminus of CMP-
NeuAc synthetase and Rossman fold containing proteins are
restricted to the order and connectivity of secondary structures,
because CMP-NeuAc synthetase and related enzymes have
unique mononucleotide-binding pockets. The CMP-NeuAc syn-
thetase /B domain fold is similar to that reported for cytosine-
5’-monophosphate-2-keto-3-deoxy-manno-octonate synthetase
(CMPKDOS (38)), a homologous, dimeric enzyme that synthe-
sizes a related, activated sugar compound, cytosine-5'-mono-
phosphate 2-keto-3-deoxy-manno-octonate (CMP-KDO). These
two enzymes are similar in length but share limited amino acid
sequence identity (18%, Fig. 3), and the fold of the CMPKDOS
dimerization domain is significantly different from the equiv-
alent structure in this work. In the CMPKDOS monomer, the
dimerization domain is globular and compact and does not
make contacts with the o/8 domain of the opposite monomer.
Despite the differences in the dimerization interface, both en-
zymes share a highly asymmetric overall shape. Because the
CMPKDOS coordinates are yet to be released and were not

Fic. 2. The CMP-NevAc synthetase homodimer in complex
with CDP. CMP-NevAc synthetase is shown as a barrel (helices) and
arrow (strands) drawing, and the CDP substrate analogue is shown as
avan der Waals surface. Monomer A is indicated with dark gray helices
and strands, while monomer B is indicated with light gray helices and
strands. CMPANS has a single o/ domain with an afa three-layered
sandwich fold and 35 residue protrusion that forms the dimerization
interface. The 11 B strands (arrows) are arranged in a 7-stranded,
mostly parallel B-sheet and two B ribbons. The eight helices pack
against either side of the central B-sheet or form part of the dimeriza-
tion interface (helix G).

made available to us, we cannot present a detailed comparison
of the CMP-NeuAc synthetase and CMPKDOS overall folds.
Comparison of CMP-NeuAc Synthetase and CMP-NeuAc
Synthetase-CDP—The two monomers of CMP-NeuAc synthe-
tase-CDP in the asymmetric unit have nearly identical main-
chain conformations. The monomers superpose with an r.m.s.
deviation of 0.60 A when considering all common main-chain
atoms (888 of 912 atoms). Similarly, there are no large-scale
conformational differences in a comparison of the CMP-NeuAc
synthetase- and CMP-NeuAc synthetase-CDP-refined models
and the two homodimers superpose with an r.m.s. deviation of
0.71 A for 1728 equivalent main-chain atoms (Fig. 4). The most
prominent differences in a comparison of the two refined mod-
els occur in the mononucleotide-binding pocket. In the unligan-
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Neu
24 70 82 110
La PE RT TSPLR
LG PS KS TSPLR
LR LIR|P A 5SS TSPLR
I K TIR|P A TT TAPFV
IR EA AK SAPLJR
AL LIRIFP E S S TSPFR
i L KP TS TSPLR
U] LIglP K TT ASALIL
KPLA TRAD ERLA DEPL I
Dimerization Domain ( AcNeu) Mg  Identity
137 143 162 166 172 212 (%)
HI EHHPYKS ESP DS 46
HD EHHPYKS EVP DA 47
NM EHHPLKT EQP DT NA
AC FSFPIQR LTR DT 26
CC RRNPYFN FTT Ds 33
EC SNKPsQ| YSK DD 34
SA EKHPGLF GYR DT 38
HP PFSASPY NTR AH 23

KDS LFNPNAV PYDRD apvakvaLs AYRA QLENLE 18

Fic. 3. Amino acid sequence alignment of the substrate bind-
ing regions of known bacterial CMP-NeuAc synthetase enzymes
and a representative bacterial CMPKDOS. Shaded boxes indicate
amino acid identity, unshaded boxes indicate conservative amino acid
replacements and labels indicate the role of each region in substrate
binding. The equivalent residues from a representative CMPKDOS
sequence are shown below and the residue numbers are from the N.
meningitidis enzyme. HI (H. influenza), HD (H. ducreyi), NM (N. men-
ingitidis), AC (Aeromonas caviae), CC (Campylobacter coli), EC (E. coli),
SA (Streptococcus agalactiae), HP (Helicobacter pylori), KDS (CMPK-
DOS from H. influenzae).

Fic. 4. CMP-NeuAc synthetase active site in the presence and
absence of CDP. The CMP-NeuAc synthetase-CDP (blue strands and
green helices) and CMP-NeuAc synthetase (dark orange strands and red
helices) structures superpose with a r.m.s. deviation of 0.71 A for all
common main-chain atoms, and the only relatively, large conformation
differences are associated with residues implicated in mononucleotide
binding. In the presence of CDP, the P-loop and helix D (light green
ribbon) are well ordered and directly contact the bound substrate ana-
logue. In the absence of CDP, the equivalent residues are poorly ordered
(P-loop) or disordered (helix D). This suggests substrate binding is
accompanied by conformational rearrangements that orders residues
involved in mononucleotide binding.

ded CMP-NeuAc synthetase structure, the P-loop (residues
10-22) and residues following strand g5 (71-80) have rela-
tively weak electron density or are fully disordered in the
refined maps. In the CMP-NeuAc synthetase-CDP structure,
the equivalent residues make specific contacts with the bound
substrate analogue (Table III and see Fig. 6) either directly or
through ordered solvent molecules, and have well ordered elec-
tron density in the refined maps. The average main-chain
temperature factors for residues 10-22 and 71-80 of CMP-
NeuAc synthetase-CDP and CMP-NeuAc synthetase are 33.1
A? (184 atoms) and 50.3 AZ (128 atoms), respectively. In CMP-
NeuAc synthetase-CDP, the P-loop primarily interacts with the
ribose and phosphate moieties of the substrate analogue,
whereas residues 71-80 are responsible for base recognition.
At the same time, these residues make relatively few specific
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TaBLE III
Hydrogen bonds and van der Waals contacts between CMP-NeuAc
synthetase and CDP

CDP conformation I CDP conformation II

A A
Hydrogen bonds
02 Arg-71 N 29  Arg71 N7 3.0
Arg-12 N 2.9 Arg-12 N 3.0
N3 Arg-71 N 29  Arg-71N™ 3.0
N4 Ala-80 O 3.0 Ala-80 O 3.0
Wat-94 3.0 Wat-94 3.1
02’ Asn-22 N2 2.9 Asn-22 N2 3.2
Wat-160 3.1 Wat-160 2.8
03’ Asn-22 0! 2.6 Asn-22 0°t 2.7
0O1A Lys-21 N¢ 3.3
03A Arg-12 N™ 3.3
0O1B Lys-21 N¢ 3.2
02B Arg-12 N™ 2.8 Asp-211 O** 2.9
Asp-209 O°* 2.9
03B Ser-15 O" 3.2
Arg-12 N 3.0
Wat-160 2.8
Protein contacts
Base Leu-10 C* 3.3 Leu-10 CF 3.3
Ala-11 C 2.9 Ala-11 C 2.9
Arg-12 C 3.1 Arg-12 C” 3.2
Leu-75 O 3.9 Leu-75 O 3.8
Ser-81 O 3.9 Ser-81 O 4.0
Ribose Ser-82 0! 3.7 Ser-82 O" 3.7
GIn-104 O** 3.8 GIn-104 O** 3.8
Pro-105 C? 3.6 Pro-105 C® 3.6
Thr-106 O”* 34 Thr-106 O* 3.4
Phosphate Asp-211 O 3.8 Ile-210 O 3.6

contacts with the remainder of the enzyme. Apparently, CDP
itself provides specific contacts that allow these residues to fold
about the mononucleotide substrate analogue and become rel-
atively ordered. Consequently, we propose mononucleotide
binding is accompanied by a conformational rearrangement
that orders both the P-loop and residues 71-80. This model of
substrate binding can account for the observed differences in
the refined electron density of the two structures and the
observed depth of the mononucleotide-binding pocket. It also
explains the ordered bi bi kinetic mechanism (CTP binds first
and CMP-NeuAc dissociates last) observed in the homologous
enzyme from H. ducreyi (39). The P-loop and residues 71-80
contain 7 of the 13 invariant residues in an alignment of known
bacterial CMP-NeuAc synthetase enzymes (Fig. 3). In agree-
ment with this work, amino acid sequence analysis, site-di-
rected mutagenesis, and chemical modification studies indicate
residues 10—22 (phosphate binding loop or P-loop) following
strand B1 are integral components of the mononucleotide-bind-
ing pocket (33, 40). Likewise, in the CMPKDOS structure (38),
residues of the P-loop were observed to bind a heavy atom
derivative (IrCl13 "), and the authors speculated that these res-
idues play a role in phosphate binding.

Mononucleotide Binding Pocket—The molecular surface of
CMP-NeuAc synthetase in the presence of CDP is shown in
Fig. 5. The large cleft at the C-terminal end of the central
B-sheet is the mononucleotide-binding pocket. The cleft is
formed by residues following strand B1 (P-loop), strand B5
(71-80), and strand 811 (208—-212). Polar residues line the cleft
and are responsible for binding the nucleotide substrate (Fig. 6
and Table III). As shown in Fig. 7, the substrate analogue,
CDP, is bound in the mononucleotide-binding pocket in two
distinct conformations. The cytosine base and ribose moiety are
equivalent in the two conformations, whereas the « and
phosphoryl groups adopt different conformations (I, II) as a
result of differences in the C4’'-C5'-O5’-P1A and C5'-O5’-
P1A-O3A torsion angles.
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Fic. 5. Molecular surface of the CMP-NeuAc synthetase active
site. Monomer A is shown as a GRASP surface colored according to its
calculated electrostatic potential (red for negative and blue for positive).
Monomer B is shown as C“ trace (light blue tube). The CDP-binding
pocket is deep and lined with polar residues from the P-loop (residues
10—22) and loops on either side of helix D (residues 70—72 and 76—-82).
Adjacent to the CDP-binding pocket is the NeuAc-binding pocket, a
second deep cleft comprising residues from both monomers of the CMP-
NeuAc synthetase homodimer. In particular, Ser-82, Gln-104, Thr-106,
and Tyr-179 of monomer A and Lys-142 and Arg-165 of monomer B line
the NeuAc-binding pocket.

QU TG
PIDS

FiG. 6. Observed and modeled contacts between CMP-NeuAc
synthetase and CDP and CMP-NeuAc synthetase and NeuAc,
respectively. A, observed hydrogen bonds and contacts between CMP-
NeuAc synthetase and CDP. Hydrogen bonds are indicated with solid
lines and residues providing contacts are listed adjacent to the atoms
they contact. Arrows indicate donated hydrogen bonds as inferred from
the structure. Two ordered, solvent molecules form hydrogen bonds
with CDP and are indicated as circles. B, modeled hydrogen bonds
(dashed lines) and contacts from the docking (29) of NeuAc with CMP-
NeuAc synthetase-CDP. The model suggests a number of plausible
interactions. Residues at positions 82, 104, 106, 142, 165, 179, 193, and
209 are conserved or conservatively replaced in CMP-NeuAc synthetase
sequences from Neisseria, Haemophilus, Aeromonas, and Campy-
lobacter species (~230 residues). The equivalent residues, excepting
142, are conserved in the larger CMP-NeuAc synthetase enzymes of
Escherichia, Helicobacter, and Streptococcus species.

The cytosine base is completely buried (521 A2) in the deep
cleft, and its position is fixed by a series of hydrogen bonds. The
N™ and N"? atoms of the invariant Arg-71 donate hydrogen
bonds to O2 and N3 of the base and give rise to the enzymes
specificity for cytosine nucleotides. Arg-12 N also donates a
hydrogen bond to O2 while Ala-80 O and an ordered solvent
molecule accept hydrogen bonds from N4. These interactions
completely satisfy the hydrogen bonding potential of the base.
The cytosine base orientation is further fixed by van der Waals
contacts with the Leu-10 side chain and a stacking interaction
with the Arg-12 guanidinium. Together, the Leu-10 and Arg-12
side chains form a narrow pocket that contacts both faces of the
base. The residues that bind or contact the cytosine base are all
derived from the P-loop and residues following strand g5 (71—
80). These are the same regions that are largely disordered in
the CMP-NeuAc synthetase structure determined in the ab-
sence of a substrate analogue. The hydrogen bonding potential
of the ribose 02’ and 03’ atoms are satisfied by Asn-22 N°2 and
031, respectively. Residues Gln-104, Pro-105, and Thr-106 form
the remainder of the ribose subsite of the mononucleotide-

FiG. 7. The refined 2F, — F, electron density associated with
the bound CDP substrate analogue. The CDP-binding site of CMP-
NeuAc synthetase-CDP is shown as a barrel and strand drawing while
residues directly contacting the bound CDP and the two observed CDP
conformations are indicated in ball-and-stick. The two diphosphate
conformations of CDP are labeled I (green phosphorous atoms) and II
(yellow phosphorous atoms). The biologically significant conformation of
the « and B phosphoryl groups is conformation I (green phosphorous
atoms). The refined 2F, — F, electron density for the bound CDP is
contoured at 1.2 o.

binding pocket and are part of the conserved left-handed link-
age between strand 6 and strand B7. Leu-10, Arg-12, and
several ordered solvent molecules also contribute to the ribose
subsite. Residues of the P-loop are the most highly conserved in
sequence alignments of bacterial CMP-NeuAc synthetase en-
zymes and residues Arg-12, Ser-15, Lys-16, Lys-21, and Asn-22
are invariant in these alignments (Fig. 3).

Notably, Lys-16 and Asn-22 are not conserved in CMPKDOS
sequences. Whereas it has been demonstrated that Lys-16 is
not essential for CMP-NeuAc synthetase activity (40), catalysis
is more efficient in the Lys-16-containing holoenzyme. The lack
of conservation of Asn-22 is more difficult to understand. In
CMP-NeuAc synthetase, Asn-22 hydrogen bonds to the 02" and
03’ atoms of the ribose moiety and apparently discriminates
between CTP and dCTP. CMPKDOS has a proline residue at
the equivalent position in amino acid sequence alignments.
Clearly, proline is unable to specifically interact with the ribose
in a manner similar to that observed in CMP-NeuAc synthe-
tase. In the absence of a description of the CMPKDOS active
site it is unclear how CMPKDOS specifically binds the ribose
moiety and discriminates between CTP and dCTP.

The two conformations of the « and B phosphoryl groups of
the substrate analogue CDP are a result of differences in the
torsion angles about the C5'-O5" and O5'-P1A bonds (Fig. 7),
respectively. They have been modeled as equivalent conforma-
tions during the refinement and have comparable average iso-
tropic B-factors. Conformation I of the a and B phosphoryl
group has a C4'-C5’-O5'-P1A torsion angle of —115° and a
C5'-05’-P1A-0O3A torsion angle 155°, whereas conformation II
has torsion angles of —160° and 50°, respectively. Several ob-
servations strongly suggest that conformation I closely mimics
that of the substrate, CTP: (a) the presence of an oxyanion-
hole-like structure formed by Ser-15 N and Gly-17 N that is
adjacent to the B phosphate and is suitably positioned to inter-
act with a vy phosphate, (b) the presence of a potential Mg?*-
binding site bridging the phosphoryl groups of the substrate
and including the relatively conserved Asp-209 and Asp-211,
and (¢) the number and nature of the contacts between CMP-
NeuAc synthetase and the substrate analogue phosphoryl
groups (Table III and Fig. 6). Additionally, in conformation I a
single, ordered water molecule (Wat-160) hydrogen bonding to
Asn-14 O and the B phosphate, is suitably positioned to donate
a hydrogen to the pyrophosphate leaving group. In CDP con-
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FiG. 8. A model of NeuAc (yellow carbons) docked in the NeuAc binding cleft and its relation to the bound CDP (black carbons).
In the lowest energy docking, the NeuAc carboxylate is directed away from the cleft and the O4 and N-acetyl functional groups are directed into
the cleft. The hydroxyl groups, O7, 08, and 09 of NeuAc are within hydrogen-bonding distance of Lys-142 (monomer B), Asp-209 and Tyr-179,
respectively. The view has been chosen to show the contacts between the modeled NeuAc and CMP-NeuAc synthetase. The nucleophilic O2 atom
(hidden under the NeuAc carboxylate) is directed at the a phosphate of CDP and is positioned for an Sy2 attack. There are no protein atoms
suitably positioned to act as a general base, and an ordered solvent molecule likely serves as the general base in this mechanism.

formation II, there are no apparent y phosphate- or Mg2*-
binding sites and relatively fewer contacts between the enzyme
and phosphoryl groups. Why then do we observe conformation
II in this work? The C4’-C5'-O5’-P1A dihedral angle (confor-
mation II) adopts a staggered conformation and relieves the
stereochemical strain arising from the eclipsed C4’-C5’-O5’-
P1A dihedral angle present in conformation I. The absence of a
binding site for the y phosphate in conformation II suggests
CTP will not bind in two distinct, equally populated conforma-
tions as observed with CDP.

The bulk of the interactions with phosphate moieties, in
conformation I, are from residues of the P-loop. This is similar
to the case for many Rossman fold proteins, which also have a
phosphate binding or P-loop immediately following their N-
terminal B strand. However, the details of the interaction be-
tween the P-loop and the base and phosphate are very different
in these two groups of enzymes. This is not surprising because
CMP-NeuAc synthetase releases pyrophosphate as a product,
whereas kinases, G-proteins, and other Rossman fold-contain-
ing proteins release a single phosphate, the y phosphoryl group
(37). In conformation II, there are fewer contacts between the
phosphates and the protein.

NeuAc Binding Pocket—As seen in Fig. 5, the active site cleft
of CMP-NeuAc synthetase extends beyond the mononucleotide-
binding pocket toward the dimerization domain and forms the
NeuAc-binding pocket. The pocket is lined with a number of
polar side chains (Fig. 5, 6) and can easily accommodate NeuAc.
Atoms O4 and 09 and the NeuAc carboxylate are solvent-
exposed and may interact with ordered solvent molecules in
addition to CMP-NeuAc synthetase. Alternatively, substrate
binding may involve a small conformational change in CMP-
NeuAc synthetase that decreases the volume of the binding
pocket. The polar side chains of residues Ser-82, Gln-104, Thr-
106, and Asp-209 line the NeuAc pocket nearest the bound
substrate analogue (CDP), whereas Tyr-179 and residues Glu-
137, Lys-142, Glu-162, and Arg-165 from the dimerization do-
main of the opposite monomer form the edges of the binding
pocket furthest from the bound CDP. Interestingly, 4 of the 9
polar residues within the proposed NeuAc-binding pocket are
derived from residues of the dimerization domain. This implies
that the sequence and structure of the dimerization domain is
an important determinant for the discrimination of various
sialic acids. Thus, the dimerization domains of homologous
enzymes with specificities for related sialic acid derivatives are
likely to have limited amino acid sequence identity and adopt a
conformation different from that observed in CMP-NeuAc syn-
thetase. As pointed out earlier, the dimerization interfaces of

CMP-NeuAc synthetase and CMPKDOS are very different, and
sequence alignments indicate the dimerization domains of
CMP-NeuAc synthetase enzymes are not highly conserved (35,
Fig. 3).

NeuAc Modeling—A model of an energy-minimized NeuAc
that has been docked in the NeuAc-binding pocket is presented
in Fig. 8. The docked NeuAc model produces the lowest energy
using either the DockVision energy function (—31.04 kJ) or
conformational energy function (—9.40 kJ). In the docked
model, the NeuAc functional groups make a number of plausi-
ble interactions with invariant or conserved residues (Figs. 6
and 8). The axial, O2 atom of NeuAc is directed at the «
phosphate of the biologically significant CDP conformer (con-
formation I) in accordance with the known specificity of CMP-
NeuAc synthetase (41). The NeuAc C2 carboxylate (a strong
acid) is directed away from the cleft and forms a salt bridge
with the Arg-165 guanidinium in the model. As seen in Fig. 3,
a positively charged amino acid able to counter the negative
charge of the C2 carboxylate is present at positions 164 or 165
of each amino acid sequence. The N-acetyl group at C5 of
NeuAc docks with the acetyl oxygen exposed to bulk solvent,
the nitrogen atom hydrogen bonding with GIn-104 O€ and the
methyl group packing against the aromatic residues Tyr-179,
Phe-192, and Phe-193. Although, these residues are all con-
served among CMP-NeuAc synthetase enzymes (Fig. 3), only
GIn-104 is conserved between CMP-NeuAc synthetase and
CMPKDOS enzymes. This is reasonable because KDO, the
CMPKDOS substrate, has a hydroxyl at position C5 (equiva-
lent to the nitrogen of NeuAc) but has no counterpart to the
carbonyl oxygen and methyl group of NeuAc. Consequently,
only the GIln-104 interaction with the C5 substituent is ex-
pected to be conserved between these enzymes.

The O4 atom of NeuAc is paired with the Ser-82 OH in this
model and may also interact with the Ala-80 N. At the base of
the binding pocket, the GIn-104 side chain contacts both the O8
and N5 atoms of NeuAc model and is suitably positioned to help
CMP-NeuAc synthetase discriminate between the sialic acids
with variable C6 functional groups. The O8 atom is also within
contact distance of the Asp-209 carboxylate. The O7 atom and
09 atoms of NeuAc are directed at the dimerization domain of
the opposite monomer and are within hydrogen-bonding dis-
tances of the Lys-142 and Tyr-179 side chains. Additional res-
idues may interact with the NeuAc model via bridging solvent
molecules or may directly interact with NeuAc if CMP-NeuAc
synthetase undergoes a small conformational change upon sub-
strate binding.

In the CMP-NeuAc synthetase reaction mechanism, the 02
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atom of NeuAc is the nucleophile in an Sy2 attack on the «
phosphate (41). Our structure and docking results support this
mechanism and we predict the leaving group pyrophosphate is
stabilized by the absolutely conserved Arg-12, Lys-21, one or
more bridging Mg?" cations, and possibly the conserved Lys-16
(Fig. 3). As previously mentioned, an ordered solvent molecule
hydrogen bonding to Asn-14 O is suitably positioned to donate
a hydrogen bond to the leaving group pyrophosphate. In the
model, the nucleophilic NeuAc O2 atom is not within hydrogen-
bonding distance of any atom of the enzyme and, consequently,
there is no readily apparent general base. An ordered solvent
molecule may serve as the general base or, alternatively, a
conformational rearrangement may bring a general base
within hydrogen-bonding distance of the O2 atom upon NeuAc
binding. We favor a mechanism in which an ordered solvent
molecule serves as the general base, because it seems unlikely
that a conformational rearrangement could bring a protein
atom within hydrogen-bonding distance of the NeuAc O2 atom
without disrupting the specific interactions detailed above.
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