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In Neisseria meningitidis and related bacterial patho-
gens, sialic acids play critical roles in mammalian cell
immunity evasion and are synthesized by a conserved
enzymatic pathway that includes sialic acid synthase
(NeuB, SiaC, or SynC). NeuB catalyzes the condensation
of phosphoenolpyruvate (PEP) and N-acetylman-
nosamine, directly forming N-acetylneuraminic acid (or
sialic acid). In this paper we report the development of a
coupled assay to monitor NeuB reaction kinetics and an
180-labeling study that demonstrates the synthase oper-
ates via a C—O bond cleavage mechanism. We also re-
port the first structure of a sialic acid synthase, that of
NeuB, revealing a unique domain-swapped homodimer
architecture consisting of a (B/a)g barrel (TIM barrel)-
type fold at the N-terminal end and a domain with high
sequence identity and structural similarity to the ice
binding type III antifreeze proteins at the C-terminal
end of the enzyme. We have determined the structures of
NeuB in the malate-bound form and with bound PEP
and the substrate analog N-acetylmannosaminitol to 1.9
and 2.2 A resolution, respectively. Typical of other TIM
barrel proteins, the active site of NeuB is located in a
cavity at the C-terminal end of the barrel; however, the
positioning of the swapped antifreeze-like domain from
the adjacent monomer provides key residues for hydro-
gen bonding with substrates in the active site of NeuB, a
structural feature that leads to distinct modes of sub-
strate binding from other PEP-utilizing enzymes that
lack an analogous antifreeze-like domain. Our observa-
tion of a direct interaction between a highly ordered
manganese and the N-acetylmannosaminitol in the
NeuB active site also suggests an essential role for the
ion as an electrophilic catalyst that activates the N-
acetylmannosamine carbonyl to the addition of PEP.
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Sialic acids are a family of high carbon sugars that play a
vital role in a variety of biological functions, such as develop-
ment, recognition, and cell adhesion. Their prevalence is wide-
spread as they are observed in viruses, mammalian cells, and
select microbial organisms (1, 2). These nine carbon 3-deoxy-2-
keto sugars are found as a series of repeating units on the
termini of secreted and cell surface glycoproteins and glycolip-
ids on bacterial organisms (2). Several species of pathogenic
bacteria, such as Escherichia coli and Neisseria meningitidis,
produce sialylated capsular polysaccharides to avert host de-
fenses as they are frequently encountered on the surface of
human cells, thereby leading to poor antibody responses (3). In
addition, sialylated polysaccharides block targets such as ga-
lactose residues on glycoproteins, commonly recognized by in-
nate immunity responses (2, 4). The effect of sialic acid on
human morbidity also extends to a variety of cancers, as me-
tastasis and tumorigenesis have been linked to changes in the
amount, linkage, and type of sialic acid residues (5, 6). Because
of the biological prevalence of sialic acids and, consequently,
their attractiveness as potential drug targets, there lies an
important need to characterize the complete pathway of their
formation. A variety of pathways involved in the synthesis and
degradation of sialic acids in bacteria and eukaryotes has been
identified; however, little is known about the structural and
mechanistic properties of the enzymes involved.

N. meningitidis, a causative agent of meningitis, encodes a
sialic acid synthase, NeuB (SiaC, SynC) that directly converts
phosphoenolpyruvate (PEP)! and N-acetylmannosamine (Man-
NAc) into N-acetylneuraminic acid (NeuNAc, or sialic acid)
(Fig. 1) (7). Orthologous NeuB enzymes that catalyze the same
reaction have been found in other pathogenic organisms such
as E. coli (8, 9) and Campylobacter jejuni (10, 11). The forma-
tion of sialic acids in vertebrates occurs in a similar fashion
except that NeuNAc 9-phosphate is formed through the con-
densation of PEP and N-acetylmannosamine 6-phosphate by
NeuNAc 9-phosphate synthase. The phosphate group is then
removed through the action of NeuNAc 9-phosphatase, forming
sialic acid (12). The remaining steps in the utilization of sialic
acid are similar in both eukaryotes and microbial organisms;
CMP-NeuNAc synthetase activates NeuNAc through the addi-
tion of CTP, forming CMP-NeulNAc (7), which then becomes the

! The abbreviations used are: PEP, phosphoenolpyruvate; TIM, tri-
ose-phosphate isomerase; ManNAc, N-acetylmannosamine; rManNAc,
reduced ManNAc or N-acetylmannosaminitol; ALS, advanced light
source; NeuNAc, N-acetylneuraminic acid; KDO8PS, 2-keto-3-deoxy-D-
manno-octulosonate-8-phosphate synthase; DAH7PS, and 2-keto-3-de-
oxy-D-arabino-heptulosonate-7-phosphate synthase; AFP, antifreeze
protein.

3555

8102 ‘vz AInc uo 1s8nb Aq /B10°0g ' mmawy/:dny woly pspeojumoq


http://www.jbc.org/

3556

0,C OPO;”
1
g
3
ManNAc ManNAc PEP
{open chain)
H,0
NeuB
HPO,4~
rManNAc
(N-acetylmannosaminitol)
OH OH
HO, _
AcHNI o €O, —=
HO HO
NeuNAc NeuNAc
(sialic acid) (open chain)

Fic. 1. Reaction catalyzed by N. meningitidis sialic acid syn-
thase (NeuB). NeuB catalyzes the condensation of PEP with ManNAc
creating sialic acid and orthophosphate. The inset shows the structure
of reduced ManNAc (rManNAc or N-acetylmannosaminitol).

substrate for sialyl transferases for addition to the cell surface
(13, 14).

Two enzymes, 2-keto-3-deoxy-D-manno-octulosonate-8-phos-
phate synthase (KDO8PS) and 2-keto-3-deoxy-D-arabino-hep-
tulosonate-7-phosphate synthase (DAH7PS), are also known to
utilize PEP to form complex sugar molecules. KDO8PS cata-
lyzes the condensation of PEP with p-arabinose-5-phosphate to
form KDOS8P (15), whereas DAH7PS catalyzes the reaction
between PEP and p-erythrose-4-phosphate to form DAH7P
(16). Extensive information regarding the structural and mech-
anistic properties of KDO8PS (17-19) and DAH7PS (20-22) is
available. A 2.2-A resolution crystal structure of T. maritima
DAH7PS in complex with PEP, Cd?", and p-erythrose 4-phos-
phate was recently solved; however, the sugar substrate was
observed in an apparently non-productive orientation (21).
Both KDO8SPS and DAHT7PS exist as a homotetramer, with
each monomer exhibiting an eight-stranded parallel B-barrel
fold surrounded by eight helices ((p/a)g barrel) (17, 23), a struc-
ture exemplified in triose-phosphate isomerase (TIM) (24). Be-
cause very little information regarding the structure or mech-
anism of sialic acid synthase has been available and given the
very low sequence identity with the characterized DAH7PS
and KDOS8PS (<10% identity for the E. coli enzymes), it was
not clear if the sialic acid-metabolizing enzymes would adopt a
similar fold and active site architecture. In addition, previous
studies have shown that the C-terminal region of mammalian
sialic acid synthase shares ~40% sequence identity with fish
type III antifreeze protein (AFP) (25). These studies suggested
that there are likely notable differences between the structure
and mechanism of sialic acid synthase and other 2-keto-acid
synthases as well as a curious and novel relationship with type
IIT AFPs.

Two general mechanisms may be invoked for the action of
sialic acid synthase; one employing C—O bond cleavage and
the other employing P—O bond cleavage. Precedence from
studies on KDO8PS and DAH7PS would favor the former, in
which the C-3 carbon of PEP adds to the carbonyl of ManNAc
and water adds to the C-2 position of PEP to give a tetrahedral
intermediate (Fig. 2) (18-21, 26—29). This would likely occur in
a stepwise fashion involving an oxocarbenium ion intermedi-
ate. The tetrahedral intermediate would then lose phosphate to
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give the open chain form of NeuNAc that would spontaneously
cyclize to the pyranose form in solution. A key experiment
performed on the KDO8PS and DAH7PS reactions demon-
strated that when [2-'80]PEP was used as a substrate, the %0
label was found exclusively in the recovered orthophosphate
(30, 31). This is only consistent with a C—O bond cleavage
mechanism (see the labeled atoms in Fig. 2). Despite this
precedence, chemical intuition may lead one to favor a P—O
cleavage mechanism in which water attacks the phosphate of
PEP and liberates the enolate anion of pyruvate (not shown).
The enolate then adds to the aldehyde of ManNAc to give the
open chain form of Neu5Ac. In this case, the use of [2-180]PEP
would lead to label residing in the product and the formation of
unlabeled orthophosphate. Similar nucleophilic attacks at the
phosphate of PEP are thought to occur with the enzymes pyru-
vate kinase (32) and PEP carboxykinase (33). The carbon-
carbon bond-forming step of such a reaction would resemble
that catalyzed by N-acetylneuraminic acid lyase, a type I al-
dolase that catalyzes the reversible cleavage of NeulNAc into
pyruvate and ManNAc (34).

To further understand the mechanism of sialic acid synthe-
sis, we report here the first crystal structures of N. meningiti-
dis NeuB bound to malate and metal ion co-factor Mn®* and
also in complex with reduced ManNAc (IN-acetylmannosamini-
tol or rManNAc) (Fig. 1) and PEP. The observed oligomeriza-
tion state and structural fold define NeuB as unique among the
family of PEP-utilizing enzymes. We also report a new assay
for the enzymatic activity of the synthase as well as an 20-
labeling experiment that demonstrates sialic acid synthase
operates via a C—O bond cleavage mechanism (Fig. 2).

EXPERIMENTAL PROCEDURES

Cloning, Overexpression, and Purification of Untagged Enzyme—Clon-
ing of NeuB, encoded from the neuB gene of N. meningitidis serogroup B
(35), was carried out into the pCWori+ vector, transformed into E. coli
strain AD202, and grown at 37 °C in 2 liters of Luria-Bertani (LB) me-
dium supplemented with 100 ug ml~* ampicillin. Overexpression of NeuB
was induced through the addition of 0.5 mm isopropyl-B-D-thiogalactopy-
ranoside at an Ay, of ~0.60, with overnight growth at 20 °C. Cells were
harvested through centrifugation, washed in 20 mm Tris HCI (pH 8.5), 150
mM NaCl, and lysed with three passes through a French press. The lysate
was centrifuged at 40,000 X g for 35 min, passed through a 0.45-um filter,
and loaded directly onto a 20-ml bed volume Q-Sepharose column (Am-
ersham Biosciences) equilibrated with 20 mm Tris HCI (pH 8.5), 100 mMm
NaCl. The column was initially washed with 2X column volume of 20 mm
Tris HCI, 100 mm NaCl, then eluted with 1.5X column volume gradient of
100 mm NaCl to 1 m NaCl in 20 mm Tris HCI (pH 8.5). Fractions contain-
ing active enzyme were then pooled, and ammonium sulfate was added to
a final concentration of 1 M and adjusted to a pH of 7.0. The protein
solution was then loaded onto a 100-ml bed volume phenyl-Sepharose
column (Amersham Biosciences) equilibrated with 50 mm sodium phos-
phate (pH 7.0), 1 M ammonium sulfate and eluted with a 1X column
volume gradient from 50 mm sodium phosphate (pH 7.0), 1 M ammonium
sulfate to 50 mM sodium phosphate (pH 7.0). Fractions containing NeuB
were then pooled and dialyzed overnight against 20 mMm Tris HCI (pH 8.5),
100 mMm NaCl buffer. The dialyzed protein solution was pressure-concen-
trated by ultrafiltration and purified by a Mono Q anion exchanger (Am-
ersham Biosciences) using a linear gradient of 100 mm NaCl to 1 m NaCl
in 20 mM Tris-HCI buffer (pH 8.5). Samples containing eluted protein
were then pooled and further dialyzed overnight in 20 mm Tris-HCI (pH
8.5), 100 mm NaCl buffer, pressure-concentrated by ultrafiltration and
applied to a Superdex-200 gel filtration column (Amersham Biosciences).
Purified protein was concentrated to ~15 mg ml™! for crystallization
trials. Selenomethionyl NeuB was prepared as described previously (36)
and purified in a similar manner as native NeuB protein.

Cloning, Overexpression, Purification, and Activity Verification of
His-tagged Enzyme—The neuB gene was cloned into a pET-30 Xa/LIC
vector using the Xia/LIC cloning kit protocol (Novagen). The resulting
plasmid was transformed into E. coli strain JM109 (DE3) expression
cells that were grown at 37 °C in 500 ml of LB media containing 30
ng/ml kanamycin. Overexpression of His-tagged NeuB was induced
through the addition of 0.5 mMm isopropyl-B-D-thiogalactopyranoside at
an Agy, of ~0.60 and grown for an additional 4 h. Cells were harvested
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Fic. 2. The proposed C—O bond
cleavage mechanism for the reaction
catalyzed by sialic acid synthase
(NeuB). 30 isotopic labels are included
to highlight the fate of the bridging phos-
phate oxygen of PEP during catalysis.

ManNAc + PEP

through centrifugation, resuspended in 30 mM triethanolamine-HCl
buffer (pH 7.5) (containing 10% glycerol, 1 pg/liter aprotinin and pep-
statin, 1 mM phenylmethylsulfonyl fluoride), and lysed with three
passes through a French press. The crude protein was loaded onto a
chelating Sepharose nickel affinity column (10 ml (pH 8.0); Amersham
Biosciences) according to the manufacturer’s instructions. The column
was washed with 10 and 50 mM concentrations of imidazole, and the
protein was eluted with 500 mM imidazole. Fractions containing the
enzyme were dialyzed overnight in 30 mMm triethanolamine-HCI buffer
(pH 7.5) with 1 mm dithiothreitol and 10% glycerol and then flash-
frozen. Protein samples were >90% pure as determined by SDS-PAGE
analysis. 'H and *'P NMR spectroscopy was used to monitor the puri-
fied His-tagged enzymatic reaction and confirmed that the reaction
products were NeulNAc and phosphate, respectively. The unmodified
enzyme and the His-tagged enzyme showed similar activities, indicat-
ing that the presence of the N-terminal modification did not dramati-
cally affect the reaction rate. No reaction could be observed in the
presence of 5 mM EDTA, confirming that the divalent cation was vital
for activity.

Preparation of rManNAc—Sodium borohydride (0.08 g, 2.0 mmol)
was added to a solution of ManNAc (0.21 g, 1.0 mmol) in water (10 ml),
and the mixture was stirred at room temperature for 2 h. The solution
was neutralized using Amberlite IRP-64 ion exchange resin, filtered,
and lyophilized. The white solid was refluxed in methanol (50 ml) for 30
min and then concentrated under reduced pressure. The oily film was
dissolved in water and lyophilized to give a white solid (0.16 g).

Crystallization and Data Collection—Purified untagged NeuB at a
concentration of 15 mg ml~* and in the presence of 10 mm MnCl, and a
variety of substrates (10 mMm reduced ManNAc¢/PEP/NeuNAc) was used
for hanging drop vapor diffusion crystallization trials. Orthorhombic
crystals (0.4—0.5 mm) in the space group P2,2,2 were obtained using
1.75 M malic acid (pH 6.2) as the precipitant. However, due to the use of
high concentrations of malic acid as the precipitant for crystallization,
the NeuB active site contained bound malate coordinating the metal
co-factor (malate having some chemical similarity to PEP). To remove
the malate from the active site, NeuB crystals were soaked in 2 M
sodium phosphate (pH 6.2), 10 mm MnCl,, 10 mm PEP, and 10 mm
reduced ManNAc for 24 h to facilitate buffer exchange. Crystals were
then soaked in 20% (v/v) ethylene glycol (acting as the cryoprotectant),
substrate, and metal for 5 min before data collection at 100 K. Single
wavelength native (malate-bound) and selenomethionyl data sets were
collected at the advanced light source (ALS) beamline 8.2.1 using an
ADSC Quantum Q210 CCD detector. Data sets of the NeuB and sub-
strate complexes were collected using a MAR345 detector on a rotating
anode Rigaku RU200 generator. The malate-bound P2,2,2 NeuB crys-
tal has unit cell dimensions @ = 58.8, b = 76.2, ¢ = 77.5 A, with one
molecule per asymmetric unit. The complexed NeuB plus Mn?* plus
reduced ManNAc and PEP crystal has unit cell dimensions a = 58.5,
b = 75.6, ¢ = 77.9 A. Malate-bound data were processed using DENZO
and SCALEPACK (37), and NeuB complex data were processed using
MOSFLM (38) and the CCP4 program suite (39). Data collection and
processing statistics are summarized in Table I.

Structure Determination and Refinement—The structure of NeuB
was determined through the collection of anomalous diffraction of a
highly redundant single wavelength (SAD) data set from orthorhombic
crystals grown using selenomethionyl incorporated protein. A total of 8
of a possible 10 selenium atom sites were identified using SnB Version
2.2 (40), with additional site refinement carried out using SOLVE (41)
and SHARP (42). Electron density maps were improved via solvent
flattening using RESOLVE (43). The initial model was built manually
using XTALVIEW (44), and the final model containing all 349 residues
in thermodynamically favorable positions was obtained through several
rounds of refinement with CNS Version 1.1 (45) to a resolution of 1.9 A.

tetrahedral
intermediate

oxocarbenium ion
intermediate

Bound rManNAc and PEP were modeled at full occupancy as was the
Mn?*co-factor. Quality of the model was analyzed with PROCHECK
(46), with 93% of residues in the most favorable regions of the Ram-
achandran plot and no residues in the disallowed region. Figs. 1 and 2
were created with ChemDraw Ultra 8.0 (CambridgeSoft), Figs. 3, 4, 6,
and 7 were created with MOLSCRIPT (47). Figs. 3, 4, 6, and 7 were
rendered with Raster3D (48).

Static Light Scattering—Static light scattering experiments were
carried out at 25 °C on a Superdex 200 gel filtration column using 20
mM Tris-HCI (pH 8.5), 100 mm NaCl. Refractive index and Mini-dawn
light scattering detectors (Wyatt Technology) were calibrated using
bovine serum albumin (Sigma).

Coupled Assay—A cuvette containing Tris-acetic acid (pH 8.3) (150
mM, 0.8 ml final volume), ManNAc (variable), NADH (160 um), lactate
dehydrogenase (250 units), NeuNAc lyase (20 units, Jiilich Fine Chem-
icals), MnCl, (1 mm), and dithiothreitol (1 mM) was incubated for 10 min
at 37 °C. After the initial incubation, PEP (variable) was added, and the
observed slow background rate of PEP hydrolysis was determined by
the decrease in absorbance at 340 nm. The enzymatic reaction was
initiated by the addition of His-tagged NeuB (1 pg), and the enzymatic
rate was calculated from the observed rate less the background rate.
The K, value for ManNAc was measured in the presence of 1 mm PEP,
and that for PEP was measured in the presence of 30 mm ManNAc.

180-Labeling Experiment—I[2-**0]PEP disodium salt was prepared
using slight modifications to literature-reported procedures (49, 50).
The resulting material was 66% enriched in %0 isotope at the C-2
position as determined by both *'P NMR spectroscopy and mass spec-
trometry. The time 0 reaction mixture contained [2-'®0]PEP (5 mg),
ManNAc (2.5 mMm), dithiothreitol (1 mm), MgCl, (1 mMm), triethanola-
mine-HCI (pH 7.5) (final concentration of 12 mM in a total volume of 600
ul), and D,O (200 wul). A proton-decoupled *'P NMR spectrum was
obtained with the sweep bandwidth limited to 20 ppm. The synthase
(0.3 mg) was added, and the reaction was monitored for 2 h with spectra
taken every 30 min.

RESULTS AND DISCUSSION

Subunit Architecture—Each monomer of N. meningitidis
NeuB consists of 349 residues and can be divided into two dis-
tinct domains that are joined by an extended linker region (Fig.
3b). The first domain, consisting of residues 1-273, has a fold
typical of a TIM barrel (24); that is, an eight-stranded parallel
B-barrel enclosed by eight helices (H1-H8). Two additional small
a-helices are present between H2 and H3 of the (B/a)g barrel and
form part of an extended loop region of NeuB consisting of resi-
dues 61-87. Despite low sequence identity (<10%), superposition
of the secondary structural elements of the first N-terminal 273
residues of NeuB with other PEP utilizing enzymes such as
DAH7PS supports the hypothesis that the enzymes are com-
posed of a very similar overall fold (root mean square deviation
value of 2.1 A on 273 C-a residues).

The second domain of sialic acid synthase is entirely novel
for a PEP utilizing enzyme and consists of 74 residues from the
C-terminal end of the enzyme, with a linker region consisting of
residues 274 to 284 joining it to the N-terminal TIM barrel
domain. Residues 285 to 349 form an antifreeze-like domain,
similar to that observed in a variety of functional type III AFPs
(51, 52). This compact, “pretzel-shaped” fold consists of two
identical motifs comprised of four short B-strands and a single
310 helix. The two motifs are arranged with approximate 2-fold
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TABLE 1
Data collection, SAD phasing, and model refinement statistics
Malate-bound Derivative (selenomethionyl) peak Complex
Data collection

Space group P2,2,2 P2,2,2 P2,2,2
Beamline 8.2.1 8.2.1
Resolution (A) 1.9 2.7 2.2
Wavelength (A) 1.5418 0.9796 1.5418
Total reflections 90,130 153,926 69,090
Unique reflections 26,239 12,456 17,331
Redundancy 3.4 12.4 4.0
Completeness (%)* 94.0 (69.2) 100.0 (100.0) 98.6 (95.0)
q (D) 6.2 (2.9) 5.9 (1.3) 16.4 (9.2)

Sym"”’ 7.3 (24.0) 10.7 (57.6) 3.6 (7.8)

Refinement statistics

Resolution (A) 30-1.9 30-2.2
Number of atoms

Protein 2,681 2,681

Substrate 9 25

Water 182 255
R, . (%) 0.207 0.186
R (%) 0.238 0.248
Root mean square deviations

Bonds (A) 0.005 0.006

Angles (°) . 1.3 1.3
Average B-factor (A?)

Protein 25.0 15.9

Substrate 31.4 (malate) 16.2 (PEP)

25.1 (rManNAc)
Water 30.1 21.4

@ Values in parentheses refer to the highest resolution bin (malate-bound, 2.0-1.9 A; selenomethionyl, 2.8-2.7 A; complex: 2.3-2.2 A).
® Ry = 2|, — (D2, where I, is the integrated intensity of a given reflection.

‘R

cryst

symmetry, such that the eight total strands of the domain form
three small antiparallel B-sheets (two three-stranded and one
two-stranded). An eleven residue loop, containing a small 3,
helix connects the two motifs together. Superposition of the
C-terminal 64 residues from NeuB with other type III AFPs (65
residues total protein length) yields a very highly correlated
structural alignment (root mean square deviation of 1.0 A on
the 64 common C-a residues).

Oligomerization State—Previous circular dichroism and ma-
trix-assisted laser desorption ionization time-of-flight spec-
trometry studies of E. coli NeuB had suggested that the en-
zyme exists as a tetramer in solution, an oligomerization state
also observed for both KDO8PS and DAH7PS (53). However,
based on the results of our biophysical analysis, we conclude
that N. meningitidis NeuB preferentially forms a domain-
swapped homodimer (Fig. 3a) and not a tetramer. Our static
light scattering experiments of purified NeuB resulted in the
elution of a 78,000-Da peak (data not shown), indicating the
presence of a physiological dimer in solution (monomer size is
38,347 Da). The x-ray structure also reveals two antiparallel
monomeric NeuB polypeptide chains that are intimately asso-
ciated across the crystallographic dyad axis, with the linker
region between the two domains of a single NeuB monomer,
providing an extended groove upon which the TIM barrel do-
main of the second NeuB chain sits. The total buried surface
area of the homodimer is extensive (2393 A?), in keeping with
a physiologically relevant homodimer. This domain-swapped
dimerization allows for three major areas of interactions in the
NeuB homodimer. The first interaction involves the close pack-
ing of the C-terminal ends of two opposing TIM barrels, the
second involves the packing of the linker region of one mono-
mer with an opposing TIM barrel, and finally, the third major
region of interaction in the NeuB homodimer lies in the pack-
ing of the N-terminal region of the antifreeze-like domain of
one monomer with the TIM barrel of the second monomer. It is
important to note that at the TIM barrel-antifreeze-like do-
main interface, the side chains of three residues from the

= (S|F, — F)(SF,), where F, and F, are observed and calculated structure factors.

antifreeze-like domain, Thr-285’, Phe-288’, and Arg-314’, are
positioned directly within the depressed cavity of the adjacent
TIM barrel, where they play a direct role in substrate binding
(Fig. 3c¢).

Sialic acid synthases and fish type III AFP have no obvious
functional similarities. However, previous studies have shown
high sequence identity between the C-terminal end of NeuB
and type III AFPs (25). The structure of NeuB presented here
clearly substantiates the hypothesis that these two domains
are structurally similar. AFPs make extensive hydrogen bonds
during ice binding (52), so it may not be surprising that these
proteins have a propensity to bind polar sugar molecules. In-
deed, our current observations add NeuB to the growing list of
AFP homologues that interact with sugars and polysaccharides
(type I, Ca%*-dependent lectins; type IV, lipoprotein domain)
(52); it represents the first reported case for a type III AFP.

The Active Site of NeuB—To confirm the location of the active
site of sialic acid synthase, NeuB crystals were soaked with a
large excess of rManNAc and PEP (see “Experimental Proce-
dures”). The reduced ManNAc contains a hydroxyl group as
opposed to an aldehyde group at C1, thereby prohibiting the
cyclization of the sugar and removing the reactive carbonyl
group that would cause the reaction to proceed to completion.
Under these conditions, electron density for Mn2", rManNAc,
and PEP was clearly visible at 1o and 2¢ in the F, — F, maps
(before any additional refinement) and fully occupied within
the active site (Fig. 4a). Further rounds of refinement improved
substrate density visibility.

As with other enzymes that assume a TIM barrel topology,
the active site of sialic acid synthase is located in a deep
depression at the C-terminal end of the barrel. However, in
NeuB, the unique antifreeze-like domain of the second mono-
mer of the homodimer essentially seals off the active site from
bulk solvent as well as providing specific residues that come
into close contact with the bound substrates. The majority of
the residues within the active site come from loop regions and
S2 and S4 of the C-terminal end of the TIM barrel, with
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Fic. 3. Overall architecture of
NeuB. a, arrangement of the NeuB do-
main-swapped homodimer. One monomer
is represented in blue and green, whereas
the other monomer is represented in red
and orange. Secondary structure ele-
ments are represented as ribbons. Helices
that are part of the (p/a)g barrel are la-
beled for the monomer and are repre-
sented in blue and green. Reduced Man-
NAc and PEP within the active site of
NeuB are shown in stick representation
with carbon atoms in yellow, oxygen at-
oms in red, nitrogen atoms in blue, phos-
phorus atoms in green, and the metal co-
factor Mn?" in magenta. b, view of the
NeuB monomer showing the TIM barrel
and antifreeze-like domain with bound re-
duced ManNAc, PEP, and metal co-factor.
The N terminus, C terminus, and individ-
ual helices that are part of the TIM barrel
are labeled. ¢, stereoview of the anti-
freeze-like domain and TIM barrel do-
main interface within the NeuB ho-
modimer. Individual residues (Thr-285’,
Phe-288’, and Arg-314') from the anti-
freeze-like domain that are positioned
within the active site cavity are shown in
stick representation.

additional contacts made by the helix and coiled region of the
linker domain and an extended 11-residue loop of the anti-
freeze like domain (residues 285-314).

We were prompted to include 10 mm Mn2" in our crystalli-
zation conditions by earlier studies which showed that NeuB
requires a metal co-factor for activity, with Mn?* having the
greatest effect and Co?" having a somewhat lesser effect (11).
Our results indicate that the metal co-factor is important for
both the structure and catalytic activity of NeuB. It was ob-
served that purified NeuB only formed crystals in the presence
of a metal co-factor, with the largest crystals forming in the
presence of Mn2". The metal co-factor is coordinated within the
active site in a octahedral manner with His-215 (2.3 A), His-
236 (2.4 A), O2P from PEP (2.1 A), and W1 (2.2 A) forming the
equatorial plane and O1 from rManNAc (2.6 A) and W2 (2.4 A)
filling the axial positions (Fig. 4b). The observed direct binding
of the hydroxyl group from the sugar substrate suggests that
the carbonyl group of non-reduced ManNAc would be in an
ideal position to be activated by the metal ion.

The carboxylate and phosphate groups of PEP make several

3559

hydrogen bonds with side chains from conserved residues in
the active site (Fig. 4b). The majority of contacts are made
between the si face of PEP and the enzyme, with few contacts
being made with the re face of the substrate. The phosphate
group of PEP is tightly anchored by hydrogen bonding to a
number of conserved serine residues (Ser-132, -154, -213) and
Asn-184. The carboxylate of PEP also forms favorable electro-
static interactions with the side chains of Lys-129 and Lys-53.
The two vinylic carbon atoms of PEP do not form interactions
with any active site residues because they are coordinated
toward the central region of the cavity, thereby making them
freely accessible for interactions with the bound sugar
substrate.

The majority of mechanisms proposed for the various PEP-
utilizing synthases imply that the reactions proceed via an
open chain form of the sugar (18—22, 26-29). Structural stud-
ies with rManNAc have enabled us to visualize the binding
characteristics of the sugar within the active site of NeuB.
Several strong hydrogen bonds are formed between active site
residues, such as the highly conserved Asp-247, GIn-55, and
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a

FiGc. 4. The active site of NeuB. a,
stereoview of observed electron density of
reduced ManNAc, PEP, and Mn?". Ob-
served density of substrates in initial (be-
fore additional refinement) F, — F, map
contoured at lo (blue density) and 20.
(magenta, density). Reduced ManNAc
and PEP are represented with carbon at-
oms in yellow, nitrogen atoms in blue, ox-
ygen atoms in red, and phosphorus atom
in green. The bound metal co-factor Mn?*
is represented in magenta. b, stereoview
of interactions of Mn?", reduced ManNAc,
PEP, and active site residues. Reduced
ManNAc and PEP are represented with
carbon atoms in yellow, nitrogen atoms in
blue, oxygen atoms in red, and phospho-
rus atom in green. Active site residues
that interact with bound substrates are
also represented in Corey-Pauling-Koltun
coloring. Water molecules are cyan
spheres. The active site residues from the
antifreeze-like domain of the interacting
monomer are in red. Dotted lines indicate
hydrogen bonds.

Tyr-186, and the functional groups of rManNAc (Fig. 4b and 5).
In addition, the highly conserved Arg-314’ protrudes from the
anti-freeze-like domain of the second monomer to form direct
and water-mediated hydrogen bonds with O7 and O4 (acetyl
group oxygen) of rManNAc. The conserved side chains of Phe-
288’ from the antifreeze-like domain and Phe-112 from the
TIM barrel pack against the aliphatic portion of the arginine
314 side chain apparently position the side chain amide opti-
mally for its multiple interactions with bound sugar. The
unique main-chain torsional angles associated with the con-
served Pro-313 (Fig. 5) directly preceding Arg-314 in the pri-
mary sequence of NeuB also plays a role in the correct posi-
tioning of its side chain for substrate interactions. The
importance of Arg-314 in the catalytic competence of NeuB is
indirectly supported by a previous study involving the inhibi-
tion of Streptococcus agalactiae NeuB through the addition of
an arginine-directed modifying reagent, phenylglyoxal (54).
The many favorable non-covalent interactions to the sugar
acetyl group, including that from the conserved Arg-314’, is
supported by recent work which showed that the catalytic
activity of NeuB was optimal with substrates having the phys-
iological acetyl group but was substantially decreased with
substrates containing longer acyl side chains (11). The tight
packing around the rManNAc we observe in our structure
would suggest that the ability to accommodate longer side
chains (propanoyl, butanoyl, etc.) would require major confor-
mational adjustments of active site secondary structural ele-
ments as well as consequent altered Mn?* and PEP binding, in
keeping with the observed loss of activity. DAH7PS and
KDOS8PS do not process sugar substrates containing acetyl
groups, hence, the absence of similar structural interactions in
these related proteins. It appears that PEP-utilizing enzymes
such KDOS8PS, DAH7PS, and NeuB share the same evolution-
ary background in terms of their TIM barrel protein fold; how-
ever, the increasing diversity of reacting substrates likely in-
fluenced the formation of novel extensions within groups of
these proteins to accommodate the particular features of the

X-ray Structure of Substrate Complexed NeuB

substrate, as we observe in the addition of the anti-freeze-like
domain for the binding of the N-acetyl group in the substrate of
NeuB.

Kinetic and Mechanistic Studies on NeuB—To measure the
kinetic constants for the NeuB reaction, it was useful to de-
velop a continuous coupled assay. In past research, a stopped
thiobarbituric assay for NeulNAc formation was employed (55).
The recent availability of commercial sources of NeuNAc lyase,
however, permitted the development of a coupled assay that
monitors the overall conversion of PEP into pyruvate. In the
presence of high levels of NeuNAc lyase, any NeuNAc that is
formed will be cleaved to pyruvate and ManNAc. The pyruvate
can be detected using lactate dehydrogenase and monitoring
the decrease in Ay, due to the consumption of NADH. This
assay was used to obtain the kinetic constants of k., = 0.9 51,
K, PEP = 0.25 mM, and K,,ManNAc = 9.4 mm (150 mm Tris-
acetic acid (pH 8.3), 1 mm Mn2"). These values agree reason-
ably well with those previously reported for the wild type
enzyme isolated from N. meningitidis and assayed under sim-
ilar conditions (K,,PEP = 0.04 mm and K, ManNAc = 6.3 mm
(150 mm Tris-acetic acid (pH 8.3), 5 mm Mn2")) (56).

To probe the mechanism of the synthase reaction,
[2-'80]PEP was prepared with a 66% enrichment of a single
180 isotope as determined by mass spectral analysis. The loca-
tion of the isotope was confirmed to be at the C2 position using
31P NMR spectroscopy. The substitution of an 160 isotope for
an 80 isotope at a position that is singly bonded to a phospho-
rus atom will result in an upfield shift in the corresponding 3'P
NMR signal (57). This effect can clearly be seen in the spectrum
of the starting material that shows two phosphorus signals
(Appm = 0.02) for PEP in a 2:1 ratio (Fig. 6, ¢ = 0). Upon the
addition of sialic acid synthase the signals corresponding to
PEP were gradually replaced by those corresponding to inor-
ganic phosphate (Fig. 6, # = 60 min). No such change occurred
if the experiment was run in the absence of ManNAc, ruling out
the possibility that a phosphatase impurity was responsible for
this reaction. Examination of the signals due to inorganic phos-
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NeuB-A

NeuB-P
NeuB-N

NeuB-C.
NeuB-E.

Fic. 5. Multiple sequence align-
ment of NeuB orthologues from sev-

NeuB-F.
eral bacterial species. The N. meningi- Neua-N
tidis NeuB sequence is highlighted in blue ::t::é
and in bold face. The secondary structure " 4
of N. meningitidis NeuB is shown above
the sequence alignments, with orange e
lines representing coils, red block arrows NeuB-p
representing strands, and aquamarine b
cylinders representing helices. Conserved NeuB-C.
active site residues of NeuB within bacte- b
rial species are represented in magenta
boxes. Conserved active site residues of
NeuB from the domain swapped partner e
are represented by red boxes. Other con- NeuB-E.

served residues are indicated with a yel- i

low box. The numbering of the N. menin- NeuB~C.

gitidis sequence is represented bellow the NeuB-E.

multiple alignment. Sequence alignments

were calculated using the program Clust-

alW (46), and the species sequences are R

listed in their representative positions in NeuB-B.

a phylogenetic tree. Sequences from the ﬁiﬂi:: v

following species were included (TrEMBL MeuB-C

accession codes in parentheses): Aeromo- NeuB-E.

nas caviae (Q9R9S2), Pseudomonas

aeruginosa Q8KH52), Prochlorococcus

marinus (Q7V953), N. meningitidis (sero-

group B) (Q7DDUO0), C. jejuni (gene: NeuB-a,

NeuB1) (Q7BCA41), E. coli (Q46675). i
NeuB-N.
NeuB-C.
NeuB-E
NeuB-&.
NeuB-P.
NeuB-F.
NeuB-M.
NeuB-C,
NeuB-E.

phate also showed a 2:1 ratio of 180-labeled to unlabeled com-
pound (Appm = 0.02), confirming that the label was fully
retained in the inorganic phosphate and that the reaction took
place via a C—O bond cleavage process (Fig. 2).

Proposed Catalytic Mechanism for Sialic Acid Synthase—
Based on our structural and mechanistic observations, one can
make several statements relevant to an understanding of the
reaction pathway followed by sialic acid synthase. Although the
reduced form of ManNAc contains a hydroxyl group instead of
an aldehyde at C1, it is presumed that the sugar molecule with
the carbonyl group would bind in a similar fashion. At this
position, the proximity of the C3 carbon of PEP with C1 of
rManNAc is entirely consistent with the observed C—O bond
cleavage mechanism in which the initial step involves a C-C
bond formation between these groups. The observed vicinity of
the rManNAc C-1 hydroxyl and the metal ion (2.5 A) strongly
suggests that the addition is promoted via electrostatic catal-
ysis in which the metal polarizes the carbonyl. Under this
scenario the si side of PEP would nucleophilically attack the si
side of ManNAc at the C=0O double bond, agreeing with the
findings by Sundaram et al. (11). The intimate interaction of
the carbonyl group with the metal ion and its importance in
promoting nucleophilic attack explains the differences in en-
zyme activity observed with varying divalent metal ion bound
in the active site, with Mn?" exhibiting the greatest catalytic

.caviae
NeuB-P.

NeuB-A.
NeuB-F.
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51 52 53 H1 84

MDEIIEPFITINGRKIGPDYPPYIIA]
aerug MNEVIS----IAGRAIGPDYPPYI1A]
marinus MINPLDEN-~IANRSIGVTKFPFIIA]

NGDINRAFAIMEEAKKAGADAL &0
NGSLETAFRIIEAAKSCGADALS 56
NQSLDRAFS IVEARRHSGAHAL 58

mening MONNNEFKIGNRSVGYNHEFLIIC] SLETAFEMVDAAYNAGAEVV] 58
jejuni MEEIKIQNIIISEEKAFLVVPY NGSLELAKIMVDAAFSAGAKI I} 55
I MSN====———— 1Y IVAY NGSVDIAREMI LEAKEAGVNAVEE] 42
2 5
HS 85
caviae ADTITFECD-SEEFQIHG--GLWDGENLYQLYKEAQMPWEWHOPLFEKAKELGITIFSSE 117
aesrug EDTITLNSD-LPDFRISG--GLWGGKTLYELYEWAHT PWEWHTPMFEYARKIGVTIFSSE 113

marinus ADSITLNVR-GGLFEITDKSSLWYGNNLEQLY SHASTPWEWHEPIFNHAKDCGLICFSSPE 117

-mening VEDEMS - - - -DEAKQVIP- - -GNADVSIYEIMERCALNEEDEIKLKEYVESKGMIFISTP 111
jejuni VEDEMS----KARKKVIP---GNAKIS IYEIMOKCALDYKDELALKEYTEKLGLVYLSTE 108
coli ADKLISAIAPKAEYQIKN---TGELESQLEMTEKLEMKYDDY LHLMEYAVSLNLDVESTE 99

HE s6, H7 HE
caviae ‘I:"U\UI:LLEDLDAPAY'!A. IDLPLIKRVAQTGKP---MIMBTGMANAEEIAEATA 174

.aerug PTAVDLLEDLNAPAYRIAS *IDLPLIKY\L\ATGKP— GMADLEEIQEAVD 170

.marinus EXKAVOFLESLOTPAY QI ICHLPLIKKVAQTGKP- GLASIRELDEAVE 174
mening RAAALRLORMD I ISIESIKKSVE 168
jejuni RAGANRLEDMGVSAFRIGH EENNYPLIKHIMEKKP———MI GMNSIESIKPTVE 165
coli EDSIDFLASLECK IWRL Py LNLPYLEKIAKLFPIPDKKITIQTEMATIDEIKQSVS 159

129 134
H10 H1l H12
caviae APACQYNLRTIADMAERFG-VLSG IDNATAVAR 231
aerug 'APAQDYNLRT ITODMOKRHG-LVIG LDNTTAIAS 227

marinus AARSAGCKD--LALLKCTS ASPHNTNIRTIPELASLFS-CHETG LGLGVSVAS 231
mening IIREAGVPY- - -ALLHCTN PYEDVRLGGMNDLSEAFPDAIT LDNYACLGA 225
jejuni ILLDNEIFF-~-~-VLMHTTHLEPT PHNLVRLNAMLELKKEFS~CMVG 'TONLACLGR 221
coli 1FINNKVPVGNITILHCNT 'TPFEDVNLNAINDLEKHFPKNNIG SGFYARIAR 2189
H13 .
caviae VRLGRCLI£ [V TMDRNGG! SFSLEPHELAALCKDAKTAWSALGSVNYTRTEA--EK 289
aerug VALGAEZIT JFT LNENGGGPQDSFELEPAELSALCRDSKTAWASLGIVDYGRKSS--EA 285
marinus VPLGACII JFCLSREDGI AFSLEPSEFRDLVODNVERAWQSLGSIHYGPTDS--EI 289
maning VALGGSIL FT 'GPRIVCEMNFDTF KQGAHALKL TIIAG-EKP 284
.Jejuni VALRACYLEREETD: IVCSMCTOALKELI IQSEQMA IMRGNNESKKAAKQEQV 281
coli VYPYGITFI JFTLDESMSGPEHLASTEPDELKHLC IGVRCVEKSLGSNSKVVTAS-ERK 278
234 247
H1l4 511 812 s13 H15 514 H1E 815 s516 517
caviae GHVEFRRSLYVIRDIKAGDVLSNDNVRS IQPGFG- LAPKYLEQVLGKTAIVDIKRGTELS 348
aerug GNVEKERRSLYAIRDIEAGEPLTARENIRSVEPGYG-LSPKHY TEVLGKTAAVKIPAHTEIH 344
marinus KSLCFRRSIFISEDVSQGQILDESHLK IVPNSG- LHPRFYEIVLGRRAARSLSKGTELS 348
mening TKDFAFASVVADKD IKKGELLSGDNLI FSVNEYETLFGEVAACNIRKGAQIK 244
jejuni TIDFAFASVVSIKDIEKGEVLSMDNIWY, GLGGISAREFENILGKKALRDIENDTOLS 341
«coll NEIVARKSIIAKTE IKKGEVFSEKNITT GNE-ISPMEWYNLLGKIAEQDFIPDELII 337
314
H18 S51

caviae PEF) === 352

aerug WEKLSDD-- 351

marinus FDMWVD--- 354

mening KTDIE---- 348

jejuni YEDFA---- 346

coli HSEFENQGE 346

influence on the mechanism (11). This observation differs quite
notably from recent reports on the metal-dependent KDOSP
synthase and DAH7P synthase that state the metal does not
play a direct role in catalysis (19-21). Instead, the metal is
proposed to be important in maintaining the correct orientation
of substrates/amino acids within the active site such that the
delivery of water is facilitated. Recent studies have shown that
sialic acid synthase condenses the si face of PEP with the si face
of the aldehyde group of ManNAc to form sialic acid (11). The
three-dimensional structure of the substrate-bound NeuB is
consistent with this conclusion as PEP is bound in such a
position that would facilitate the si face addition of the sub-
strate to the sugar molecule. C1 and C2 of PEP are positioned
toward the center of the cavity where residues from the anti-
freeze-like domain are positioned and are twisted (~30°) from
planarity with the carboxyl group of the substrate to facilitate
the si face condensation. This deviation from planarity is un-
usual; however, it appears to be critical for the mechanism to
proceed via nucleophilic addition of C3 of PEP to the sugar
substrate. The twist in PEP is also evident to a lesser degree in
PEP-bound DAH7P synthase structures (21, 22, 58). The
greater degree of deviation from planarity in the bound PEP of
NeuB is possibly due to the presence of residues from the
anti-freeze like domain. Whereas all the active site residues
from DAH7PS come from a single domain, NeuB contains ac-
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tive site residues from an alternate domain that is positioned at
a slightly different location, requiring a greater twist in the C1
and C2 atoms of PEP.

PEP-utilizing enzymes that promote condensations via a C—O
bond cleavage process are expected to catalyze the formation of a
tetrahedral intermediate (Fig. 2). This intermediate may be
formed in a stepwise fashion in which the addition of PEP to the
aldehyde first generates an oxocarbenium ion intermediate, and
water subsequently adds to give the tetrahedral adduct (shown
in Fig. 2). Alternatively, the water may add in concert with the
addition of PEP to give the intermediate in a single step. The
strongest support for the oxocarbenium intermediate, or oxocar-
benium-like transition state, is found in work on KDOSP syn-
thase in which a cationic mimic of the intermediate has been
shown to be a potent inhibitor of enzyme activity (18, 27, 29). In
sialic acid synthase, electrostatic stabilization of this intermedi-
ate may come from anionic residues such as Glu-25, Glu-134,
Glu-234 (Fig. 7). Alternatively, the highly anionic nature of PEP
itself may suffice to provide the requisite electrostatic stabiliza-
tion. In a subsequent step, water is expected to add to the C2
position of the adduct, generating a tetrahedral intermediate.

°0- PER__
t=1h
160- PEP
160°-PO,2" B

-]
-
3

Fic. 6. 3'P NMR spectra monitoring the conversion of partially
labeled [2-'®|0]PEP into partially '°0-labeled phosphate by
NeuB. The lower panel shows the spectrum before the addition of
NeuB. The upper panel shows the spectrum taken after 1 h of
incubation.

Fic. 7. Stereoview of proposed cat-
alytic residues involved in the NeuB
reaction. H-bonds are indicated as black
dotted lines. The covalent bond formed in
the condensation reaction between atoms
of PEP and ManNAc is indicated with a
green dotted line. The metal and rMan-
NAc interaction is indicated with a red
dotted line. Catalytic residues and sub-
strates are represented as sticks in Corey-
Pauling-Koltun colors. Water molecules
are shown as cyan spheres, and the metal
ion is shown in magenta.

X-ray Structure of Substrate Complexed NeuB

There are two possibilities for this intermediate step. One water
molecule, W4 (Fig. 7), sits 3.3 A away from the re face of PEP, and
the other, W2, (Fig. 7) sits 3.9 A away from the si-face of PEP.
Deprotonation of the water molecule on the re face would likely
be carried out by the active site base Glu-134. Alternatively,
metal-assisted deprotonation of the si face water molecule could
facilitate hydroxide delivery to the C2 position of PEP. Glu-25 or
Glu-234 could potentially act as the catalytic base for the depro-
tonation step of the si face water molecule. Further analysis
would be required to determine the exact nature of the formation
of the tetrahedral intermediate.

The breakdown of the tetrahedral intermediate with loss of
phosphate would likely employ similar catalytic machinery.
Tonization of the C2 hydroxyl could be assisted by coordina-
tion to the metal or by the involvement of an active site base
such as Glu-25, Glu-134, or Glu-234. The resulting open
chain form of sialic acid would likely be released into solution
where it would spontaneously cyclize to give the pyranose
form of the molecule. Alternatively, the enzyme may catalyze
the ring opening and ring closing steps of the overall reaction.
A final mechanism that involves P—O bond cleavage has
been suggested for these enzymes and involves cyclization of
the oxocarbenium ion intermediate by attack from the hy-
droxyl group at C6 (not shown). This directly generates a
pyranose form of the tetrahedral intermediate. Water would
then replace the phosphate in an Syl process involving a
cyclic oxocarbenium ion intermediate. The extended confor-
mation of the bound substrates observed in this structure
argues against such a mechanism. Furthermore, extensive
mechanistic studies on KDOS8P synthase eventually ruled out
such a mechanism with that enzyme (28).

Conclusion—The importance of understanding the mecha-
nism of sialic acid production is made evident by the vital role
this sugar plays in a number of biological processes. Their
widespread existence in bacteria enables various pathogens to
avert host mammalian host defenses and makes them an at-
tractive target for the development of novel antibiotics. There
is also obvious industrial potential for sialic acid synthases in
the large scale production of sialic acid containing reagents. We
report the first solved crystal structure of a sialic acid synthase
complexed with Mn?* and its natural substrate PEP and sub-
strate analog rManNAc. We also demonstrate that the syn-
thase employs a C—O bond cleavage process during catalysis
and report a new continuous assay to monitor the reaction
kinetics. NeuB exists as a domain-swapped dimer that appears
to be mechanistically important for the creation of the NeuB
active site because it provides contacts for enzyme-sugar sub-
strate interactions. In addition, the bound metal appears to
play a catalytic role in the production of sialic acid, an obser-
vation that contrasts against recent enzymatic research on
DAH7PS and KDOS8PS (19-21). Experiments are currently
under way to observe the binding interactions of other sub-
strate analogues and inhibitors with NeuB. The information
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gathered from these complexes will further the understanding
of the essential process of sialic acid synthesis.
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