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ABSTRACT: Sialyltransferases are key enzymes involved in the biosynthesis of biologically and pathologically
important sialic acid-containing molecules in nature. Binary X-ray crystal structures of a multifunctional
Pasteurella multocidasialyltransferase (∆24PmST1) with a donor analogue CMP-3F(a)Neu5Ac or CMP-
3F(e)Neu5Ac were determined at 2.0 and 1.9 Å resolutions, respectively. Ternary X-ray structures of the
protein in complex with CMP or a donor analogue CMP-3F(a)Neu5Ac and an acceptor lactose have been
determined at 2.0 and 2.27 Å resolutions, respectively. This represents the first sialyltransferase structure
and the first GT-B-type glycosyltransferase structure that is bound to both a donor analogue and an acceptor
simultaneously. The four structures presented here reveal that binding of the nucleotide-activated donor
sugar causes a buried tryptophan to flip out of the protein core to interact with the donor sugar and helps
define the acceptor sugar binding site. Additionally, key amino acid residues involved in the catalysis
have been identified. Structural and kinetic data support a direct displacement mechanism involving an
oxocarbenium ion-like transition state assisted with Asp141 serving as a general base to activate the
acceptor hydroxyl group.

Terminal sialic acid (N-acetylneuraminic acid or Neu5Ac)1

residues on the carbohydrate moieties of higher animal
glycoconjugates are directly involved in many biologically
and pathologically important processes such as molecular
recognition, cell-cell interaction, bacterial and viral infec-
tion, and tumor metastasis (1, 2). Sialic acids have also been

found in many pathogenic bacteria such asCampylobacter
jejuni, Neisseria meningitidis, Neisseria gonorrheae, Es-
cherichia coli K1, group B Streptococci, Haemophilus
ducreyi, andHaemophilus influenzaeas components of their
lipooligosaccharides (LOS) or capsular polysaccharides, and
their presence is often associated with virulence (1-9). The
importance of sialic acids has made sialyltransferases, the
key enzymes involved in the biosynthesis of sialic acid-
containing structures, potential therapeutic targets. It is,
therefore, crucial to understand the catalytic mechanism of
sialyltransferases.

∆24PmST1 (Pasteurella multocidasialyltransferase 1 with
an N-terminal 24 amino acid residue deletion) is a multi-
functional sialyltransferase fromP. multocidastrain P-1059.
The major function of the enzyme is anR2,3-sialyltransferase
that catalyzes the transfer of a sialic acid residue from its
activated sugar nucleotide donor, cytidine 5′-monophosphate
sialic acid (CMP-Neu5Ac), to its acceptor, a structure
terminated with a galactose residue (10). The crystal
structures of the enzyme have been determined previously
in native form and in complex with CMP (11). The overall
structure of∆24PmST1 belongs to the glycosyltransferase
B (GT-B) fold and consists of two separate Rossmann
domains with a deep nucleotide-binding cleft between the
two domains (11). It is, thus, different from the GT-A-like
fold of the only other known sialyltransferase CstII structure
(12, 13). In order to determine the key amino acid residues
that interact with the Neu5Ac in the CMP-Neu5Ac donor
and the carbohydrate acceptor, CMP-3FNeu5Ac compounds
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(inert CMP-Neu5Ac donor analogues with a fluorine atom
in either the axial or equatorial position at C-3 of the
Neu5Ac) were synthesized and used in the cocrystallization
studies. Binary structures of the protein in the presence of
CMP-3F(a)Neu5Ac or CMP-3F(e)Neu5Ac have been ob-
tained. In addition, ternary structures of the protein in the
presence of CMP-3F(a)Neu5Ac or CMP and lactose have
also been determined. These structures identified substrate
binding pockets in∆24PmST1 for both the donor and
acceptor and the key amino acid residues that are involved
in catalysis. Site-directed mutagenesis, kinetics, and crystal-
lographic studies support a direct displacement mechanism
involving an oxocarbenium ion-like transition state as
predicted for inverting glycosyltransferases (14-16). Struc-
tural and kinetic data point to Asp141 as the general base
that deprotonates the hydroxyl group (3′-OH and possibly
6′-OH) in the terminal galactose residue of the acceptor
lactose, to activate it as a nucleophile for the direct dis-
placement mechanism. The current study reported here
affords a significant understanding of the mechanism of
action for inverting GT-B-type glycosyltransferases. The
structural and mechanistic knowledge gained from this study
will further aid in the discovery of potential therapeutics that
work through the inhibition of sialyltransferases.

EXPERIMENTAL PROCEDURES

Synthesis of CMP-Neu5Ac, CMP-3F(a)Neu5Ac, and CMP-
3F(e)Neu5Ac.CMP-Neu5Ac was synthesized fromN-
acetylmannosamine (ManNAc), sodium pyruvate, and CTP
using a recombinant sialic acid aldolase and a recombinant
N. meningitidisCMP-sialic acid synthetase (NmCSS) as
reported (17). Both 3F(e)Neu5Ac and 3F(a)Neu5Ac were
formed from ManNAc and 3-fluoropyruvate (5.0 equiv) by
a sialic acid aldolase (17) catalyzed reaction. They were
separated by silica gel chromatography and used in the
NmCSS (17) catalyzed synthesis of CMP-3F(e)Neu5Ac and
CMP-3F(a)Neu5Ac, respectively. The detailed synthesis and
the characterization of the compounds will be reported
separately.

Crystallization.Native sialyltransferase fromP. multocida
is likely anchored into the membrane by a predicted
membrane-spanning domain consisting of the N-terminal 24-
residue stretch of basic and hydrophobic residues (11). A
soluble construct was made by deleting the first 24 amino
acid residues and replacing Ser25 with the Met start codon
(∆24PmST1), which was expressed as described previously
(11). ∆24PmST1 in 20 mM Tris buffer (pH) 7.5) was
concentrated to 10 mg mL-1, and CMP-3F(a)Neu5Ac or
CMP-3F(e)Neu5Ac was added to a final concentration of 2
mM. Binary CMP-3FNeu5Ac crystals were grown by
hanging drop with 3µL of the sample mixed with an equal
volume of reservoir buffer [30% polyethylene glycol monom-
ethyl ether (PEG MME) 2000, 200 mM MgCl2, 0.4% Triton
X-100]. Ternary crystals with both CMP-3FNeu5Ac and
lactose bound were obtained by soaking binary crystals in
buffer containing 33% PEG MME 2000, 50 mM MgCl2,
0.4% Triton X-100, and 10 mM lactose for 1 h. All crystals
were transferred to Paratone-N and frozen in a steam of
nitrogen to 100 K for data collection (18).

Data Collection, Model Building, and Refinement.X-ray
diffraction data were collected on a variety of Stanford

Synchrotron Radiation Laboratory (SSRL) beam lines and
an in-house rotating anode (Table 2). The SSRL collected
data were processed with MOSFLM and scaled with SCALA
(19). Data collected in-house on the rotating anode were
collected on the Proteum CCD (Bruker-AXS, Madison, WI)
and processed with SAINT and scaled with PROSCALE
(Bruker-AXS, Madison, WI). All structures were solved by
molecular replacement using the previously solved structure
of ∆24PmST1 with CMP bound (PDB ID 2EX1) employing
the program AMoRe (20). The atomic model building was
carried out with the molecular graphics program COOT (21).
All structures were refined with the program REFMAC (22,
23) using 95% of the measured data as a target function.
The final R-factor andR-free along with the quality of the
models based on PROCHECK (24) are listed in Table 2.
Only Ala219 falls in the disallowed region in the Ramachan-
dran plot for all four structures presented here, as well as
the two previously published structures (11). The electron
density map clearly defines the same conformation in all
models (æ ≈ 45°, ψ ≈ 120°). The reason for the unfavorable
main-chain angles is that Ala219 falls in a tight turn between
R6b andâ7, which then proceeds into the C-terminal domain.

Site-Directed Mutagenesis.Site-directed mutagenesis was
carried out using the commercially available QuikChange
multi-site-directed mutagenesis kit from Statagene accord-
ing to manufacturer’s direction. The primers used were
PmST1_H112A_R (5′CGAATTAATTGAACGGAAGCAG-
CAATATTTAAG3 ′), PmST1_D141A_R (5′CCATTGAGCC-
AGCGTCATAAAG3′), PmST1_D141N_R (5′CCATTGAG-
CCATTGTCATAAAG3′), PmST1_W270A_F (5′CCGGCA-
CGACAACTGCGGAAGGAAATACC3′), PmST1_W270F_F
(5′CCGGCACGACAACTTTTGAAGGAAATACC3′), and
PmST1_H311A_F (5′CTACTTTAAAGGGGCTCCTAGAG-
GTGGTG3′). The double mutant H112A/D141A was gener-
ated using the plasmid of the H112A mutant as a template
and the mutation primer of D141A as a primer in the
polymerase chain reaction for mutagenesis. The expression
and purification of mutant proteins were carried out as
previously reported for the wild-type enzyme (10, 11).

Sialyltransferase Kinetic Assays.Unless specified, all
kinetic assays were carried out in triplicate in a total volume
of 50 µL in Tris-HCl buffer (100 mM, pH 8.5) containing
CMP-Neu5Ac, LacMU, and∆24PmST1 or its mutant.
Reactions were allowed to proceed for 10 min at 37°C before
they were quenched by adding ice-cold 12% acetonitrile (150
µL). The 0.5 mL microcentrifuge tubes containing assay
mixtures were kept on ice for 10 min before being centri-
fuged for 5 min at 13000 rpm to remove precipitated protein.
The formation of product was measured by injecting 10µL
of the supernatant into a Shimadzu LC-2010A HPLC system
equipped with a membrane on-line degasser, a temperature
control unit (maintained at 30°C throughout the experiment),
and a RF-10A fluorescence detector. A reverse-phase Premier
C18 column (250× 4.6 mm i.d., 5µm particle size) protected
with a C18 guard column cartridge was used. The mobile
phase was 12% acetonitrile aqueous solution with a flow
rate of 1 mL‚min-1. The fluorescent compounds LacMU and
Neu5AcR2,3LacMU were detected by excitation at 325 nm
and emission at 372 nm (10, 25). The system was controlled
by Shimadzu EZStart v7.2 SP1 chromatography software.
Apparent kinetic parameters for wild-type∆24PmST1 and
its mutants were determined by varying the CMP-Neu5Ac
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concentration from 0.1 to 6.0 mM and a fixed concentration
of LacMU (1 mM) or by a fixed concentration of CMP-
Neu5Ac (1 mM) and varying the LacMU concentration from
0.5 to 7.0 mM. Grafit 5.0 was used to calculate kinetic
parameters by fitting the initial velocity data into the
Michaelis-Menten equation. Under assay conditions, no
spontaneous hydrolysis of CMP-Neu5Ac was observed.

CMP-3F(a)Neu5Ac Inhibition Assays.Inhibition assays
were carried out similarly to that described for the kinetic
assays. The typical condition was 37°C in Tris-HCl buffer
(100 mM, pH 8.5) containing CMP-Neu5Ac (0.1-5.0 mM),
LacMU (1 mM), CMP-3F(a)Neu5Ac inhibitor (10µM and
50 µM), and ∆24PmST1 enzyme (41 ng). The type of
inhibition and theKi value were obtained using Grafit 5.0
by fitting the initial velocity data into respective equations.

RESULTS

OVerall Structures.Here we present four crystal structures
of ∆24PmST1 with donor analogues bound in the presence
or the absence of lactose acceptor. Previously, our labora-
tories determined the crystal structures of∆24PmST1 in the
absence of any substrates and in the presence of CMP (11).
The CMP structure was actually generated by cocrystallizing
∆24PmST1 with its natural sugar nucleotide donor CMP-
Neu5Ac. However, only the CMP moiety was observed
binding in the active site, suggesting that the enzyme
hydrolyzed the Neu5Ac moiety from CMP-Neu5Ac and only
CMP remained bound to the enzyme. This result was similar
to that reported for CstII sialyltransferase, for which crystal-
lization of the sialyltransferase in the presence of CMP-
Neu5Ac also resulted in observing only CMP bound to the
enzyme (12). Therefore, to identify amino acid residues
important for binding to the Neu5Ac moiety in the donor
and catalytic activity of sialyltransferase, nonhydrolyzable
analogues of the natural donor substrate CMP-Neu5Ac with
an electronegative fluorine attached to carbon-3 next to the
anomeric carbon C2 of the sialic acid moiety (CMP-
3FNeu5Ac) were synthesized and used in crystal structure
studies (12, 26, 27). Two CMP-3FNeu5Ac compounds were
used. As shown in Scheme 1, CMP-3F(a)Neu5Ac is the
donor analogue with the fluorine in the axial position at C-3
of the Neu5Ac pyranose ring and CMP-3F(e)Neu5Ac is the
analogue with the fluorine in the equatorial position at C-3
of the Neu5Ac.

As predicted, the introduction of an electron-withdrawing
fluoride group at the carbon-3 next to the anomeric carbon-2
of the Neu5Ac in the CMP-Neu5Ac sialyltransferase donor
slows down the enzyme turnover rate by destabilizing the
presumed oxocarbenium ion-like transition state involved in
the sialyltransferase-catalyzed reaction (12, 26). Kinetic data
obtained indicate that CMP-3F(a)Neu5Ac is a competitive
inhibitor of donor CMP-Neu5Ac for theR2,3-sialyltrans-
ferase activity of∆24PmST1 with aKi value of 25.7µM.
TheKi value (25.7µM) of CMP-3F(a)Neu5Ac is more than

16-fold less than theKm (0.43 mM) of CMP-Neu5Ac,
suggesting that CMP-3F(a)Neu5Ac binds to∆24PmST1
stronger than CMP-Neu5Ac. However, with higher enzyme
concentrations and extended incubation times,∆24PmST1
was able to catalyze the transfer of fluorinated Neu5Ac from
donor analogues to the acceptor. This was confirmed by
donor substrate specificity assays using CMP-Neu5Ac, CMP-
3F(e)Neu5Ac, and CMP-3F(a)Neu5Ac as donor substrates
(Table 1). While both CMP-3F(e)Neu5Ac and CMP-3F(a)-
Neu5Ac can still be used as donor substrates by∆24PmST1
for the formation ofR2,3-sialylated products, both com-
pounds displayed around 4 orders of magnitude less activity
than the native donor CMP-Neu5Ac (Table 1). Nevertheless,
the introduction of the C-3 fluorine atom in either the
equatorial or axial position in the sugar of CMP-Neu5Ac
overcomes the problem of the hydrolysis of the donor sugar
by ∆24PmST1 during cocrystallization. Therefore, cocrys-
tallization of∆24PmST1 with either CMP-3F(e)Neu5Ac or
CMP-3F(a)Neu5Ac produced two binary structures corre-
sponding to the enzyme bound with the respective sugar
donor analogues. The introduction of the C-3 fluorine atom
in the Neu5Ac of CMP-Neu5Ac also helps to stabilize the
complex formation with acceptor lactose. Previously, soaking
the CMP-bound∆24PmST1 binary complex with 10 mM
lactose for about 1 h before data collection did not produce
a ternary structure (data not shown). In comparison, perform-
ing the similar procedure by soaking the binary CMP-3F-
(a)Neu5Ac complex with 10 mM lactose resulted in a ternary
complex structure with intact donor analogue CMP-3F(a)-
Neu5Ac along with acceptor lactose bound to the enzyme.
A similar procedure by soaking the binary CMP-3F(e)-
Neu5Ac complex with 10 mM lactose also resulted in a
ternary structure. However, no electron density for the sialic
acid moiety of the donor analogue was observed in this
structure, resulting in a ternary structure of the protein
complexed with CMP along with acceptor lactose bound.
This observation indicates that the donor analogue CMP-
3F(e)Neu5Ac can still be utilized as a substrate for the
enzyme. Indeed, substrate specificity assays confirmed that
CMP-3F(e)Neu5Ac displayed more than three times the
activity compared to that of CMP-3F(a)Neu5Ac (Table 1).

Scheme 1: Structures of CMP-Neu5Ac, CMP-3F(a)Neu5Ac, and CMP-3F(e)Neu5Ac

Table 1: Donor Substrate Specificity Assays of∆24PmST1 Using
CMP-Neu5Ac, CMP-3F(a)NeuAc, and CMP-3F(e)Neu5Ac

donor substrate
relative
activitya

CMP-Neu5Ac 8779
CMP-3F(e)Neu5Ac 1
CMP-3F(a)Neu5Ac 0.37

a Relative activity was determined in duplicate by single point
readings. The enzymatic assays were performed at 37°C in a total
volume of 50µL in Tris-HCl buffer (100 mM, pH 8.5) containing CMP-
Neu5Ac or its fluorinated analogue (1.5 mM), LacMU (1 mM), and
the recombinant enzyme [180 ng for CMP-Neu5Ac and 36µg for both
CMP-3F(e)Neu5Ac and CMP-3F(a)Neu5Ac].
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All crystal structures are isomorphous with very similar
crystal lattice parameters (Table 2). The∆24PmST1 structure
belongs to the GT-B structural group (28-33). The enzyme
is made up of twoR/â/R Rossmann domains (34). A deep
cleft between the two domains (Figure 1A) comprises the
active site (see below). We previously showed that the two
domains closed∼23° around the active site cleft upon
binding to donor substrate (11). All four structures reported
here resemble the closed conformation with an rmsd of∼0.6
Å for 374 equivalentR-carbons to the previously reported
closed CMP-bound structure. Electron density clearly defines
residues 25-412 except for residues 374-382, which
correspond to the loop between strandâ12 and helixR12a
as well as part of the helixR12a. This loop lies in the
C-terminal domain near the active site and is disordered in
all structures except for the ligand-free apo structure (11).
While it appears that this disordered loop is not involved in
binding sialyltransferase acceptors, its exact role both in
sialyltransferase and in sialidase functions remains to be
determined.

∆24PmST1-CMP-3FNeu5Ac Binary Structures.Original
molecular-replacement-phased electron density maps
clearly defined the CMP-3FNeu5Ac binding sites (Figure
2). The structures of the enzyme in both binary structures

∆24PmST1-CMP-3F(a)Neu5Ac and∆24PmST1-CMP-
3F(e)Neu5Ac are virtually identical and can be superimposed
onto each other with an rmsd of 0.47 Å for 376 equivalent
R-carbons. Additionally, the conformations of two CMP-
3FNeu5Ac compounds observed in these two binary struc-
tures are very similar except for the positions of the fluorine
on carbon-3 (one is in axial and the other is in equatorial)
and a slight rotation of the sialic acid carboxylate group
orientation caused by the difference of the fluorine positions.

The CMP nucleotide moiety in both structures interacts
with the enzyme in a manner very similar to that in the
previously reported CMP-bound binary structure (11). CMP
makes extensive hydrogen bonds with only the C-terminal
nucleotide-binding domain, and no contacts are made to the
N-terminal domain. Eleven of the 12 hydrogen bonds
between the CMP moiety and the protein are conserved
between the CMP binary structure previously reported and
the two CMP-3FNeu5Ac binary structures reported here. The
only hydrogen bond that is absent in the CMP-3FNeu5Ac
binary structures is the one observed between Oγ of Ser355
and the O3P oxygen of the phosphate in the CMP binary
structure. The tethering of the sialic acid moiety to the
phosphate in the CMP-3FNeu5Ac causes the phosphate to
rotate and move away from Ser355. However, the hydrogen

Table 2: Data Collection, Phasing, and Refinement Statistics

∆24PmST1 with
CMP-3F(a)Neu5Ac

∆24PmST1 with
CMP-3F(e)Neu5Ac

∆24PmST1 with
CMP-3F(a)Neu5Ac+

lactose
∆24PmST1 with
CMP + lactose

data collection statistics
X-ray source SSRL BL9-2 SSRL BL1-5 Cu KR SSRL BL11-1
wavelength (Å) 0.979 0.979 1.54 0.979
resolution (Å) 2.00 (2.05-2.00) 1.90 (1.95-1.90) 2.00 (2.05-2.00) 2.27 (2.33-2.27)
space group P21 P21 P21 P21

cell parameters
a (Å) 61.8 60.9 60.5 61.9
b (Å) 65.3 65.0 64.5 63.6
c (Å) 66.8 64.8 64.4 63.8
â (deg) 98.14 98.56 99.03 98.36

monomers/ASU 1 1 1 1
VM (Å3/Da), solvent (%) 3.0, 59 2.9, 57 2.8, 56 2.8, 56
no. of reflections 112190 70437 199896 56832
no. of unique reflections 33718 35617 33274 25036
Rmerge

a (%) 5.1 (31.0) 4.8 (20.4) 4.6 (21.1) 8.3 (38.1)
mean (I)/σ(I) 15.3 (2.4) 13.5 (3.8) 10.3 (2.1) 9.6 (2.1)
completeness (%) 98.63 (99.31) 90.9 (87.9) 99.92 (99.10) 92.8 (95.7)

refinement statistics
resolution (Å) 66.08-2.00 64.02-1.90 63.63-2.00 63.12-2.27
no. of reflections (F g 0) 33495 (2603) 33809 (2537) 31548 (2409) 20108 (1593)
R-factorb (%) 19.7 (30.4) 17.7 (21.7) 21.1 (22.9) 21.7 (28.1)
R-freeb (%) 22.1 (38.7) 20.4 (31.2) 25.2 (26.5) 25.7 (35.6)
rmsd bond lengths (Å) 0.011 0.013 0.010 0.012
rmsd bond angles (deg) 1.281 1.302 1.333 1.302
meanB values (Å2)

protein (no. of atoms) 31.1 (3113) 28.1 (3096) 27.4 (3099) 32.2 (3108)
donor analogue (no. of atoms) 25.0 (42) 19.8 (42) 23.4 (42) 23.6 (21)
lactose (no. of atoms) 40.3 (23) 32.5 (23)
water (no. of atoms) 36.5 (422) 35.1 (320) 33.5 (359) 36.5 (228)

Ramachandran plot statistics
no. of residuesc 342 340 343 342
no. of waters 423 320 382 237
most favorable region (%) 93.0 93.5 90.7 90.1
allowed region (%) 6.7 6.2 9.0 9.6
generously allowed region (%) 0.0 0.0 0.0 0.0
disallowed region (%) 0.3 0.3 0.3 0.3

PDB ID 2IHJ 2IHK 2IHZ 2ILV
a Rmerge) [∑h∑i|Ih - Ihi|/∑h∑iIhi], whereIh is the mean ofIhi observations of reflectionh. Numbers in parentheses represent the highest resolution

shell. b R-factor andR-free) ∑||Fs| - |Fc||/∑|Fo| × 100 for 95% of recorded data (R-factor) or 5% of data (R-free). c Number of non-proline and
non-glycine residues used for calculation.
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bonds between the phosphate oxygen O2P and Ser356 (Oγ)
as well as those between the O1P and His311 (Nε2) are still
maintained in all structures.

The sialic acid sugar is held in place through interactions
with amino acid residues from both N- and C-terminal
domains of the protein (Figure 1B). The indole ring nitrogen
of Trp270 in the loop between strandâ8 and helixR8 of
the C-terminal domain forms a hydrogen bond to oxygen
O7 of sialic acid. This Trp270 side chain is disordered in
the previous CMP binary structure but is ordered in the apo
structure where it swings∼180° around and aligns next to
helix R8. Comparing to the apo structure (11), the Trp270-
containing loop moves substantially upon binding to CMP-
3FNeu5Ac. The Trp270 side chain in the new location helps
to define the acceptor binding pocket by a stacking interac-
tion (see below).

Arg63, Asp141, and Ser143 from the N-terminal domain
also interact with the sialic acid moiety of the CMP-
3FNeu5Ac molecules (Figure 1). Arg63 ion pairs with the
sialyl carboxylic acid group, Asp141 hydrogen bonds with
sialic acid oxygen O4, and Ser143 hydrogen bonds with the
amide nitrogen of theN-acetyl group. All of these interactions
are conserved in both binary structures with protein bound
to CMP-3F(a)Neu5Ac or CMP-3F(e)Neu5Ac.

∆24PmST1-CMP-3F(a)Neu5Ac-Lactose Ternary Struc-
ture. Crystals of the CMP-3F(a)Neu5Ac binary complex
were soaked with lactose for 1 h prior to freezing and data
collection. The resultant electron density map clearly defines
the galactopyranose moiety of the disaccharide acceptor
while the glucopyranose is less defined although it can still
be modeled unambiguously (Figure 2D). The lactose has
higher temperature (B) values (40.3 Å2) compared to CMP-
3F(a)Neu5Ac (23.4 Å2) (Table 2), suggesting that it does
not bind as tightly. The more buried galactopyranose moiety
contacts five amino acid residues in the active site, while
the glucopyranose is solvent exposed and interacts with only
one amino acid residue (Figure 3A). Trp270, whose indole

ring nitrogen hydrogen bonds to the hydroxyl oxygen O7 of
the sugar in the donor, forms a van der Waals stacking
interaction to the “hydrophobic” surface of the galactopy-
ranose ring of the lactose. Residues His112 and Asp141 each
make two hydrogen bonds to O3′ and O4′ of the galacto-
pyranose moiety. Nε2 of His112 makes a bifurcated hydro-
gen bond to these two oxygens, while Oδ1 and Oδ2 of
Asp141 make a pair of parallel bidentate hydrogen bonds to
oxygens O3′ and O4′ of the galactopyranose moiety,
respectively. Nη2 of Arg63, which ion pairs to the donor
sialic acid carboxyl group, also hydrogen bonds to O6 of
the glucopyranose in the acceptor. This O6 oxygen is also
in hydrogen-bonding distance to the guanidino group of
Arg313. Meanwhile, Arg313 forms hydrogen bonds with O2
and O3 of the hydroxyl groups on C2 and C3 of glucopy-
ranose. These are the only interactions found between the
glucopyranose in the acceptor and∆24PmST1 and explain
the observed weak electron density for this monosaccharide
residue.

∆24PmST1-CMP-Lactose Ternary Structure.In the
ternary crystal structure above, the distance between the O3′
hydroxyl of the galactopyranose moiety and the anomeric
carbon C2 of the sialic acid is 5.3 Å, which is too great a
distance for a productive nucleophilic attack to generate the
R2,3 linkage. This suggests that the galactopyranose moiety,
as observed in the above crystal structure, may not be bound
in a conformation that leads to a productiveR2,3-sialyl-
transferase activity. This is likely due to the presence of the
fluorine atom on carbon C3 of the donor, which is in the
axial position and lies in between the donor sugar and the
acceptor lactose. The fluorine is 3.08, 3.37, and 3.35 Å away
from carbons C4′ and C3′ and oxygen O3′ of the galacto-
pyranose, respectively. Therefore, the axial position of the
fluorine prevents a closer interaction between the oxygen
O3′ of the galactopyranose in the acceptor (the nucleophile)
and the anomeric carbon of the sugar in the donor, which

FIGURE 1: (A) Overall ribbon drawing of∆24PmST1. The N- and C-terminal domains are colored in salmon and teal, respectively. Bound
CMP-3F(a)Neu5Ac and lactose are rendered as sticks with gray- and white-colored carbons, respectively. Secondary structures elements
are labeled. (B) Shown is the active site of∆24PmST1 with the activated sugar nucleotide donor analogue CMP-3F(a)Neu5Ac bound,
drawn in thin sticks with gray-colored carbon atoms. Superimposed is the CMP-3F(e)Neu5Ac from the binary structure drawn in thin sticks
with green-colored carbon atoms. Fluorine atoms are colored light blue. Residue side chains that hydrogen bond to the phosphate and
Neu5Ac moiety are drawn in sticks, with potential hydrogen bonds in gray dashes.

6292 Biochemistry, Vol. 46, No. 21, 2007 Ni et al.



would be required for a productiveR2,3-sialyl-transfer
reaction.

Therefore, to determine if the fluorine in the axial position
was affecting the acceptor lactose binding location, a donor
CMP-Neu5Ac analogue CMP-3F(e)Neu5Ac with the fluorine
in the equatorial position off carbon C3 of Neu5Ac was
synthesized. This analogue, when bound to the enzyme,
would not position the fluorine between the nucleophilic
hydroxyl group in the acceptor sugar and the anomeric
carbon of the Neu5Ac in the donor. The binary structure of
∆24PmST1 with this donor sugar was described above,
which is essentially identical to the binary complex with the
donor analogue containing the fluorine in the axial position
of C3 in Neu5Ac. However, when the∆24PmST1-CMP-
3F(e)Neu5Ac binary complex crystals were soaked for 1 h
with lactose prior to freezing and data collection, the resultant
electron density map clearly defined the acceptor lactose
binding position and the CMP nucleotide, but no density was
observed for the sialic acid moiety (Figure 2D).

The electron density that defines the lactose is strong and
better defined than that of the lactose bound to the CMP-
3F(a)Neu5Ac ternary complex (Figure 2D). This is surprising
considering that the lactose in the CMP ternary complex
makes fewer contacts to the protein than the lactose in the
CMP-3F(a)Neu5Ac ternary complex (Figure 3B). Of sig-
nificance though is the observation that, in the CMP ternary

complex, the lactose rotates and shifts a little deeper into
the active site pocket compared to the CMP-3F(a)Neu5Ac
ternary complex. The galactopyranose ring, the ring that
accepts the donor sugar, shifts 1.1 Å (ring center to ring
center) toward what would have been the sialic acid, if it
was not enzymatically transferred during soaking procedures
(Figure 3B). The glucopyranose ring center rotates and shifts
5.0 Å down toward Met144 compared to the other lactose-
bound ternary structure.

The shift of the lactose in this structure results in breaking
some contacts and making a couple new interactions to the
enzyme. Asp141 still makes a bidentate interaction with
galactopyranosyl hydroxyl oxygens O3′ and O4′, but His112
now only hydrogen bonds to hydroxyl oxygen O4′, not
hydroxyl oxygen O3′ anymore (Figure 3B). Both Arg63 and
Arg313 no longer interact with the lactose. Trp270 still
maintains its hydrophobic stacking interaction with the
lactose galactopyranose ring, resulting in Trp270 shifting
∼1.5 Å down (as viewed in Figure 3B) and pulling theâ8-
R8 loop with it, compared to the other structures. The
galactopyranose ring is now sandwiched between Trp270 and
Met144, where Met144 makes new van der Waals contact
with the bottom of the ring (as viewed in Figure 3B). Finally,
a new hydrogen bond develops between Asn85 (Oδ1) and
the hydroxyl oxygen O6′ of the galactose in the lactose
acceptor. While in the CMP-3F(a)Neu5Ac-lactose ternary

FIGURE 2: Original experimental omit maps calculated using phases from the molecular replacement solution, which contained protein but
no substrates or water molecules. Maps represent originalFo - Fc electron density maps contoured at 2.5σ prior to any protein refinement.
(A) and (B) represent the binary structures CMP-3F(a)Neu5Ac and CMP-3F(e)Neu5Ac, respectively, drawn with the final refined model.
(C) and (D) represent the ternary structures CMP-3F(a)Neu5Ac + lactose and CMP+ lactose, respectively. The C-terminal domain is
omitted for clarity in (C) and (D). Electron density improved for all ligands upon refinement.
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structure, Asn85 makes a water-mediated interaction to
galactopyranosyl oxygens O1′ and O5′ of the lactose (not
shown).

Although the sialic acid moiety is absent in this structure,
the structural position of lactose bound here is likely in its
productive conformation forR2,3-sialyltransferase activity.
This is because the O3′ hydroxyl has now moved closer to
a reasonable distance from what would be the anomeric
carbon C2 position. By superimposing the CMP-3F(e)-
Neu5Ac analogue (as observed in its binary structure) onto
the CMP in the ternary structure, one can get a reasonably
accurate position of the sialic acid (drawn as lines in Figure
3B). In this superposition, the O3′ hydroxyl of lactose is now
2.7 Å from the anomeric carbon C2 of sialic acid (blue
dashed line in Figure 3B), an ideal distance for a productive
transfer.

Comparison to Other Sialyltransferase Structures.The
only other sialyltransferase whose structure is known at

atomic detail is CstII from the pathogenic bacteriumC. jejuni.
CstII structures have been obtained in the presence of CMP
or the donor analogue CMP-3F(a)Neu5Ac (12). Unlike
∆24PmST1 structures, which belong to the GT-B fold, CstII
structures fold into the GT-A-like single Rossmann domain.
These two types of sialyltransferase structures have two
uniquely distinct binding sites and donor recognition motifs.
In CstII, the donor analogue binds between the C-terminal
end of the centralâ-sheet and a small lid domain that covers
the active site. The ribose lies at the N-terminal end of helix
RF where the 2′-OH and 3′-OH hydrogens bond to the main-
chain atoms. The nucleotide moiety lies deep in a crevice
between the centralâ-sheet and helixRF, with the lid domain
covering the nucleotide. CstII main-chain atoms mediate all
hydrogen bonds between the nucleoside and the enzyme.
Additionally, the cytosine baseπ-stacks against Tyr156 in
CstII. In comparison, in∆24PmST1, the donor analogue lies
in a deep cleft between the two Rossmann domains. The

FIGURE 3: Active site structures of ternary complexes. (A) Stereoview of the active site ternary complex with the activated sugar donor
analogue CMP-3F(a)Neu5Ac plus acceptor lactose bound. The activated sugar nucleotide donor is drawn with gray-colored carbon atoms,
and the lactose acceptor is drawn with white-colored carbon atoms. Only side-chain residues that interact with the sialic acid moiety and
lactose are drawn in stick representation with hydrogen bonds drawn in gray dashes. N-Terminal and C-terminal domains of∆24PmST1
are colored in salmon and teal, respectively. (B) Stereoview of the active site ternary complex with CMP plus lactose bound. Lactose and
Trp270, as observed in the CMP-3F(a)Neu5Ac-bound ternary complex, are drawn as lines with green-colored carbons. The activated sugar
donor analogue CMP-3F(e)Neu5Ac, as observed in its binary structure, is drawn in line representation with magenta-colored carbons.
Hydrogen bond interactions to bound lactose are drawn in gray dashes. The hypothetical distance between the acceptor lactose hydroxyl
oxygen O3 (as seen in the CMP-lactose ternary structure) is 2.7 Å away (blue dashed line) from the donor anomeric carbon C2 in CMP-
3F(e)Neu5Ac (as observed in its binary structure).
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2′-OH and 3′-OH hydrogens bond to Glu338 and Ser336
and make no contact with any main-chain atoms. The
nucleoside makes hydrogen bonds to atoms in both the main
chain and side chain. The base does notπ-stack with any
aromatic side chains.

Comparing the active sites of these two types of sialyl-
transferase structures also reveals key differences in the donor
substrate conformations. The donor substrate analogue, CMP-
3F(a)Neu5Ac, is more collapsed in the CstII-bound form
compared to that in the∆24PmST1-bound form (which is
in a more extended conformation). The collapsed CMP-3F-
(a)Neu5Ac in the CstII structure is due to the extensive
hydrogen-bonding network between the Neu5Ac moiety and
the enzyme. In particular, Tyr156, whichπ-stacks against
the cytosine ring, hydrogen bonds to two phosphate oxygens,
causing phosphate to rotate around the C5′-O5′ bond into
an∼90° dihedral angle. This causes the carboxylate oxygen
in Neu5Ac to form a short hydrogen bond (2.58 Å) to the
3′-OH of the ribose, and the Neu5Ac carboxylate group does
not ion pair with any basic residue. In∆24PmST1, the C4′-
C5′-O5′-PA dihedral angle is∼180°, causing the Neu5Ac
to extend away from the nucleoside where the carboxylate
group ion pairs with Arg63 and is 6.3 Å away from the 3′-
OH of ribose. Another difference between the two donor
binding motifs is at the C8 and C9 hydroxyl groups of sialic
acid. In ∆24PmST1, both hydroxyl groups are solvent
exposed where they hydrogen bond to ordered water
molecules, while in CstII, the hydroxyls are buried in the
active site where they hydrogen bond to side chains.

The different interactions of CMP-3F(a)Neu5Ac to
∆24PmST1 and CstII provide the first insights into the design
of a specific inhibitor for one or a list of sialyltransferases.
For example, the C8-OH in the Neu5Ac moiety of CstII
forms two potential intermolecular hydrogen bonds with
Gln32 and one intramolecular bond with a phosphate oxygen.
The same hydroxyl in Neu5Ac binding to PmST1 makes no
hydrogen bonds and actually points toward a small cavity
above the ribose ring. At the opposite end of this cavity are
two main-chain carbonyl oxygens. This suggests that adding
a functional group that can donate hydrogen bonds could
increase both binding and selectivity to PmST1 but preclude
binding in CstII ST. We are in the process of synthesizing

CMP-3FNeu5Ac with an alkyl group at the 8-OH group in
3FNeu5Ac. The specificity of these compounds as potential
inhibitors particularly to∆24PmST1 will be tested.

Sialic Acid Conformation and Interactions.The sialic acid
ring in all ∆24PmST1-CMP-3FNeu5Ac-bound protein
complexes is in a2C5 chair conformation. However, the sialic
acid observed in both CMP-3F(a)Neu5Ac-bound binary and
ternary structures is slightly more planar than that is observed
in the CMP-3F(e)Neu5Ac binary structure. For the CMP-
3F(a)Neu5Ac structures bound in both binary and ternary
complexes, the oxygens in the carboxylate group, C1, C2,
and O6 of the 3F(a)Neu5Ac moiety are roughly coplanar.
But in the CMP-3F(e)Neu5Ac-bound binary complex, the
carboxylate group of the 3F(e)Neu5Ac rotates out of the
plane due to the equatorial position of the fluorine.

Overall, the interactions between the sialic acid carboxylate
group and the enzyme differ from those in the other
sialyltransferase CstII structures. For CstII, the carboxylate
group interacts with neutral side chains but lies near the
positive dipole of a nearby helix (12). In comparison, for
∆24PmST1, the carboxylate group of the sialic acid ion pairs
with Arg63 and lies near the dipole of helixR1. This also
differs from the carboxylate coordination commonly ob-
served in sialidase andtrans-sialidase structures where a
conserved arginine triad interacts with the carboxylate group
of Neu5Ac (35-42).

Kinetic Analysis.The structures presented here have
provided invaluable insight in identifying potential residues
important for catalytic activity. Asp141, which is hydrogen
bonded to hydroxyl oxygen O3′ of the galactopyranose in
the lactose, may serve as a catalytic base to abstract a proton
from the hydroxyl group at carbon-3′ of the galactopyranose
to make O3′ a better nucleophile to attack the anomeric
carbon C2 of the CMP-Neu5Ac forR2,3-sialyltransferase
activity. His112, which is near Asp141 and also interacts
with the acceptor sugar, may play a role in activating or
regulating the pKa of Asp141. To test these hypotheses, we
mutated these residues and measured their effect on theR2,3-
sialyltransferase activity of∆24PmST1. Both single mutants
D141A and D141N as well as a double mutant D141A/
H112A had such a low activity that accurate kinetic
parameters could not be determined. However, single point

Table 3: Apparent Kinetic Parameters for theR2,3-Sialyltransferase Activity of∆24PmST1 and Its Mutants

CMP-Neu5Aca LacMUa

∆24PmST1 kcat (s-1) Km (mM)
kcat/Km

(mM-1 s-1) kcat (s-1) Km (mM)
kcat/Km

(mM-1 s-1)

WT 31.6( 1.45 0.43( 0.05 72.5 46.6( 1.46 1.41( 0.09 33.0
D141Ab ND ND ND ND ND ND
D141Nb ND ND ND ND ND ND
H112A/D141Ab ND ND ND ND ND ND
H112A 0.91( 0.10 7.25( 1.42 0.12 0.62( 0.05 6.57( 0.79 0.09
H311A 2.34( 0.13 0.90( 0.17 2.58 1.76( 0.17 1.42( 0.24 1.24
W270F 1.07( 0.08 1.92( 0.57 0.56 1.31( 0.06 0.89( 0.14 1.46
W270A 0.51( 0.03 1.36( 0.27 0.37 1.37( 0.03 2.27( 0.13 0.60

a Apparent kinetic parameters for CMP-Neu5Ac were determined at a fixed concentration (1 mM) of LacMU and for LacMU at a fixed concentration
(1 mM) of CMP-Neu5Ac.b The activity was too low to accurately measure the kinetics parameters (ND, not determined). However, measurements
by single point readings indicated more than 20000-fold reduction inR2,3-sialyltransferase activity of the mutant as compared to that of the wild-
type∆24PmST1. The enzymatic assays were performed in a total volume of 50µL in Tris-HCl buffer (100 mM, pH 8.5) containing CMP-Neu5Ac
(1 mM), LacMU (1 mM), and the recombinant enzyme (30µg for D141N, 58µg for H112A/D141A, and 79µg for D141A ∆24PmST1 mutants)
for 1 h at 37°C. Less than 2% conversion was observed for the D141A and D141N single mutants as well as the H112A/D141A double mutant
under these conditions. (In comparison, assays for wild-type enzyme carried out at 37°C for 10 min using 41 ng of enzyme resulted in about 10%
conversion.)
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readings with higher concentrations of mutant enzyme and
a longer reaction time (1 h) revealed that these mutants had
a more than 20000-fold reduction of theR2,3-sialyltrans-
ferase activity compared to that of the wild-type enzyme
(Table 3). The H112A mutant was more active than the
Asp141 mutants, but the activity (kcat/Km) was reduced 350-
700-fold compared to that of the wild-type enzyme.

His311, which hydrogen bonds to the oxygen on the
phosphate in the sugar nucleotide donor and may serve to
stabilize the CMP phosphate leaving group, was mutated to
Ala. The H311A mutant resulted in a less than 30-fold
decrease in efficiency, suggesting that it also makes a minor
contribution to theR2,3-sialyltransferase catalytic mecha-
nism. Trp270, which stacks against the galactopyranose ring
in the lactose acceptor where it makes van der Waals
interactions, has also been mutated. Both W270F and W270A
mutants had similar effects with more than a 35-fold decrease
in kcat, suggesting the important role of Trp270 in theR2,3-
sialyltransferase activity of∆24PmST1 (Table 3).

DISCUSSION

The structure of∆24PmST1 consisting of two Rossmann-
like domains belongs to the glycosyltransferase B (GT-B)
structural group (32). This differs from the only other known
sialyltransferase structure of CstII, a sialyltransferase from
C. jejuni (12), which belongs to the single Rossmann-
domain-containing glycosyltransferase A (GT-A) group. The
GT-B family glycosyltransferases typically have more di-
versity in their substrates and products compared to those
from the GT-A family, which may help to explain the four
catalytic activities measured for∆24PmST1 (10).

Four crystal structures of∆24PmST1 illustrated here with
different donor analogues in the prescence or the absence
of acceptor substrate indicate that while the activated sugar
nucleotide donor binds in a defined site with a comparable
conformation, there are possibly two distinct lactose binding
orientations.

The lactose position seen in the∆24PmST1-CMP-
lactose ternary structure (Figure 3B) is likely the productive

orientation for theR2,3-sialyltransferase activity because of
the close proximity of the galactopyranose oxygen O3′ to
the potential anomeric carbon of sialic acid. The lactose
location in the ∆24PmST1-CMP-3F(a)Neu5Ac-lactose
ternary structure (Figure 3A) represents an alternative lactose
binding conformation, which might be required for theR2,6-
sialyltransferase activity [favored at low pH (10)]. In this
lactose conformation, oxygen O6′ is pointed away from the
anomeric carbon C2 where it hydrogen bonds to Arg63 and
Arg313 (Figure 3A). However, rotating the torsion angle
around the C5-C6 bond can move the O6′ oxygen from
6.6 to 5.1 Å away from the anomeric carbon. While this
distance is still significantly large, the lactose disposition
might shift slightly at low pH. Furthermore, the absence of
the fluorine atom in the natural donor may bring the O6′
oxygen closer to the anomeric carbon to form theR2,6-sialyl
linkage. The O6′ oxygen of the lactose galactopyranose ring
in the CMP ternary structure is further away (8.3 Å) from
the anomeric carbon-2 (Figure 3B). This corroborates that
the alternative lactose binding orientation seen in the CMP-
3F(a)Neu5Ac-lactose ternary complex might represent the
bound conformation forR2,6-sialyltransferase activity. It
might also represent a sugar binding conformation for the
sialidase and/ortrans-sialidase activity of the enzyme (10).
But additional experiments are required to establish this.

The observation of the intact CMP-3F(e)Neu5Ac in the
binary complex indicates that the CMP-3F(e)Neu5Ac is not
hydrolyzable by the enzyme. Soaking the crystals of this
binary complex with a sialyltransferase acceptor lactose
resulted in the removal of the 3F(e)Neu5Ac moiety from
the crystal. This demonstrates that the sugar moiety 3F(e)-
Neu5Ac in the donor analogue can be transferred to the
acceptor lactose in the crystals (this has been confirmed by
the synthesis of fluorinated sialosides using∆24PmST1,
which will be reported separately), the sialylated product can
then diffuse out of the pocket, and excess lactose from the
soaking solution can bind to the acceptor binding pocket of
the CMP-bound enzyme. This also suggests that the closed
conformation of the protein, similar to that of the CMP- or

FIGURE 4: Stereoview superposition between the previously determined apo∆24PmST1 structure and the CMP-3F(a)Neu5Ac ternary
structure showing the movement of Trp270 upon binding to donor. Only the C-terminal domain of the apo∆24PmST1 structure is shown
in green. The N- and C-terminal domains of the ternary structure are shown in salmon and teal, respectively. CMP-3F(a)Neu5Ac and
lactose are rendered in sticks with gray- and white-colored carbon atoms, respectively. Additionally, critical amino acid side chains are also
shown in sticks. The side chain of Trp270 moves>13 Å upon binding to the activated donor sugar (black arrow). Theâ12-R12a loop is
shown in the apo structure (green), which becomes disordered upon binding donor sugar.
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CMP-3FNeu5Ac-bound ones, is the one involved in the
sialyltransferase-catalyzed reaction of∆24PmST1. Addition-
ally, it implies that the CMP product may not be released
from the enzyme until the two domains open up as seen in
the ligand-free apo structure.

The transition state of sialic acid in the sialyltransferase-
catalyzed reaction has been believed to have an sp2 oxocar-
benium ion-like character at the anomeric carbon (26). In
all three sialic acid-containing structures presented here, the
pyranose ring conformations of the sialic acids are in a
similar 2C5 chair conformation. This indicates that the ring
must be distorted to generate the transition state where the
O6, C2, C1, C3, and C4 are all coplanar, required for the
oxocarbenium ion formation. Arg63 is coordinated to the
sialic acid carboxylate, which helps to anchor the substrate
during its distortion along the reaction coordinate. This
arginine anchoring is reminiscent to that in the sialidase and
trans-sialidase arginine triad but is absent from CstII.

Trp270 in theâ8-R8 loop plays an important role as a
gatekeeper in theR2,3-sialyltransferase activity of∆24PmST1.
Trp270 swings down only after the CMP-activated sugar
nucleotide donor binds. This movement is likely facilitated
by the cytosine ring hydrogen bonding to theâ8-R8 loop.
A likely scenario is that, in the absence of CMP-activated
donor sugar, Trp270 is packed in the C-terminal domain
protein core between Tyr280, Trp406, and Thr372 (Figure
4). Upon binding to CMP-activated donor sugar, the hydro-
gen bond formed between the nitrogen N4 of the cytosine
ring and the carbonyl oxygen of Gly266 in theâ8-R8 loop
triggers the movement of theâ8-R8 loop, which allows the
Trp270 residue in the loop to flip around>13 Å to form a
hydrogen bond between the indole nitrogen and O7 of sialic
acid (Figure 4). The new location of the Trp270 side chain
now helps to define the acceptor sugar binding pocket by
forming a stacking interaction with the galactopyranose ring.
This type of stacking interaction is common for many other
carbohydrate binding proteins (43-46). In the CMP binary
structure previously reported, the side chain of Trp270 is
disordered because there is no sialic acid to interact with. It
seems that Trp270 does not only help to form the acceptor
binding pocket upon binding to the sugar nucleotide donor
but also helps to stabilize the donor itself. Mutating this
residue had significant consequences in theR2,3-sialyltrans-
ferase activity. The mutants had a greater effect onkcat (∼35-
fold decrease) thanKm (less than 5-fold different) for both
donor and acceptor substrates (Table 3). Surprisingly, the
W270F mutant actually decreased theKm for acceptor and
the W270A mutant only increased theKm by a trivial amount
(1.6-fold). This suggests that while Trp270 does contribute
to some extent to the binding of acceptor and donor, it has
a larger effect on catalytic turnover, possibly by helping to
maintain a productive orientation of both substrates. Since
Trp270 forms similar interactions with both conformations
of bound lactose, it may play a similar role in theR2,6-
sialyltransferase activity. It remains to be tested if Trp270
plays a similar role in sialidase/trans-sialidase activity.

In the∆24PmST1 binary and ternary structures presented
here, movement of two adjacent loops is observed upon
binding to CMP-3FNeu5Ac donor substrate analogues. The
â8-R8 loop shifts upon binding to the donor analogues and
causes Trp270 in this loop to swing down. This Trp270
movement likely triggers the shifting of the adjacentâ12-

R12a loop (residues 374-382), which becomes disordered
(Figure 4). Comparable loop movements are observed near
the active sites in virtually all glycosyltransferases (47),
including the CstII sialyltransferase structure (12). The
function of this loop is currently unknown. It remains to be
determined if thisâ12-R12a loop plays a functional role in
any of the four measured activates of this enzyme.

The structures presented here have identified Asp141 as
a potential catalytic base in theR2,3-sialyltransferase activity,
with His112 potentially activating or modulating the Asp141
activity. This hypothesis has been tested by site-directed
mutagenesis. The D141A mutant decreases theR2,3-sialyl-
transferase activity by more than 20000-fold, while the
H112A mutant decreases the activity more than 350-fold but
less than 1000-fold. This suggests that Asp141 is the catalytic
base and abstracts the proton from the O3′ hydroxyl of the
Gal in the acceptor to make the negatively charged oxygen
a better nucleophile to attack the anomeric carbon of the
sialic acid in the donor. This is consistent with the mechanism
of inverting glycosyltransferases. The D141A/H112A double
mutant has kinetics similar to that of the D141A single
mutant. This suggests that there is no concerted effect of
Asp141 and His112.

The location of His311 suggests that its function may be
to stabilize the phosphate leaving group. Therefore, the
H311A mutant was constructed to test its role in stabilizing
the negatively charged CMP when it leaves. The kinetic data
(Table 3), however, suggest that this residue alone is not
critical in assisting the departure of the phosphate. In this
case, Ser356 along with His311 may help in the departure
of the CMP leaving group as it is also found to donate a
hydrogen bond to the phosphate oxygen O2P. This may be
similar to that of CstII wherein the concerted effort of two
tyrosine residues is required to stabilize the leaving phosphate
group (12). It may also be analogous to the catalytic
architecture of retaining glycosidases wherein histidine/
serine/tyrosine residues assist in the hydrolysis of the glycosyl
enzyme intermediate by stabilizing the released carboxylate
(48, 49).
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