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Abstract

The catalytic mechanism of retaining glycosyltransferases is not yet completely understood, but one possible mechanism, by
analogy with retaining glycosidases, is a double-displacement mechanism via a covalent glycosyl–enzyme intermediate (CGE). We
have investigated various reaction pathways for this mechanism using non-empirical quantum mechanical methods. Because a
double-displacement mechanism presumes a reaction happening in two steps, we have used predefined reaction coordinates to
calculate the potential energy surface describing each step of the mechanism. By investigating several potential candidates to act
as a catalytic base, this study attempts to shed some light on the unclear mechanism of the second step of the reaction. All
intermediates and transition states on the reaction pathways were characterized using basis sets up to the DFT/B3LYP/6-311++
G**//DFT/B3LYP/6-31G* level. Reaction pathways and structural changes were compared with the results previously obtained
for inverting glycosyltransferases. The outcome of this study indicates, that among the reaction models investigated, the
energetically favorable one is also the most plausible given the existing experimental data. This model requires the presence of only
one catalytic acid in the active site with the UDP functioning as a general base in the second step of the reaction. This mechanism
is in agreement with both kinetic data in the literature and the description of X-ray structures of retaining glycosyltransferases
solved up to today. © 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glycosyltransferases of the Leloir pathway1 are a large
class of enzymes that catalyzse the transfer of a glycosyl
residue from a specific activated nucleotide sugar donor
to the hydroxyl group of a particular sugar acceptor.
These enzymes usually reveal a defined specificity for
both of their substrates, the sugar acceptor and the
sugar donor. The glycosylation reaction can mechanis-
tically proceed with either inversion or retention of
stereochemistry at the anomeric carbon (C-1) of the
donor sugar. To date, glycosyltransferases have been
classified into about 60 families on the basis of se-
quence analysis and substrate/product stereochemistry,2

of which about 18 lead to retention of the configuration

at C-1. Reaction mechanisms of glycosidases and glyco-
syltransferases are commonly assumed to be rather
similar, the difference being in the acceptor molecule to
which the glycosyl residue is transferred, a water
molecule in the case of glycosidases3,4 and a free hy-
droxyl group of a specific sugar acceptor in the case of
glycosyltransferases.5–7 However, while the literature
abounds of structural information on glycosidases, very
little is yet known on the mechanism of glycosyltrans-
ferases. In the past few years, a large interest has been
given to glycosyltransferases, and several crystal struc-
tures of glycosyltransferases have been reported in the
literature.8–21 The mechanism of inverting glycosyl-
transferases is now rather well documented, and it is
thought to be a single nucleophilic displacement of the
nucleotide by one of the hydroxyl groups of the accep-
tor.22,23 The mechanism, however, of retaining glycosyl-
transferases remains unclear and raises a lot of interest.
Indeed, only six of the X-ray structures of glycosyl-
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I. André et al. / Carbohydrate Research 338 (2003) 865–877866

transferases available to date belong to retaining galac-
tosyltransferases.15,16,18–20 Like for glycosidases, the re-
action catalyzed by retaining glycosyltransferases has
long been thought to proceed via a double-displace-
ment mechanism involving the participation of two
catalytic residues. However, X-ray structures of retain-
ing glycosyltransferases available to this date15,16,18–20

suggest the possibility of alternative mechanisms. For
example, some double-displacement mechanisms might
involve only one catalytic residue as suggested for
bovine �-(1�3)-GalT,16 Glycogenin19 and for GTA
and GTB.18 All the more intriguing are the recent
results on the mechanism of �-(1�4)-GalT (LgtC)15

pointing out to a mysterious mechanism that might
simply not require any participation of a catalytic
residue. The difficulty to identify a catalytic base in the
active site, as well as the absence of any convincing
evidence for the existence of a covalent intermediate,
led to the suggestion that this enzyme might rather
proceed through a single, front-side displacement reac-
tion, also known as an SNi mechanism, which has
previously been invoked for glycogen phosphorylases.5

A similar mechanism has recently been suggested for
OtsA glucosyltransferase.20 However, the lack of exper-
imental evidence does not yet permit one to clearly
conclude on the actual type of mechanism involved.

This work is a continuation of our series of papers
aiming to investigate the catalytic mechanism of
glycosyltransferases using non-empirical quantum
chemical methods. After describing the mechanism of
inverting N-acetylglucosaminyltransferases,24 we report
herein high-level quantum chemical results on various
possible pathways of a double-displacement mechanism
for the retaining �-galactosyltransferases. Reac-
tion pathways investigated herein involve one or
two catalytic residues intervening in a double-displace-
ment mechanism.

2. Model and computational procedures

By analogy with retaining glycosyl hydrolases, a dou-
ble-displacement mechanism of retaining glycosyltrans-
ferases supposedly proceeds in two steps. First, the
enzyme nucleophile (catalytic base B−) is required for
attack of the donor on the anomeric carbon (C-1) to
form a covalent glycosyl–enzyme intermediate (CGE).
A second amino acid (A) might be involved in this step
to facilitate the departure of the leaving group (Scheme
1). In a covalent glycosyl–enzyme intermediate (CGE),
the configuration at the C-1 atom is inverted to the
equatorial orientation. In the second step (Scheme 2(a–
c)), CGE is broken by a direct displacement of a new
glycosidic linkage with the reactive hydroxyl group of
the acceptor. The configuration at the C-1 is inverted
from equatorial back to axial. In this step, a general
base is required to deprotonate the hydroxyl group of
the acceptor. Several scenarios involving distinct gen-
eral catalytic bases can be considered for this deproto-
nation to proceed: (1) the presence and participation of
a second catalytic residue (catalytic base A− on Scheme
2(a)); (2) the participation of the catalytic base B cova-
lently bound to the glycosyl residue in the glycosyl–en-
zyme intermediate (Scheme 2(b)); or (3) the proton
transfer to the phosphate group of the leaving group
UDP (Scheme 2(c)).

To analyze computationally a double-displacement
mechanism of the transfer of a galactosyl residue by an
�-galactosyltransferase, distinct structural models were
used for each of the steps of the glycosyl-transfer
reaction. All models are composed of all the essential
molecules, or their fragments, assumed to be involved
in a particular reaction step (Schemes 1 and 2(a–c)).
Reaction pathways for each step of the reaction were
calculated separately. The model describing the first
step of the reaction is shown on Scheme 1. It contains
the complete sugar–donor molecule, UDP-Gal, a diva-

Scheme 1. Schematic representation of the structural model used to describe the first step of the double-displacement mechanism
of retaining �-galactosyltransferases.
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Scheme 2. Schematic representation of the structural models used to describe the second step of the double-displacement
mechanism. (a) Assisted by a second catalytic base A− in the active site. (b) Assisted by the catalytic acid B. (c) Assisted by UDP.

lent metal cofactor modeled by Mg2+, as well as the
essential parts of the catalytic acid A and catalytic base
B− represented by acetic acid and acetate molecules.
This first model consists of 74 atoms and has an overall
charge of −1. Various structural models have been
used to investigate the second step of the reaction. Each
of these models uses a different potential candidate to
function as a general base in the proton transfer from
the acceptor hydroxyl onto the base. These are de-
scribed in Scheme 2(a–c) with the acceptor hydroxyl
group modeled by methanol (HMOM-CH3). The num-
ber of atoms in these distinct models varied between 36
and 74, and the number of basis functions from 291 to
1217, depending on the complexity of the model and
the basis set used.

In the construction of our models, we have used a
similar strategy to the one used in our earlier study on
inverting N-acetylglucosaminyltransferases.24 The two
catalytic amino acids in the model were placed in an

arrangement that emulates their orientation in the ac-
tive site of retaining glycosyl hydrolases3 and where the
two carboxylates are located �5.5 A� apart. In the first
model (Scheme 1), the two amino acids are initially
located about 2.8 A� away from the anomeric carbon
(C-1). In the models used to describe the second step,
the methanol oxygen atom OM, representing the reac-
tive hydroxyl of the sugar–acceptor, was initially
placed at 3.2 A� from the anomeric carbon (C-1) and at
2.8 A� from the oxygen of a general base (Scheme
2(a–c)).

Energy of the models described on Schemes 1 and 2(a
and c) and calculated as a function of the reaction-co-
ordinates is represented by means of three potential
energy surfaces (PES’s) (Fig. 1(a), Fig. 2(a) and Fig.
4(a), respectively). Energy of models represented in
Scheme 2 was calculated as a function of the reaction
coordinate representing the proton transfer and the
nucleophilic attack, respectively. Each calculated point
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Fig. 1. (a) PES calculated at the HF/6-31G* level and corresponding to the first step of the mechanism involving a
double-displacement (Scheme 1). (b) Geometrical representation of the different stationary points calculated at the DFT/B3LYP/
6-31G* level. Numbers in italics represent relative energies (in kcal/mol) at the DFT/B3LYP/6-31++G**//DFT/B3LYP/6-31G*
level. R, TS, INT, CGE, CGEP, and P represent the reactants, transition states, intermediates, glycosyl–enzyme intermediates,
and products, respectively.
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on the PES’s of Fig. 1(a), Fig. 2(a), and Fig. 4(a)
corresponds to the optimized structure of the model for
the given distance used as reaction-coordinates. These

distances were varied by 0.2-A� increments within the
3.0–1.35 A� range for rC1�OB, 2.1–0.9 A� range for
rHA�O1, 0.9–1.9 A� for rHM�OM, 1.0–1.8 A� for rHM�O1,

Fig. 2. (a) PES calculated at the HF/6-31G* level and corresponding to the second step (displacement step) of the mechanism
involving a double-displacement and the assistance of a second catalytic residue in the active site (Scheme 2(a)). (b) Geometrical
representation of the different stationary points calculated at the DFT/B3LYP/6-31G* level. Numbers in italics represent relative
energies (in kcal/mol) at the DFT/B3LYP/6-31++G**//DFT/B3LYP/6-31G* level. R, TS, INT, CGE, and P represent the
reactants, transition states, intermediates, glycosyl–enzyme intermediate, and products, respectively.
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and within the 3.4–1.35 A� range for rC1�OM. During the
optimization, all geometrical parameters of the reac-
tants were optimized with the exception of those defin-
ing the location and orientation of the two catalytic
amino acids. As a result, each point on the PES repre-
sented by fixed values of the rC1�OB, rHA�O1, rC1�OM,
rHM�O1 and rHM�OM distances have all their geometrical
variables adjusted to their most stable values. The
location of the local minima and transition barriers on
the PES’s is only approximate, and for that reason a
further optimization of the stationary points with no
constraints on the distances used as reaction-coordi-
nates was required. These stationary points represent
structures of the intermediates and transition states
found on the different PES’s and along the different
reaction pathways. However, in order to avoid any
confusion, we will use throughout the paper the same
acronyms: TSi, and INTi, CGE, or CGEP, respectively,
for the barriers located on PES’s and for the stationary
points later refined. R, P, and Prod are the reactants
and products of the reaction, respectively.

The non-empirical calculations were carried out with
the JAGUAR program.25 The PES’s were calculated at
the SCF level with the 6-31G* basis set. The effects of
electron correlation on the PES were estimated using
the B3LYP density functional method.26 Ultimately,
selected geometries were used to estimate the effect of
the basis set by calculating their single point energy
with the 6-31++G** and 6-311++G** basis sets.

3. Results and discussion

Reaction pathways described throughout the
manuscript are based on the assumption that retaining
glycosyltransferases perform catalysis via a double-dis-
placement mechanism involving the formation and the
subsequent breakdown of a covalent glycosyl–enzyme
intermediate (CGE). By analogy with retaining gly-
coside hydrolases, the presence of two catalytic residues
in the vicinity of the reaction site would be required for
this so-called classical mechanism (Scheme 1): a nucle-
ophile (catalytic base B−) operating a nucleophilic at-
tack on the anomeric C-1 in order to form a covalent
glycosyl–enzyme intermediate with inverted configura-
tion, and a catalytic acid A protonating the glycosidic
oxygen O-1 and thus allowing the departure of the
leaving group (UDP). In the second step of this mecha-
nism (Scheme 2(a)), the catalytic acid A of Scheme 1
has now become a proton acceptor, and it acts as a
general base A− deprotonating the reactive hydroxyl of
the acceptor sugar (HM-OCH3 in the model), which is
performing a second inverting nucleophilic attack at
C-1, resulting in a product with retained configuration.
However, up to now such a classical double-displace-
ment mechanism is not supported by any experimental

evidence. Four of the available X-ray structures of
retaining glycosyltransferases show the presence of only
one catalytic residue in the active site,16,18,19 which
raises two questions to be answered. First, how can
possibly the first step proceed without the contribution
of a catalytic acid? Second, what is the most likely
candidate that can act as a general base in the second
step? We will attempt to answer these questions by
evaluating various reaction pathways for each step
separately.

The two steps of the reaction are described by means
of three PES’s represented in the form of two-dimen-
sional reaction-coordinate contour diagrams in Fig.
1(a), Fig. 2(a) and Fig. 4(a). Distances along the x-axis
determine the formation and scission of a new C-1�Ox
linkage, C-1�OB bond in the first step of Fig. 1(a) and
C-1�OM bond in the second step of Fig. 2(a) and Fig.
4(a). While such C-1�Ox distances along the x-axis
represent the nucleophilic attack of either the catalytic
base oxygen OB or the acceptor oxygen OM on the
anomeric C-1, the distances along the y-axis character-
ize the proton-transfer processes from the catalytic acid
A on the glycosidic oxygen O-1 in Fig. 1(a) and from
the acceptor to the catalytic base A− in Fig. 2(a), or
from the acceptor to UDP in Fig. 4(a), respectively.

Different reaction pathways can generally be iden-
tified on these PESs. The reaction pathways parallel to
the vertical and horizontal axes describe particular steps
in a stepwise mechanism, while the reaction pathways
following the diagonal across the PES represent a con-
certed mechanism. It is clear that the calculated two-di-
mensional PES’s only represent a section of the
potential energy hypersurface describing the entire cata-
lytic reaction. Nevertheless, several qualitative conclu-
sions can be formulated from the calculated
two-dimensional PES’s displayed on Fig. 1(a), Fig. 2(a)
and Fig. 4(a), and they will be discussed below. Opti-
mized structures of the different stationary points
found along the reaction pathways of these PES’s, and
determined at the DFT/B3LYP/6-31G* level, are given
in Fig. 1(b) and Fig. 2(b). The transition state deter-
mined on the PES of Fig. 4(a) is shown on Fig. 4(b). In
our previous work,27–29 we have shown that the inclu-
sion of electron correlation results in slightly different
magnitudes for the bond lengths and the increase of the
basis set decreases the relative energy of the minima.
Therefore, we will essentially base our discussions on
the structures calculated at the DFT/B3LYP/6-31G*
level and their energy estimated with the DFT/B3LYP/
6-31++G**//DFT/B3LYP/6-31G* method. The en-
ergy for the pathway of the proposed mechanism has
been calculated with the DFT/B3LYP/6-311++G**//
DFT/B3LYP/6-31G* method. More detailed structural
information on each stationary point is given for refer-
ence in Tables 1 and 2, while their relative energies
(�E), determined at various levels, are listed in Tables
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Table 1
Ab initio calculated geometrical parameters of the points observed on the PES described on Fig. 1(a) (first step) at the
DFT/B3LYP/6-31G* level a

Bond angleBond lengths Torsion angleConformer

HA�O-1 C-1�O-1 C-1�O-5 C-1�O-5�C-5C-1�OB C-1�O-5�C-5�C-4

1.830 1.493R 1.3822.800 123.4 36.3
1.799 3.476CGE 1.4821.576 118.2 38.4
1.066 2.069 1.2902.800 123.5INT2 37.0
1.820 1.640 1.366 119.9TS1 47.62.200
1.218 3.367 1.4911.564 118.4TS2 38.0
1.300 1.553 1.359TS3 122.22.800 37.3
1.105 2.778 1.3192.200 121.8TS4 34.1
1.095 3.422 1.490 118.5 38.4CGEP 1.563

a Lengths in A� , angles in °.

Table 2
Ab initio calculated geometrical parameters of the points observed for the second step of reaction at the DFT/B3LYP/6-31G*
level a

Conformer Bond lengths Bond angle Torsion angle

HM�OM C-1�OM C-1�O-5 C-1�O-5�C-5C-1�OB C-1�O-5�C-5�C-4

Scheme 2(a)
1.424CGE 1.011 3.178 1.426 111.2 62.5

1.731 2.985 1.4271.431 110.8INT3 63.4
1.011 1.507 1.377INT4 124.72.833 11.7
1.512 3.063 1.4271.429 111.5TS5 62.3
1.765 2.162 1.367 117.6TS6 47.21.893
1.040 1.900 1.3242.376 120.3TS7 37.3
1.093 1.506 1.379 124.4TS8 15.92.824
1.809 1.419 1.429 124.02.902 27.4P

Scheme 2(c)
1.574CGE 0.997 2.800 1.486 120.2 37.1

1.022 2.190 1.3222.279 121.3TS9 48.7
3.847 1.418 1.417 119.9Prod 44.42.993

a Lengths in A� , angles in °.

3 and 4. Fig. 3(a), Fig. 3(b) and Fig. 5 summarize the
various possible reaction pathways found for the trans-
fer of Gal as catalyzed by retaining �-galactosyltrans-
ferases via a double-displacement mechanism.

3.1. The formation of a covalent glycosyl–enzyme
intermediate

The first step of the mechanism illustrated on Scheme 1,
characterizes the attack of a nucleophile (catalytic base
B−) on the anomeric C-1 of UDP-Gal (sugar donor).
In the case of a classical mechanism (two catalytic
residues in the active site), the proton transfer from a
catalytic acid A to the glycosidic oxygen O-1 precedes
the nucleophilic attack. The PES describing the various

reaction pathways for this step of the reaction mecha-
nism, and calculated at the HF/6-31G* level, is given in
Fig. 1(a). Distances plotted along both axes of the
contour map describe, horizontally, the nucleophilic
attack of the catalytic base B− on the anomeric carbon
C-1 of Gal, and vertically, the proton (HA) transfer
from the catalytic acid A to the glycosidic oxygen O-1.
Four energy barriers (TS1–TS4) located in valleys
along the borders can be identified on the contour map.
The reaction proceeds in a stepwise manner from reac-
tants (R) to the covalent glycosyl–enzyme intermedi-
ates (CGE and CGEP). These two intermediates differ
only by the proton transferred from the catalytic acid A
to the glycosidic oxygen O-1, and thus distinguish
between the mechanisms that involve either one or two
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catalytic amino acids. The formation of the covalent
glycosyl–enzyme intermediate CGE via the reaction
pathway R�TS1�CGE corresponds to the mecha-
nism involving only one catalytic base (noted B− on
Scheme 1) in the reaction mechanism. In the case of a
mechanism involving two catalytic residues, two dis-
tinct pathways lead to the covalent glycosyl–enzyme
intermediate CGEP. They differ, however, in the se-
quence of the individual steps. In the first pathway
(R�TS1�CGE�TS2�CGEP), the enzymatic reac-
tion starts with the nucleophilic attack (along the hori-
zontal axis) of the catalytic base oxygen OB on the
anomeric carbon C-1 of the galactosyl residue, followed

by the proton (HA) transfer (along the vertical axis)
from the catalytic acid A to the glycosidic oxygen O-1.
In the second pathway (R�TS3�INT2�TS4�
CGEP), the order of the steps is reversed with the
proton transfer occurring before the nucleophilic at-
tack. Comparison of the energy barriers required to
proceed along these two pathways (Fig. 3(a)) reveals
that the process starting with the nucleophilic attack is
less energy demanding. As a matter of fact, the process
starting with the proton transfer appears not only
energetically unfavorable, but if no constraints are
placed on the position of the proton HA, after transfer
to O-1 (rHA�O1), the proton goes back to its initial

Table 3
Comparison of the ab initio relative energies (kcal/mol) calculated by various methods for the points observed on the PES
described on Fig. 1(a) (first step of the reaction)

Geometry energy B3LYP/6-31G*6-31G* B3LYP/6-31G*6-31++G** B3LYP/6-31G*6-311++G**

0.00 c0.00 b0.00 aR
11.669.02CGE 9.48

46.38 41.96INT2 42.52
16.85 16.52TS1 16.89

31.88 31.80TS2 32.11
TS3 37.8838.0739.38

43.54 43.8746.81TS4
29.9031.86 30.07CGEP

a E=−2079498.13 kcal/mol.
b E=−2079615.52 kcal/mol.
c E=−2080032.47 kcal/mol.

Table 4
Comparison of the ab initio relative energies (kcal/mol) calculated by various methods for the points observed in the second step
of the reaction

Geometry energy B3LYP/6-31G*6-311++G**B3LYP/6-31G*6-31++G**B3LYP/6-31G*6-31G*

Scheme 2(a)
0.00 a 0.00 bCGE 0.00 c

14.47INT3 16.39 16.34
26.12 26.8726.57INT4

16.36TS5 18.33 18.93
TS6 38.28 41.59 40.90
TS7 32.05 30.90 30.82

27.36TS8 26.55 27.53
2.320.10 1.99P

Scheme 2(c)
0.00 d 0.00 eCGE 0.00 f

10.09TS9 9.39 8.45
Prod −17.97−17.54−15.99

a E=−743025.56 kcal/mol.
b E=−743105.99 kcal/mol.
c E=−743292.10 kcal/mol.
d E=−2008347.60kcal/mol.
e E=−2008463.96 kcal/mol.
f E=−2008860.42 kcal/mol.
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Fig. 3. Schematic energetic representations (in kcal/mol) of
the possible reaction pathways observed in the different PES’s
for the transfer of the galactosyl residue catalyzed by retain-
ing �-galactosyltransferases. (a) First step of the reaction. (b)
Second step using a second catalytic base A− to assist the
reaction (Scheme 2(a)). Relative energies are calculated at the
DFT/B3LYP/6-31++G**//DFT/B3LYP/6-31G* level.

scissile bond increases slightly by 0.15 A� going from
1.493 to 1.640 A� and the C-1�O-5 shortens from 1.382
to 1.366 A� . Geometrical changes are larger going from
TS1 to CGE than from R to TS1. Indeed, in CGE the
C-1�OB, C-1�O-1 and C-1�O-5 bonds have values of
1.576, 3.476, and 1.482 A� , respectively. Geometrical
changes between the two covalent glycosyl–enzyme
intermediates, CGE and CGEP, are minor. This indi-
cates only a negligible effect of the proton transfer on
these structures.

As for the previously calculated reaction mechanism
of inverting N-acetylglucosaminyltransferases,24 these
results suggest that the proton transfer to the glycosidic
oxygen is not required to the breaking of the C-1�O-1
bond. Therefore, in contrast to glycosyl hydrolases, it
seems that glycosyltransferases do not need a second
catalytic residue in their active site for the reaction to
proceed. In fact, none of the solved crystal structure of
glycosyltransferases, either inverting or retaining has so
far revealed the presence of a second amino acid in the
active site of the enzyme. One explanation resides prob-
ably in the significantly better leaving group character
of a nucleotide compared to a glycosyl residue.

3.2. Displacement step

In the second step (Scheme 2(a–c)), the reactive hy-
droxyl of the acceptor sugar (HM–OM) attacks at the
anomeric center of the glycosyl–enzyme intermediate
(CGE) to displace the sugar off the enzyme, resulting in
a product with the retained configuration. A general
base is needed to deprotonate the reactive hydroxyl. In
light of this, three possible bases can be considered; the
catalytic base A−; the oxygen of the catalytic acid B;
and the oxygen of UDP. All three potential candidates
were investigated and calculated separately. The classi-
cal double-displacement mechanism is represented on
Scheme 2(a), where a second catalytic acid functioning
as the catalytic base A− is present in the model.
Though this mechanism is supported by none of the
available experimental data nor by our theoretical cal-
culations, we cannot definitely rule out the presence of
such a catalytic base in the active site of retaining
glycosyltransferases not yet structurally solved. Indeed,
only four out of many retaining glycosyltransferases
have had their crystallographic structures determined.
Therefore, we have also explored the possibility of
having a second catalytic residue in the active site
(Scheme 2(a)). In addition to making this study more
complete, it will also shed some light on the proton-
transfer mechanism.

The PES corresponding to the second step of the
reaction mechanism employing a second catalytic base
and calculated at the HF/6-31G* level is given in Fig.
2(a). The distances rC1�OM and rHM�OM along both axes
of the contour map characterize horizontally the nucle-

position on the catalytic acid A. However, with the
assistance of a stabilizing hydrogen bonding interaction
between the hydroxyl group OH-2 of the galactosyl
residue and the catalytic acid A, the transfer of HA to
O-1 could be observed. The activation energy of 16.9
kcal/mol calculated for the nucleophilic attack in the
first step is slightly higher compared to the value of 13.4
kcal/mol calculated for the inverting N-acetylglu-
cosaminyltransferases.24 This difference probably
reflects a change in the nucleophilic character of the
attacking groups. Geometrical changes occurring along
the reaction process are shown on Fig. 1(b). Analysis of
these changes revealed that along the reaction path:
R�TS1 (16.9 kcal/mol)�CGE (11.7 kcal/mol) the
C-1�O-1 bond length between the anomeric carbon and
the leaving group gradually elongates from 1.493 to
3.422 A� as the distance between the anomeric oxygen
and the attacking catalytic base rC1�OB decreases (Table
1). The transition state for the nucleophilic attack oc-
curring as the first step in the reaction, TS1, undergoes
significant geometrical changes compared to the start-
ing structure, R. As the C-1�OB reaction coordinate
gets close to 2.2 A� as in TS1, the length of the C-1�O-1
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ophilic attack of the methanol oxygen OM on the
anomeric carbon C-1 of the galactosyl residue and,
vertically, the proton (HM) transfer from the methanol
to the catalytic base oxygen (OA). The PES shows two
intermediates (INT3 and INT4) and four energy barri-
ers (TS5–TS8) located along the borders of the contour
map. Again, this map indicates that a concerted mecha-
nism is improbable, leaving a stepwise mechanism as
the most likely to occur. In this second step-reaction
model, the starting molecule is the covalent glycosyl–
enzyme intermediate CGE that has previously been
formed in the first step of the reaction, and where UDP
has left the reactive site to allow the acceptor molecule
to attack the reactive center C-1 of the galactosyl
moiety. Two distinct pathways can be seen on the PES
in order to form the final product (P). In the first
pathway (CGE�TS7�INT4�TS8�P), the enzy-
matic reaction proceeds first with the nucleophilic at-
tack (along the horizontal axis) of the methanol oxygen
OM on the anomeric carbon C-1 of the galactosyl
residue, followed by the proton (HM) transfer (along
the vertical axis) from the methanol to the catalytic acid
oxygen (OA). In the second possible pathway (CGE�
TS5�INT3�TS6�P), the order of the steps is re-
versed. Geometrical changes observed along the
reaction process are displayed on Fig. 2(b). Like for the
first step of the reaction (Fig. 1(b)), the main geometri-
cal changes observed are connected with the nucle-
ophilic attack occurring along the horizontal axis of the
contour map. The C-1�OB bond length between the
anomeric carbon and the catalytic base B in CGE
gradually elongates from 1.424 to 2.902 A� , as the
distance between the attacking methanol oxygen OM
and the anomeric carbon C-1, rC1�OM, decreases (Table
2). During the whole process, the C-1�O-5 bond in the
galactopyranosyl ring varies sensibly, starting by short-
ening from 1.426 A� in CGE to 1.377 A� in INT4 after
the nucleophilic attack, and it finally goes back to its
initial value of 1.429 A� in P after the proton transfer
has occurred.

The PES exhibits features similar to the map corre-
sponding to the first step (Fig. 1(a)) or to the map
calculated for inverting N-acetylglucosaminyltrans-
ferases.24 However, their comparison revealed very rele-
vant differences. Indeed, it appears for this mechanism
that the reaction pathway with the proton transfer
occurring as the first step is energetically favored over
the reaction pathway where the nucleophilic attack at
the anomeric carbon is the first step. The energy barrier
for the proton transfer as the starting process in this
reaction is in this case considerably lower (CGE�TS5
(18.3 kcal/mol)�INT3 (16.4 kcal/mol)) than the one
beginning with the nucleophilic attack (CGE�TS7
(30.9 kcal/mol)�INT4 (26.1 kcal/mol)). This implies
that the proton transfer is the key process in the second
leg of a double-displacement mechanism.

For enzymes without a second catalytic residue in the
active site, one can assume an alternative mechanism
for the second step. Such an alternative mechanism
would require another suitable general base to allow
the proton transfer from the acceptor hydroxyl to the
base. As potential candidates for this function, we have
considered the oxygen of the catalytic acid B and the
oxygen of UDP. The mechanism using the catalytic
acid B as the potential nucleophile is quite interesting,
as this would assist the breaking of the C-1�OB bond in
CGE and thus facilitate the displacement of the cata-
lytic base by a new glycosyl residue. This mechanism
was evaluated by calculating a two-dimensional PES as
a function of the C-1�OM and HM�O distances
(Scheme 2(b)). The DFT/B3LYP/6-31G* calculated
PES (data not shown) indicated only one valley along
the diagonal of the contour map what clearly suggests a
concerted mechanism. The energy barrier calculated for
this pathway was over 65 kcal/mol. This very high-en-
ergy barrier denotes a very unfavorable mechanism.
Furthermore, as we have investigated it, this mecha-
nism would clearly lead to a glycoside product with
inverted configuration at C-1, rather than the retained
configuration expected by this type of enzymes.

Another potential mechanism, in which the oxygen
of the phosphate group functions as the proton accep-
tor, has been proposed recently for �-(1�3)-GalT.16,21

At start, this mechanism (Scheme 2(c)) did not seem
very attractive, given that phosphates are very strong
acids. However, this situation might be more favorable
in a complex of UDP with the metal cofactor. Some
kinetics measurements for retaining glycosyltransferases
indicate that UDP is not released before the transfer of
the sugar to the acceptor.30–32 These data would be
consistent with this type of mechanism. Interestingly, a
proton transfer of this type from the hydroxyl of the
acceptor to a phosphate group has also been proposed
for the reverse reaction of maltodextrin phosphory-
lase.33 The mechanism of the displacement step involv-
ing the proton transfer to the oxygen atoms of the
diphosphate group was evaluated by calculating the
reaction energy surface as a function of the reaction
coordinates describing the proton transfer to the phos-
phate group rHM�O1 and the nucleophilic attack rC1�OM,
respectively. The calculated PES is given on Fig. 4(a),
and barriers are given in Table 4. The horizontal axis
represents the nucleophilic attack on the anomeric car-
bon of CGE. The vertical axis describes the proton
transfer from the nucleophile hydroxyl to the UDP
oxygen. The PES clearly shows the presence of a single
transition state (TS9) in the central region of the map
and on the diagonal going from reactants to products.
The presence of only one transition state and a maxi-
mum at two corners of the map indicates the occur-
rence of a quasi-concerted mechanism, in which the
formation of the C-1�OM bond and the proton transfer
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Fig. 4. (a) PES calculated at the HF/6-31G* level and corresponding to the second step (displacement step) and using UDP to
assist the reaction (Scheme 2(c)). CGE, TS9, and Prod represent the glycosyl–enzyme intermediate, transition state, and products,
respectively. (b) Geometrical representation of the transition state TS9 calculated at the DFT/B3LYP/6-31G* level. Numbers in
italics represent relative energies (in kcal/mol) at the DFT/B3LYP/6-31++G**//DFT/B3LYP/6-31G* level.

from the acceptor to UDP occur simultaneously. In
fact, the reaction pathway begins with the nucleophilic
attack of the acceptor hydroxyl on the anomeric carbon
of CGE. The nucleophilic hydroxyl group is being
activated by interactions with the negatively charged
UDP oxygen. As the hydroxyl approaches the anomeric
carbon, the proton becomes more acidic and at the
C-1�OM distance of 2.190 A� , the proton transfer to a
general base, represented by the UDP oxygen, occurs.
The proton transfer takes place on a very short range
of C-1�OM distance as it is demonstrated by a steep
PES in this region (Fig. 4(a)). Subsequently, the proton
remains located at the UDP oxygen what might facili-
tate the release of UDP by decreasing its negative
charge. The structure of the transition state TS9 (Fig.
4(b)) is represented by a distorted 4C1 chair conforma-
tion of the galactopyranose ring; and C-1�OM and
C-1�OB bond lengths of about 2.190 and 2.279 A� ,

respectively. The proton is located at an OM�HM
distance of about 1.022 A� . After the proton is trans-
ferred to O-1, the pathway indicates the nucleophilic
attack of the deprotonated hydroxyl until the CGE is
cleaved off and a new glycosidic bond is formed. In the
product (Prod), the anomeric carbon has the � configu-
ration. A comparison of the transition state structures
associated with the preferred reaction pathways for the
two steps of the catalytic reaction revealed some inter-
esting differences compared to inverting enzymes. In
the first step of the retaining mechanism, R�TS1�
CGE, the ring geometry appears to be less affected
along the reaction compared to inverting enzymes. The
ring conformation proceeds through a distorted 4C1

chair. This is illustrated by the values of C-1�O-5�C-5
and C-1�O-5�C-5�C-4 angles in Table 1. Along the
second step of the mechanism, the alteration of the ring
shape is clearly more pronounced. This is reflected by
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the large variations in the ring geometry, C-1�O-5�C-5
and C-1�O-5�C-5�C-4 angles in Table 2. The confor-
mation of the galactosyl–enzyme complex, CGE, re-
sembles a standard conformation found for simple
glycosides in accordance with the exo-anomeric effect.34

It is noteworthy that the conformation about the axial
anomeric bond does not represent the lowest energy
conformation for this linkage. We believe that the
sterical constraints used in the model to represent the
enzyme active site are responsible for this unusual
conformation. On the other hand, one can expect fur-
ther stabilization of the product during its release from
the active side by adopting the preferred conformation
around C-1�O-1 in agreement with the exo-anomeric
effect.34 The calculated barrier for this reaction process
at the DFT/B3LYP/6-31++G**//DFT/B3LYP 6-
31G* level is about 9.4 kcal/mol, which is considerably
lower than the energy barriers calculated for the pro-
cess involving any of the other potential general bases
considered in this study. All these results support the
participation of UDP as a base in the displacement step
of a double-displacement mechanism of retaining
glycosyltransferases.

In the framework of a double-displacement mecha-
nism, the following reaction mechanism whose reaction
pathway is illustrated in Fig. 5 can be proposed based
on our calculations. Relative energies of all stationary
points along this pathway were calculated at the DFT/
B3LYP/6-31+ +G**//DFT/B3LYP/6-31G* level in

order to estimate the effect of the basis set (Tables 3
and 4, Fig. 5). The first step consists of a nucleophilic
attack of the catalytic base on the anomeric carbon that
formed the covalent glycosyl–enzyme complex (CGE)
with inverted (�) configuration at C-1. The calculated
barrier for this step is 16.5 kcal/mol. The hydroxyl
group of the acceptor then attacks the CGE with the
UDP functioning as a general base that deprotonates
hydroxyl. This step proceeds in a quasi-concerted man-
ner with the second inversion at the anomeric center
with the resulting glycoside having the � configuration.
The barrier for this step is about 8.5 kcal/mol. The
reaction barrier for the proposed mechanism (18.0 kcal/
mol on Fig. 5) lies in the range of experimentally
observed barriers for glycosyltransferases of 15–25
kcal/mol.24,35

In conclusion, the first quantum mechanical calcula-
tions of the galactosyl residue transfer catalyzed by
retaining �-galactosyltransferases provide an insight on
the double-displacement mechanism of these enzymes.
Structures of the covalent galactose–enzyme intermedi-
ate and transition states that we have determined can
be employed as guides in rational design of inhibitors.36

We have to emphasize that in the light of recent
interesting results,15,32 the double-displacement mecha-
nism studied in this work might only represent one
among several possible mechanisms followed by retain-
ing glycosyltransferases. The existence of additional
possible mechanisms to catalyze the glycosyl transfer is
supported by the crystal structure of the retaining
galactosyltransferase LgtC from Neisseria
meningitidis15,32 where the key catalytic amino acids
could not be identified within 5 A� of the reactive center
C-1. This enzyme is believed to proceed through a
single front-side displacement reaction, also known as
an SNi mechanism, rather than via a double-displace-
ment mechanism. Very recently published, the crystal
structure of OtsA glucosyltransferase20 seems also to
suggest this type of mechanistic machinery, common to
glycogen phosphorylases.5 However, at this time the
lack of experimental evidence does not permit one to
yet conclude which of the two mechanisms are opera-
tive for these enzymes. Therefore, while we await fur-
ther experimental data, alternative mechanisms of the
retaining glycosyltransferases are currently being inves-
tigated in our laboratories and will be presented in
future communications.
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Fig. 5. Schematic energetic representation (in kcal/mol) of the
possible reaction pathway observed in the different PES’s for
the transfer of the galactosyl residue catalyzed by retaining
�-galactosyltransferases using UDP to assist the reaction
(Scheme 2(c)). Relative energies are calculated at the DFT/
B3LYP/6-311++G**//DFT/B3LYP/6-31G* and DFT/
B3LYP/6-31++G**//DFT/B3LYP/6-31G* (in parenthesis)
levels.
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