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ABSTRACT: Glycosyltransferases (GTs) are responsible for the biosyn-
thesis of glycans, the most abundant organic molecules in nature. Their
biological relevance makes necessary the knowledge of their catalytic
mechanism, which in the case of retaining GTs is still a matter of debate.
After the initial proposal of a double-displacement mechanism with
formation of a covalent glycosyl—enzyme intermediate (CGE), new
experimental and computational data are pointing out to a front-side attack
as a plausible alternative. The question is then why family GT6 members,
like bovine al,3-galactosyltransferase (@1,3-GalT), have a nucleophilic
residue (Glu317) situated close to the anomeric carbon. To answer this and
other questions, QM(DFT)/MM calculations on the entire «l,3-
GalT:substrates system (and for the E317A/E317Q mutants) have been
carried out. We describe a substrate-assisted mechanism for retaining GT's
consisting of the stabilization of the developing negative charge on the f-
phosphate by the hydrogen of the attacking hydroxyl group of the acceptor molecule. This interaction is impaired in the al,3-
GalT reactants, which explains why Glu317 is required to nucleophilically assist initial catalysis by “pushing” leaving-group
departure. The presence of Glu317 opens the door to the possibility of a double-displacement mechanism in GT6 family. Our
results suggest that in a1,3-GalT the substrate-assisted catalysis would be necessary in both mechanisms (for which we predict
similar reaction rates), because the nucleophilic strength of Glu317 is reduced by the interactions it makes to ensure proper
acceptor binding. Interestingly, the same effect would be found in the absence of the acceptor when Glu317 interacts with water
molecules, which could explain the difficulties for isolating the CGE experimentally, and could be a strategy to avoid undesired
hydrolysis of the donor substrate.

B INTRODUCTION Today there is a wide-open debate around the mechanistic
details of this type of enzymes.' ' By analogy with retaining
glycosidases (GHs), and despite an evident lack of evolutionary
relatedness,'" catalysis by retaining GTs was initially proposed
to proceed via a double-displacement mechanism with the
formation and subsequent cleavage of a covalent glycosyl—

Glycans (mono-, oligo-, and polysaccharides and their
conjugates) are ubiquitous in all organisms and the most
abundant organic molecules on Earth. They participate in a
variety of biological functions including cellular and molecular

recognition, energy storage, and structural stability. Moreover, enzyme intermediate (CGE) (Scheme 1A). Clearly, this
they exhibit properties that are known to be useful in a large mechanism requires the presence of an appropriately
array of applications (e.g, biofuel, biomaterials, disease markers, positioned nucleophile within the active site. Several experi-
or tissue engineering). In nature, glycan synthesis is performed ments are in agreement with such a mechanism, although
by glycosyltransferases (GTs), a highly stereo- and regiospecific conclusive evidence for the formation of a CGE in the wild-type
class of enzymes for which the reaction mechanism is still not enzymes has been elusive for many years, even in those GT's for
well understood and neither are the factors assisting catalysis. A which a possible nucleophile has been identified. In particular, a
detailed understanding of their mechanism would benefit both CGE was detected for the Q189E:UDP-2'FGal complex of
the rational design of specific inhibitors for those GTs that are lipopolysaccharyl-al,4-galactosyltransferase C (LgtC, family
therapeutic targets and the use of GTs in biotechnology (e.g,, GT8),'” but Aspl90 was involved instead of the putative
for the synthesis of a wide range of glycosylated molecules). nucleophile at position 189. For the human ABO(H) blood
In the present work we focus on the study of retaining GTs, group glycosyltransferases (family GT6), a CGE has recently
that is, GT's that catalyze the transfer of a monosaccharide from
an activated donor to an acceptor molecule with net retention Received: March 8, 2013
of the configuration at the anomeric carbon. Published: April 11, 2013
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Scheme 1. Proposed Mechanisms for the Retaining GT's with
a Putative Nucleophile in the Active Site”
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“(A) Double-displacement mechanism with formation of a covalently
bound glycosyl—enzyme intermediate (CGE). (B) Front-side single-
displacement mechanism (Syi) with formation of an oxocarbenium
ion-like transition state (TS). (C) Front-side attack mechanism (Syi-
like) with formation of a short-lived oxocarbenium—phosphate ion
pair intermediate (IP).

been characterized for the E303C mutant in the absence of the
acceptor substrate.® In contrast, for bovine al,3-galactosyl-
transferase (a1,3-GalT), another GT6 family member with a
suitable positioned glutamate in the active site, E317C mutation
did not lead to the identification of a CGE;"® E317D, E317C,
E317A," and E317Q'* mutants showed residual activities of
0.04—0.8%, and, for the E317A mutant, partial recovery of
activity was achieved by chemical rescue with azides." These
data were interpreted as consistent with the double-displace-
ment mechanism.

The availability of an increasing number of crystal structures
has shown that in most retaining GTs there is not a well-
positioned residue in the active site to act as the nucleophile.”
In fact, only for family GT6 has a suitable nucleophile been
described. Moreover, given the structural conservation of the
different binary complexes solved (either with the donor or
with the acceptor substrate), it seems improbable that they do
not correspond to the catalytically competent enzyme’s overall
conformation. Therefore, an alternative mechanism involving
retention of the configuration is being put forth, that is, a front-
side attack of the acceptor nucleophile on the same side as the
leaving group with formation of an oxocarbenium ion-like
transition state (Syi, or AyDy according to the IUPAC
nomenclature, Scheme 1B), or even an oxocarbenium—
phosphate short-lived ion pair (IP) intermediate (Syi-like, or
Dy*Ay, Scheme 1C). The latest theoretical and experimental
works on retaining GTs*~**'* are giving support to this front-
side attack mechanism, either Syi or Syi-like, at least for those
retaining GT's where no good nucleophile is suitably positioned
to form the CGE. In this mechanism, the presence of a
nucleophile on the f-face of the sugar ring could facilitate
catalysis by “pushing” the leaving group.”” A third type of
mechanism involving elimination/addition steps through a non-
covalently bound intermediate bearing a C1’'—C2’ double bond
has very recently been proposed as a possible alternative from
the study of Pyrococcus abissi glycogen synthase.'®
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At the present stage of investigation there are several pending
questions to be clarified, especially for those enzymes where a
well-positioned nucleophile has been identified. First, it is
necessary to know whether GT6 family members follow a
double-displacement mechanism or not. Second, the exact role
of this glutamate/aspartate residue in the vicinity of the
anomeric center needs to be identified. Third, it is important to
understand why assistance by the nucleophile would be
required for these enzymes but not for others. Finally, a
deeper theoretical study of the CGE formation is desirable in
an attempt to rationalize the difficulties found to isolate it (if
formed) experimentally.

In this paper, we present a detailed full-enzyme hybrid
quantum mechanics/molecular mechanics (QM/MM) study of
the GT6 member a1,3-GalT and try to give answer to the
above questions. In a preliminary study we proposed that
Glu317 would have an essential role even in the case of a front-
side attack mechanism, but the level of theory used did not
permit a more quantitative analysis. Here the methodology is
improved by using higher levels of theory to explore the
potential energy surface of the system and more protein
conformations. Moreover, mutant enzymes are also studied, a
detailed comparison with LgtC (which catalyzes reaction
between the two same substrates) is done, and Natural Bond
Population analysis is carried out to examine the relevance of
substrate-assisted catalysis in these systems and the nucleophilic
strength of Glu317 in @1,3-GalT. At the end, the mechanistic
implications for retaining GTs are discussed.

B MODELS AND METHODS

Coordinates from the X-ray structure (PDB code 1070,"* resolution
1.97 A) were considered as starting point to model the Michaelis
complex of the enzyme with its ligands (a1,3-GalT + M>* + UDP—Gal
+ LAT). (See Supporting Information (SI), section 1, for further
details on the modeling procedure.) As explained in the SI, Mg®" was
used instead of Mn**. All the crystallographic water molecules present
in the 1070 structure, excluding those overlapping (within 4 A) with
the modeled UDP—Gal, were considered in the setup of the initial
complex. The system was fully solvated with a cubic box of TIP3P
water molecules (83 X 77 X 73 A3), and one CI™ ion was added to
neutralize the system using VMD version 1.8.9.12."° The same
program was used to generate the mutants of the enzyme as well as the
figures showing molecular structures.

Starting from this model of the ternary complex, we performed S ns
of classical molecular dynamics (MD) simulation at 300 K using the
CHARMM?22 force field'”™" and periodic boundary conditions, as
implemented in the NAMD software.’® Specific topology and
parameters from the CHARMM force field for carbohydrates were
considered.”" Afterward, a 80 ps QM(SCC-DFTB>***)/CHARMM?22
MD was performed, and four snapshots were randomly selected as
starting points for subsequent QM(DFT)/MM calculations. All
residues and water molecules within 15 A of the anomeric center
(2089 atoms) were included in the active region (see Figure 1 and SI
for more details). The charge of the QM region was —3 and included
84 atoms: those from the a- and f-galactose rings from UDP—Gal and
LAT, respectively, Mg** and its first coordination sphere (phosphate
groups from UDP and the side chains of residues Asp225, Asp227 and
a crystallographic water), as well as the side chain of Glu317 (see
Scheme 2).

Reaction paths were scanned by performing constrained QM-
(BP8624727/ SVPZS)/ CHARMM optimizations along suitably defined
reaction coordinates in steps of 0.2 A that provided us the starting
structures for subsequent full optimization of all the relevant stationary
points (ie., reactants, transition states, covalent intermediates, and
products). We have used this level of calculation before for geometry
optimizations in a previous work on LgtC® and showed that it
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Figure 1. Model system used in the QM/MM calculations. The active
region is enlarged and the QM atoms represented in licorice.

Scheme 2. QM/MM Partition Used in the Present Study”
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“QM and MM atoms are depicted in black and gray, respectively.
Wavy lines indicate the boundary between the QM and MM regions.
The arrows indicate the distances considered in the reaction
coordinates, and the atoms involved are labeled.

provided with fairly good geometries while saving computational time,
thanks to the use of the resolution-of-the-identity (RI) approxima-
tion.””*° Frequency calculations were performed for the QM region to
confirm that the optimized TS structures are indeed characterized by
one imaginary frequency and a suitable transition vector. Additional
single—goint energy calculations were carried out at the M0S5-2x3/
TZVP? level which has proven to properly describe retaining GT
systems.>*>** For the purpose of comparison, additional single-point
energies were calculated at the BP86/TZVP, B3LYP/SVP, and
B3LYP/TZVP levels of theory (see SI, section 2.1).

The electrostatic stabilization provided by different residues to the
QM(MO05-2X/TZVP)/CHARMM energy was examined by setting
their point charges to zero in additional single—goint energy
calculations. A Natural Bond Orbital (NBO) analysis®™>* was also
performed for some of the stationary points using the NBO program
v3.1* included in Gaussian09.*

All QM/MM calculations were performed with the modular
program package ChemShell,*' using TURBOMOLE* or Gaussian09
at the DFT level (BP86, B3LYP*****~*% and M05-2X functionals) or
MNDO* at the SCC-DFTB level. MM energies and gradients were
retrieved from DL_POLY,* using the CHARMM force field. An
electronic embedding scheme*” was adopted in the QM/MM
calculations, and no cutoffs were introduced for the nonbonding
MM and QM/MM interactions. Six hydrogen link atoms were
employed to treat the QM/MM boundary with the charge shift
model.**** Energy minimizations were done with the low-memory
Broyden—Fletcher—Goldfarb—Shanno (L-BFGS) algorithm,***" and
the TS searches were performed with the microiterative TS optimizer
that combines L-BFGS and the partitioned rational function optimizer

7055

(P-RFO).*>>* Both L-BFGS and P-RFO algorithms are implemented
in the HDLCopt** module of ChemShell.

B RESULTS AND DISCUSSION

Catalytic Mechanism of a1,3-GalT: Double Displace-
ment vs Front-Side Attack. We have tested several reaction
coordinates (RCs) to model the different mechanistic
alternatives for the transfer of @-Gal from UDP—Gal to LAT
by a1,3-GalT (Scheme 1). A double-displacement mechanism
was first considered. The RC [d(0O3Bypp—Cl'yca) —
d(OE2g3,,—C1’ ) — d(HO356,—O3Bypp)] was needed for
the first step of the reaction in order to properly model the
CGE formation; the RC = [d(OE2g3,,—C1’ ;) — d(03p6.—
Cl'yca) — d(HO3ﬁ_G31—O3BUDP)] was used for the following
attack of LAT on the anomeric center (Schemes 1A and 2). All
the stationary points (reactants, transition states, intermediates
and products) were then characterized. The QM/MM potential
energy barriers and reaction energies calculated at the
QM=(MO05-2X/TZVP//BP86/SVP) level for the four frames
considered are summarized in Figure 2A. Notice that, unless

B
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Figure 2. QM/CHARMM potential energy barriers and reaction
energies for al,3-GalT. QM=MO05-2X/TZVP//BP86/SVP. (A)
Double-displacement mechanism. (B) Nucleophilically assisted Syi-
like mechanism. The ? indicate that the TS or IP nature of this
stationary point could not be confirmed by the frequency calculation.
Blue, black, red, and green lines correspond to the frames considered
in the present study as starting points for the QM/MM calculations
(frames 1—4, respectively).

otherwise indicated, we will be considering the QM=(M05-2X/
TZVP//BP86/SVP) level of theory, which is expected to
provide the most reliable energy data (see Models and Methods
section). A more detailed comparison of the energies calculated
at different levels is available in the SI (see section 2.1 and
Tables S1—S4). Also, notice that two groups of potential
energy barriers can be distinguished in Figure 2: those from
frames 1-2 and 3-4, respectively. They correspond to two
subsets of structures differing in the initial orientation of a water
molecule interacting with UDP (see SI section 2.2 for more
details).

The average potential energy barriers for formation and
subsequent cleavage to products of the CGE are quite similar
(151 + 3.5 and 159 + 3.1 kcal/mol, respectively, both
measured with respect to the reactants), and are also quite
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Table 1. Selected QM/MM Bond Distances d (A) and Atomic Charges q (au) in the Optimized Reactants (R), Transition States
(TS), Ion Pair Intermediate (IP), and Products (P) for the Double-Displacement and Syi-like Mechanisms for Frame 2

double-displacement mechanism

nucleophilically assisted Syi-like mechanism

R TSY, CGE TSY, P TS, 2P? TS, P
d(03Bypp—C1’gga) 1.51 3.18 3.95 345 345 248 340 3.59 340
d(03464—C1'.ca) 3.04 2.85 3.09 2.49 148 2.87 2.79 2.63 148
d(HO3 .6y —O3p.ca1) 1.00 1.02 1.02 1.03 1.51 1.01 1.02 1.03 1.51
d(HO3.6,—03Bypp) 4.06 1.58 1.59 1.51 1.04 1.63 1.57 1.52 1.04
d(OE253,,—Cl' ) 425 2.60 1.56 2.77 3.18 3.16 2.51 2.61 3.19
d(Cl' . ga —O5 .ca) 1.38 128 1.37 1.28 1.40 1.28 128 128 1.40
9(Cly6a) 0.36 0.58 0.35 0.58 0.32 0.57 0.58 0.58 0.32
q(05’ .ca) —0.51 —0.40 —-0.52 —0.41 —-0.53 —0.41 —0.41 —0.41 —0.54

“QM = BP86/SVP and M05-2X/TZVP//BP86/SVP for the distances and charges, respectively. The ? indicates that the IP intermediate was not

supported by the frequency calculation.

similar within a given frame. These results are in qualitative
agreement with the corresponding experimentally derived
phenomenological free energy barrier of ~17 kecal/mol (kg =
6.4 s at 310 K),** and would give theoretical support to the
double-displacement mechanism hypothesis for this enzyme—
substrate system. As can be seen in Figure 2A, CGE formation
is quite endoergic (the CGE lays 11.4 + 4.2 kcal/mol over the
reactants), and the barrier for going back to the reactants is
relatively small (3.7 + 1.3 kcal/mol).

The evolution of some key distances along this reaction path
is similar for the four frames considered. The values
corresponding to the selected frame are listed in Table 1.
(From now on, given the similar results obtained for the four
frames and in order to facilitate the discussion, only the results
of frame 2 will be reported and discussed in the main text. See
SI Tables S5—S7 for the other frames.) Essentially, in the
transition state of the first step (TS?) the bond between the
UDP leaving group and the a-Gal is already broken
(d(03Bypp—Cl'pca) > 2.5 A) while the Glu317 OE2 atom
is still at 2.6 A from the anomeric center. These distances are
3.95 A and 1.56 A at the CGE, respectively. In the transition
state of the second step (TS%), d(OE2g3,,—Cl'yqa) = 2.77 A
and d(034.6,—Cl'.ca) = 2.49 A, which indicates that the CGE
has already dissociated while the incoming hydroxyl group from
LAT is still approaching the anomeric center. Thus, both TSs
present a highly dissociative character. The TSs and CGE
structures are shown in the SI (Figure S1).

The front-side attack mechanism was considered next. For
that, the RC = [d(O3Bypp—C1'yca) — d(0346a—C1'pca) —
d(HO34.6,—03Bypp)] was used to obtain the starting points
for TSs and intermediate search and characterization. The
energy barriers and reaction energies calculated for a1,3-GalT
appear summarized in Figure 2B. For this mechanism,
corresponding to the Syi-like depicted in Scheme 1C, we
were able to find a (short-lived) IP intermediate. The TSs and
IP structures are shown in the SI (Figure S2).

Again, the transition states for the first and second steps
(TS'; and TS',, respectively) are very similar in average energy
(16.2 + 2.0 and 16.3 + 3.7 kcal/mol, respectively) and are in
the range of the experimentally derived ones. The IP lays 14.6
+ 3.2 kcal/mol over the reactants and between 0.6 and 3.2
kcal/mol below the two TSs (depending on the frame),
indicating its short-lived nature. Inspection of Table 1 reveals
that, again, the two TSs are very dissociative and that TS',, IP
and TS', exhibit very similar bond distances. In particular,
changes >0.1 A are only seen for d(035,—C1’,,) (change
of 024 A), d(OE2g;,,—C1 ) (0.65 A), and d(O3Bypp—
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Cl'yca) (1.1 A), which is the leaving group—sugar bond. This
flat character of the potential energy surface zone describing all
these oxocarbenium-like species can be clearly seen in the two-
dimensional QM(BP86/SVP)/CHARMM potential energy
surface depicted in Figure 3. To build this PES, from every

.
CToca)
""l MTTLLLN L

E3T7

d(OE2

14 16 18 20 22 24 26 28 30 32
d(03pea| -C1 'u-Gal)
Figure 3. Two-dimensional QM(BP86/SVP)/CHARMM potential
energy surface for frame 2. Energies are given in kcal/mol and
distances in A. Contour lines are drawn at intervals of 3 kcal/mol.

structure coming from the reaction path used to model the
CGE formation (RC = [d(O3Bypp—C1'y.ca) — d(OE2g3,—
Cllgga) — d(HO3,c,—03Bypp)]) we fixed d(OE2gy,—
Cl’,Ga) and simulated a front-side attack mechanism (RC =
[d(03Bypp—Cl'yga) — d(03564—Cl'gga) — d(HO3pc,—
O3Bypp)]). For clarity, only d(OE2g;,—Cl’, g,) and
d(034G,—C1'yga) are represented in the y- and x-axis,
respectively. The reactants and products minima are located
at the top-right corner and the middle-left border, respectively.
Two possible pathways connect them: one going through the
CGE, and the other one corresponding to the Syi-like
mechanism. Notice the well-defined flat zone (within a range
of 2—3 kcal/mol) surrounding the IP, which evidences the idea
that the different oxocarbenium-like species have very similar
potential energies. In addition, notice that TS', and TS, are
geometrically very similar. This flatness of the PES is probably
the reason why a systematic validation of all the IP and TSs by
frequency calculations has not always been possible.

dx.doi.org/10.1021/ja4024447 | J. Am. Chem. Soc. 2013, 135, 7053-7063
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In our preliminary work on the a1,3-GalT mechanism,” a
single TS corresponding to the Syi mechanism (Scheme 1B)
was characterized and no IP could be found; these differences
with the present work are probably because at that time the
initial exploration of the PES was carried out at the SCC-
SFTB/CHARMM level of calculation. In principle, we are
more confident with the present results as we have applied a
higher level of theory and we have sampled over different
enzyme—substrates configurations. Still, even more definitive
conclusions could be drawn if the 2D free energy surface was
available.***” Nevertheless, in systems presenting an energy
topology with these characteristics the difference between a Syi
and a Syi-like mechanism may be quite subtle and, thus, it is
difficult to assess both from theoretical and experimental
methods. Fortunately, the energetic and structural similarities
between the oxocarbenium species found for this system
suggests that such strict differentiation between these two
mechanisms may actually be irrelevant from a more general and
practical point of view.

On the other hand, the comparison between the double-
displacement and front-side attack mechanisms is of much
more interest. Averaging over the different frames the highest
energy barrier calculated in each case, we obtain barrier heights
of 162 + 32 and 169 =+ 2.9 kcal/mol for the double
displacement and the front-side attack, respectively. Both values
are very similar and in agreement with the experimentally
derived phenomenological free energy of activation (~17 kcal/
mol). In conclusion, our new results suggest that for a1,3-GalT
both mechanisms could be acting at the same time in a
competitive or complementary manner.

A detailed analysis of the factors modulating catalysis is
presented in the next subsections.

Nucleophilically Assisted Catalysis in «a1,3-GalT. As
mentioned in the Introduction, experimental mutations of the
active site nucleophile, Glu317, pointed to a double-displace-
ment mechanism for «l,3-GalT, although they could not
completely rule out other possibilities. Moreover, Glu317 has
also been described to participate in acceptor binding.'* It is
obvious that Glu317 mutation would disrupt the reaction in the
case of a double displacement.

Remarkably, looking at the changes in d(OE2g;;,—Cl’.ca)
for the front-side attack (Table 1 and Figure 3) it becomes
apparent that in this mechanism Glu317 is also participating in
catalysis (d(OE2g3,,—C1’, ) = 4.25, 3.16, 2.51, and 2.61 A in
R, TS', IP, and TS, respectively). This trend was already
observed in our previous work,” where we proposed that for
1,3-GalT Glu317 would also be crucial in a front-side attack
mechanism.

To shed more light on the role of Glu317, we decided to
perform a more quantitative analysis here by modeling the
front-side attack mechanism for the in silico E317A and E317Q
mutants. As shown in Figure 4, much sharper energy profiles
are obtained for the mutants when compared to the WT
enzyme, and only one maximum is identified (Syi mechanism,
Scheme 1B). The energy barriers corresponding to the TSs are
30.9 and 26.0 kcal/mol for the E317A and E317Q_ mutants,
respectively. This destabilization of the TSs relative to the
reactants correlates with a worst stabilization of the positive
charge on the a-Gal ring, which makes UDP departure less
favorable. Therefore, it is confirmed that even in the case of a
front-side attack mechanism the role of Glu3l7 is very
noticeable, which could also explain the mutagenesis
experimental results. As anticipated by Lairson et al,> a
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Figure 4. QM(MO0S-2X/TZVP//BP86/SVP)/CHARMM energy
profiles along the d(O3Bypp—Cl'yga) — d(03p6u—Clpga) —
d(HO3,—03Bypp) reaction coordinate for the wild-type enzyme
and the E317A and E317Q mutants. The charge evolution at the a-Gal
ring along the reaction is depicted as dashed lines.

nucleophile in the back side could “push” the UDP leaving
group to form an IP intermediate. In that sense, our current and
previous findings suggest that some retaining GT's may actually
require a strong nucleophile on the f-face of the donor sugar
substrate, without necessarily involving the formation of a CGE,
but in a nucleophilically assisted front-side attack mechanism.
Again, such mechanism will only be possible for those retaining
GTs presenting a well positioned nucleophile in the active site.
In these cases, and as showed by the present study, it is likely
that both mechanisms are not exclusive but complementary.

UDP-Gal Bond Cleavage. Comparison between a1,3-
GalT and LgtC. Why would some retaining GTs require a
nucleophile in the f-face of the donor sugar substrate to
facilitate the leaving-group (UDP) departure? In other words, is
UDP—sugar bond cleavage more difficult in some retaining
GTs than in others? Notice that in all the proposed
mechanisms the beginning of the reaction is dominated by
UDP—Gal bond cleavage. Thus, to get some answers to these
questions we have compared the leaving-group departure
process in the ternary complex for two retaining GTs: al,3-
GalT and LgtC. LgtC catalyzes the reaction between the same
substrates (UDP—Gal and LAT) but has a glutamine (GIn189)
in the place of Glu317(a1,3-GalT).*'*® Previous theoretical
studies of LgtC have concluded that it follows a Syi mechanism
and have not found any evidence of a double-displacement
mechanism.*'®

The QM/MM energy profiles for UDP—Gal bond cleavage
are depicted in Figure SA. Surprisingly, and despite the
presence of Glu317, bond cleavage following the d(O3Bypp—
C1’,.a) coordinate is much more difficult in a1,3-GalT than in
LgtC. In our previous work on LgtC, only a moderate
electrostatic stabilization of the TS by GIn189 was estimated
(~2 keal/mol).® In a1,3-GalT, Glu317 was expected to provide
a better stabilization of the positive charge developed in a-Gal,
but apparently its contribution is not enough to make the bond
breakage sufficiently easy. It is important to remind here that,
despite this difference in bond cleavage, the two enzymes
exhibit similar experimentally and theoretically derived energy
barriers (~17 kcal/mol for a1,3-GalT and ~16 kcal/mol for
LgtC®). One of the main goals of the present study is then to
clarify this alleged inconsistency that we have found in the
bond-breakage readiness when comparing @1,3-GalT and LgtC.
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Figure 5. Comparative analysis of the bond-breakage process in a1,3-
GalT and LgtC at the QM(MO05-2X/TZVP//BP86/SVP) level of
calculation. (A) Energy profile for the bond-breakage process and
variation of the d(OE2/OElg;)7/q159—Cl’g.ca) distance. (B) Electro-
static contribution to the stabilization of the QM region by the
acceptor substrate (LAT) and the active-site nucleophile (Glu317 or
GIn189 in a1,3-GalT or LgtC, respectively).

We started by analyzing the charge evolution in the donor
substrate as the O3Bypp—C1’,.g. bond is broken (Figure S4).
The positive charge development on a-Gal is very similar for
both enzymes, whereas al,3-GalT develops a higher negative
charge on UDP (—0.51 vs —0.41 au). The data in Figure S,
thus, indicate that although it has always been suggested that
stabilization of the anomeric carbon positive charge is a key
factor in glycosyl transfer, stabilization of the charge on the
UDP leaving group is also crucial and it seems to be making an
important difference between these two enzymes.

Contribution from the Enzyme’s Residues. An analysis of
the active site residues capable of stabilizing this charge
development was performed. We calculated, for all the residues
in the active space, their electrostatic contribution to the
stabilization of the QM region as the O3Bypp—C1’, g, bond is
broken. The contribution from the putative nucleophile
(Glu317 or GInl189) is shown in Figure SB. Other residues
that contribute significantly are depicted in Figure 6 (see also
SI, Table S9). As can be seen, the contribution of Glu317 in
al,3-GalT is much more significant (4 times higher) than that
of GIn189 in LgtC. Curiously, we found more stabilizing
residues in the active site of a1,3-GalT than in LgtC, most of
them localized in the upper face of the UDP—Gal. Thus,
according to the different stabilization of the negative charge on
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the UDP provided by the enzyme’s residues, bond cleavage in
a1,3-GalT would be expected to be easier than in LgtC.

Inter-substrate Interactions. If stabilization by the amino
acidic residues in the active site is not responsible for the easier
leaving-group departure calculated for LgtC when compared to
a1,3-GalT, other explanations need to be found. An analysis of
the stabilization provided by the substrates themselves (inter-
substrate interactions) during the cleavage of the O3Bypp—
Cl',.gq bond was then performed. In particular, the
contribution of the acceptor substrate (LAT) was calculated.
As Figure 5B shows, the electrostatic contribution of LAT to
the stabilization of the QM region along the d(O3Bypp—
Cl’4Ga) bond-cleavage coordinate is completely different
between the two enzymes: in LgtC, the inter-substrate
interaction of UDP—Gal with LAT clearly facilitates the
cleavage of the glycosidic bond, whereas in «l,3-GalT, it
slightly destabilizes it. Thus, the different orientation of the
acceptor substrate in the active site of these enzymes is
conditioning not only their specificity (¢1—3 and al—4 in
a1,3-GalT and LgtC, respectively) but also their ability to assist
O3Bypp—Cl’, gy bond breakage. A detailed analysis of the
stabilizing role follows.

Substrate-Assisted Catalysis in a1,3-GalT and LgtC.
According to the above analysis, «1,3-GalT needs a strong
nucleophile because, contrary to what is found in LgtC, UDP is
a bad leaving group as LAT is not able to stabilize initial UDP—
Gal bond cleavage in al,3-GalT. However, this nucleophilic
assistance is not enough to achieve the reported reaction rate
(which is of the same order as that of LgtC) and new
interactions must be formed during galactosyl transfer. In our
work on LgtC several substrate—substrate interactions were
identified to promote reaction,® some of them involving LAT
(Figure 6): a hydrogen bond between 02’ g, and the UDP /-
phosphate (O1Bypp), a hydrogen bond between O3Bypp and
the 04y, attacking hydroxyl of LAT, and a hydrogen bond
between O3Bypp and the O3, hydroxyl (adjacent to the
attacking O44.¢,). In a1,3-GalT only the O2',,—O1Bypp
hydrogen bond and the one of O3Bypp with the attacking
hydroxyl (now O3j¢,) are possible. Nonetheless, the
stablllzatlon by O3 Ga(LgtC) was estimated to be ~2 kcal/
mol,® which is not enough to explain the differences observed
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here only shown in the TS' transition state (C); for al,3-GalT, 03, interacts with O4, in the reactants (D) and with O3Bypp in the TS,
transition state (E). For clarity, just a fraction of the QM atoms is shown.

in Figure SA. Interestingly, we have found that the O3Bypp—
HO4 . (LgtC) interaction is present both at the TS and at
the reactants, whereas the equivalent O3Bypp—034.¢, (@1,3-
GalT) hydrogen bond is formed along the galactosyl transfer so
that it is not present to stabilize the beginning of the bond
breakage process (e.g., d(HO3/j,GaI—03BUDP) =4.06 Ain R and
~1.6 A at the TSs, see Table 1). Therefore, the initial
orientation of HO3p g, can be at the origin of the differences
observed in UDP—Gal bond cleavage between al,3-GalT and
LgtC. To test this hypothesis we forced a hydrogen bond
between 03¢, and O3Bypp in the reactants of a1,3-GalT and
calculated again the energy for breaking the UDP—Gal bond
(SL, Figure SS). Comparing with Figure SA, it can be seen that
when the HO3 g, is initially facing its final acceptor the leaving
group is more easily released as the developing negative charge
on UDP gets stabilized from the beginning, thus confirming our
hypothesis.

A detailed study of the magnitude and nature of these inter-
substrate interactions in galactosyl transfer by a1,3-GalT and
LgtC was then carried out by a full donor—acceptor NBO
analysis where the putative nucleophiles were also included (SI,
Table S10). The previously characterized TS for LgtC® and the
equivalent one for al,3-GalT, more specifically the TS,
obtained for the front-side attack mechanism, have been
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compared. Some catalytically relevant interacting molecular
orbitals are depicted in Figure 7.

Three main conclusions can be outlined from the results.
First, the largest contributions to TS stabilization involve
interactions of the incoming hydroxyl group from LAT (04,
and O3, in LgtC and a1,3-GalT, respectively) with the final
acceptor of the proton, O3Bypp (Figure 7B,E). Interestingly, a
interaction between O4, (LgtC)/03¢,(a1,3-GalT) and a
molecular orbital involving (C1'—05'),. gy is also seen to
participate in TS stabilization (SI, Figure S6A,B). In the case of
LgtC, the interaction of the neighboring hydroxyl group with
O3Bypp mentioned above is also highlighted in the analysis
(Table S10, Figures 7C and S7A). Second, it is confirmed that a
major difference between the two enzymes is that this hydrogen
bond between O3Bypp and 04 ,(LgtC)/ 03 ga(al,3-GalT)
is already present in the reactants only for LgtC. In the al,3-
GalT reactants, O3, is facing the neighboring O4; ¢, group,
which in turn is hydrogen-bonded to OElg;;; (Figure S7B).
This network of hydrogen bonds was observed along all the
MM and QM/MM MDs performed during the present study,
suggesting that it is actually present in the Michaelis complex. It
is thus a consequence of the substrates’ binding orientation and
interactions. This explains why O3Bypp—Cl’,.cq bond
cleavage, described only by the d(O3Bypp—Cl’,ga) coor-
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dinate, is initially more difficult in @1,3-GalT than in LgtC
(despite the assistance by Glu317 in the former). It would also
explain why the d(HO3j5,—O03Bypp) had to be explicitly
included in the RC for both the front-side attack and the
double-displacement mechanisms, even though it is not until
the second step when the transfer of HO3., to O3Bypp takes
place (see Table 1 and Figure S8). During the sugar transfer
reaction, reorientation of the incoming hydroxyl to form the
034.6a—03Bypp hydrogen bond will facilitate UDP departure
and lead to energy barriers of the same order for both enzymes.
Finally, contributions from the nucleophiles to TSs stabilization
have also been identified and are quantified to be comparatively
much less important than those from the inter-substrate
interactions, especially in LgtC. In the case of al,3-GalT, the
stabilizing effect of Glu317 is more substantial (~7 kcal/mol,
see Table S10).

Trapping a Covalent Intermediate (CGE)? The results
presented so far suggest that both the front-side attack and the
double-displacement mechanism could be operating at the
same time and with similar rates in galactosyl transfer catalyzed
by a1,3-GalT. Moreover, both mechanisms would require the
presence of Glu317 and, more importantly, a substrate-assisted
catalysis by the acceptor molecule in order to stabilize the
increasing negative charge on UDP and achieve the reported
k., values. The described substrate-assisted catalysis implies
that, in the absence of the acceptor, formation of the covalent
intermediate would not be possible (or extremely slow), which
could explain why it is being so difficult to isolate such CGE. In
fact, it is important to notice that even in the presence of LAT
the CGE formation would be quite endoergic (11.4 + 4.2 kcal/
mol over the reactants) and that the CGE could easily go back
to reactants (reverse barrier of 3.7 + 1.3 kcal/mol).

We have further studied the importance of the acceptor in
CGE formation by calculating the QM/MM energy profile
leading to the CGE in the absence of LAT. For that, we
removed LAT from the Michaelis complex, resolvated the
resulting binary complex and reequilibrated the system (water
molecules first, also the protein side chains afterward) by a 2 ns
MM(CHARMM) MD. Three snapshots were randomly taken
as starting points in the following QM/MM calculations
(Figure 8). The corresponding energy profiles have high energy
barriers (~30—38 kcal/mol) and are much more endoergic
than when LAT is present (>10 kcal/mol). Dissociation of the
CGE back to reactants has a barrier of only ~5 kcal/mol. All
together, these results confirm our hypothesis.

Why is not Glu317 such a strong nucleophile as primarily
expected in @l,3-GalT? Interestingly, if the system is not
resolvated after LAT removal, so that the nucleophile only
interacts with the a-Gal, CGE formation is “artificially”
observed when the UDP—Gal bond is broken following the
RC = d(O3Bypp—Cl'sga) (SI, Figures S9A and SI10A).
Therefore, interaction of Glu317 with LAT or with water
molecules seems to be reducing its nucleophilic character.
Again, a NBO analysis of the different scenarios provides an
explanation for this (SI, Table S11). As mentioned before,
when LAT is present in the active site there is a hydrogen bond
between O44¢, and OElg;,; as a result of that, the (CD—
OE2)g;;; bond acquires a double bond character and the
negative charge on OE2 g3, is relatively moderate (Figure 9A).
In this context, the antibonding (BD*) (C1'—=05)s.ca
molecular orbital interacts with molecular orbitals of the
Glu317 with a total interaction energy of 1.12 kcal/mol in favor
of UDP departure (for d(O3Bypp—Cl'y.ca) = 2.81 A). When
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LAT is removed and the system resolvated, some water
molecules come to interact with Glu317 and a similar scenario
is found (Figure 9B) but with a less significant interaction
energy (0.29 kcal/mol, for d(O3Bypp—Clpca) = 2.89 A).
However, in the absence of the acceptor substrate and water
molecules the (CD—OE2)g3;;, bond would no longer have a
double-bound character (the (CD—OE1)g;;, bond has) and
the OE2g;;, atom that is facing the anomeric center would
exhibit a higher negative charge. In this case, stronger
interactions would be established between Glu317 and a-Gal
(16.9 keal/mol, at d(O3Bypp—Cl’y.cq) = 2.89 A, Figure 9C).
Thus, in this context, Glu317 is assuming a more efficient role
in the leaving-group departure so that, as mentioned above, the
CGE would be readily formed (Figures S9A and S10A).

Therefore, this analysis shows that the nucleophilic strength
of Glu317 in a1,3-GalT is reduced by its interaction with LAT
so that Glu317 alone cannot promote the formation of a
covalent intermediate and substrate-assisted catalysis (curiously
by the same LAT) is required. Moreover, the interaction of
Glu317 with water molecules also reduces its nucleophilic
character. We then suggest that, along with the endoergicity for
CGE formation and its low stability, these are the reasons why a
covalent intermediate is not experimentally detected for the
WT enzyme, even in the absence of LAT.

Mechanistic Implications for Retaining GTs. The
detailed understanding of the reaction mechanism and the
substrate—enzyme interactions in GHs has led to important
developments, such as new drugs® or en§ineered GHs for
synthetic or biotechnological applications.”>®> The reaction
mechanism used by GTs, though, has been a subject of debate
for more than a decade and still remains an open question.'"
By analogy with retaining GHs, and despite an evident lack of
evolutionary relatedness, ' retaining GT's were first assumed to
follow a double-displacement mechanism with formation of a
CGE. However, structural data have shown that only very few
enzymes, namely family GT6, have a suitably positioned
nucleophilic residue.” Therefore, it is most likely that most
retaining GTs follow an alternative mechanism. Both
experimental and theoretical studies are now showing that
the proposed front-side attack mechanism is perfectly
feasible.*"*®*'S Still, it is unclear if GT6 family members use
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Figure 9. Structures along the UDP—Gal bond-breakage process (RC
= d(O3Bypp—Cl'pca)) at the QM(MO0S-2X/TZVP// BP86/SVP//
CHARMM level for a1,3-GalT (A) in the ternary complex, (B) when
the system is resolvated after removing LAT, and (C) when LAT is
removed from the reactants. Atomic charges (au) and distances (A)
are indicated in red and black respectively. For clarity, just a fraction of
the QM atoms is shown. Molecular orbitals from the NBO analysis
involving the Glu317 and the anomeric center (C1’) are also depicted
in A and C.

the double-displacement strategy. In the present study we have
shown that for al,3-GalT (GT6) both alternatives could be
taken place at the same time, as similar barrier heights have
been calculated for the two mechanisms. Moreover, the front-
side attack would be nucleophilically assisted by Glu317 and
both mechanisms would require substrate-assisted catalysis to
stabilize the negative charge on the leaving group to proceed at
reliable rates. In fact, inter- or intra-substrate interactions that
facilitate reaction are being described for both retaining and
inverting GTs.>*%%% Apparently, different GTs could be
using different substrate—substrate interactions to promote
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reaction depending on the nature and the relative orientation of
their ligands.

What is emerging as a common inter-substrate interaction in
all retaining GT's is an hydrogen bond between the S-phosphate
and the attacking hydroxyl of the acceptor molecule (Figure 6,
0346, in al,3-GalT and O4jg, in LgtC). The latest
theoretical and experimental works on retaining
GTs*~ 68903659 have confirmed that the final accepting base
for the proton is the same phosphate and support the existence
of such a hydrogen bond at the transition state. For LgtC (GT-
A fold) this hydrogen bond is already present in the reactants.®
For OtsA (GT-B), the interaction in the reactants is with
another oxygen of the pf-phosphate, and its reorientation
toward the glycosidic oxygen has been suggested to be a driving
force for the reaction.” In @l,3-GalT, this inter-substrate
interaction is missing in the reactants but will be formed along
the galactosyl transfer. The reason for this is that in the
reactants O34, is making a hydrogen bond with O4;45,,
which is in turn hydrogen bonded to OElg,;,,. We propose
that, as a consequence of this, @1,3-GalT requires the presence
of a nucleophile (Glu317) in the f-face of UDP—Gal to assist
initial leaving-group departure. The presence of Glu317, which
is also involved in proper binding of LAT, opens the door to
the possibility of a double-displacement mechanism. However,
even the double displacement needs the O3Bypp—HO3j¢,
interaction as the nucleophilic strength of Glu317 is
compromised by its interaction with O44¢,. Therefore, and
contrary to what has recently been proposed on the basis of
model compounds,” our results suggest that the tight
coordination of the pyrophosphate by positively charged
residues is not enough and that substrate-assisted catalysis by
the sugar acceptor hydroxyl group is required to achieve the
observed reaction rates for retaining GTs. According to our
calculations, proton transfer will not occur until the end of the
reaction, but a tight hydrogen bond with the glycosidic oxygen
needs to be formed earlier to allow leaving-group departure,
even if a nucleophile is present.

From the enzyme’s point of view, the use of the acceptor
substrate to promote donor—glycosidic bond cleavage imposes
that reaction will only be initiated (at suitable rates) once the
ternary complex will be formed. This could be a way to slow
down undesired hydrolysis in retaining GTs. In al,3-GalT,
hydrolysis of the donor substrate is 60-fold slower than the
transfer reaction,’ and for human ABO(H) blood group related
retaining GTs, which also have a glutamate as a putative
nucleophile, slow hydrolysis of the donor with retention of the
configuration has been reported in the absence of the acceptor
substrate.” In contrast, in retaining GHs, for which the double-
displacement mechanism first proposed by Koshland® is
generally accepted, hydrolysis is the target reaction. The
difficulty of breaking the glycosidic bond between two sugars
and the limited potential stabilization of the leaving-group
departure by the acceptor substrate (a water molecule) are
overcome by the implication of a protein residue acting as an
acid catalyst that supplies the required proton to the leaving
group. By doing this, CGE formation is made energetically
accessible.” In transglycosidases,68 the transfer of the
monosaccharide follows a ping-pong mechanism; thus, the
acceptor substrate is not present in the active site to cleave the
glycosidic bond of the donor substrate, and a mechanism
equivalent to the one used by retaining GHs has prevailed.

dx.doi.org/10.1021/ja4024447 | J. Am. Chem. Soc. 2013, 135, 7053-7063



Journal of the American Chemical Society

B CONCLUSIONS

The reaction mechanism used by retaining glycosyltransferases
is still a matter of debate, and both experimental and theoretical
scientists are trying to provide new knowledge to clarify this
question. Here, QM(DFT)/MM calculations on the fully
solvated enzyme have been used to shed light on this topic. By
studying in detail galactosyl transfer catalyzed by a1,3-GalT and
LgtC and comparing them, we have shown that LgtC binds the
substrates in a relative orientation very convenient for catalysis,
as substrate—substrate interactions can be readily established
that efficiently participate in the stabilization of the S-phosphate
negative charge (substrate-assisted catalysis). In contrast, the
binding orientation and interactions that donor and acceptor
must adopt in a1,3-GalT in order to achieve the desired
reaction specificity (a1—3 linkage) reduce the number of
interactions that facilitate initial UDP—Gal bond cleavage,
requiring then a stronger nucleophile (Glu317) in the f-face of
UDP—Gal to assist initial leaving-group departure (nucleophili-
cally assisted catalysis). In particular, a hydrogen bond between
the f-phosphate of the leaving group and the attacking
hydroxyl of the acceptor molecule is not present in the al,3-
GalT Michaelis complex. However, pushing by Glu317 is not
enough, but this hydroxyl will reorient during the reaction to
form a hydrogen bond with the f-phosphate in the TS (TS
stabilization) and finally result in similar energy barriers for
both enzymes. The presence of a nucleophile in this GT6
family enzyme, Glu317, which is also an important determinant
of acceptor binding, introduces the possibility of a double-
displacement mechanism for this family. However, and
according to our results, both the front-side attack (which
seems to be the mechanism used by the other retaining GT
families) and the double-displacement mechanisms could be
taking place in «l,3-GalT with similar rates. In both
mechanisms, substrate-assisted catalysis is required to proceed
at reliable rates due to the reduced nucleophilic strength of
Glu317 as a result of its interactions with the acceptor substrate
(or with water molecules in the binary complex). The foregoing
could be a strategy to avoid undesired hydrolysis of the donor
substrate and, together with its limited stability, would also
explain why it is so difficult to isolate a glycosyl—enzyme
covalent intermediate.
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