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Abstract: p1,6-GlcNAc-transferase
(C2GnT) is an important controlling
factor of biological functions for many
glycoproteins and its activity has been
found to be altered in breast, colon,
and lung cancer cells, in leukemia cells,
in the lymhomonocytes of multiple
sclerosis patients, leukocytes from dia-
betes patients, and in conditions caus-
ing an immune deficiency. The result of
the action of C2GnT is the core 2
structure that is essential for the fur-
ther elongation of the carbohydrate

[b, ¢,

Jaroslav Koc¢a™ ¢!

The structural model of the reaction
site used in this report is based on the
crystal structures of C2GnT. The entire
enzyme-substrate system was subdivid-
ed into two different subsystems: the
QM subsystem containing 206 atoms
and the MM region containing 5914
atoms. Three predefined reaction coor-
dinates were employed to investigate
the catalytic mechanism. The calculat-
ed potential energy surfaces discovered
the existence of a concerted Sy2-like
mechanism. In this mechanism, a nu-

9 Michaela Wimmerova,™ ¢! and

proton transfer to the catalytic base
and the separation of the leaving group
all occur almost simultaneously. The
transition state for the proposed reac-
tion mechanism at the MO06-2X/6-
31G** (with diffuse functions on the
o1, 05, Og, and O6 atoms) level
was located at C1-06=1.74 A and
C1-01=2.86 A. The activation energy
for this mechanism was estimated to be
between 20 and 29 kcalmol ™', depend-
ing on the method used. These calcula-
tions also identified a low-barrier hy-

chains of O-glycans. The catalytic
mechanism of this metal-ion-indepen-
dent glycosyltransferase is of para-
mount importance and is investigated
here by using quantum mechanical
(OM) (density functional theory
(DFT))/molecular modeling (MM)
methods with different levels of theory.

nisms
state

Introduction

Protein O-glycosylation is a post-translational modification
implicated in a wide range of physiological processes includ-
ing cell adhesion and trafficking, T-cell apoptosis, cell signal-

cleophilic attack by O6 facilitated by
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drogen bond between the nucleophile
O6H and the catalytic base Glu320,
and a hydrogen bond between the N-
acetamino group and the glycosidic
oxygen of the donor in the TS. It is
proposed that these interactions con-
tribute to a stabilization of TS and par-
ticipate in the catalytic mechanism.

chemistry

transition

ing, endocytosis, and pathogen-host interaction.!!' Mucin-
type O-glycans are expressed on the cell surface of leuko-
cytes and have been shown to play a vital role during the
early course of the inflammatory cascade.” Glycans with a
B1,6-GIcNAc branch can be extended and capped with a
Lewis* antigen.” This represents the minimum carbohydrate
epitope recognized by P-, E-, and L-selectins, which mediate
the tethering and rolling of leukocytes on activated endothe-
lial cells.”

The key enzyme in the biosynthesis of branched O-gly-
cans is the Golgi enzyme UDP-GIcNAc: Galf1-3GalNAc-
(GleNAc to GalNAc) P1,6-GlcNAc-transferase (Core 2
GnT, C2GnT). C2GnT transfers GlcNAc to the core 1 struc-
ture on GalP1-3GalNAcB-O-Ser/Thr glycoproteins and
forms the core 2 structure (Scheme 1), GlcNAcp1-6(Galf1-
3)GalNAcf-O-Ser/Thr.’! The formation of this branched
structure is essential for the further elongation of carbohy-
drate chains of O-glycans. The C2GnT enzyme is a key con-
trolling factor in the biological functions of various glyco-
proteins and its activity has been found to be altered in
breast, colon, and lung cancer cells,® in leukemia cells,” in
the lymphomonocytes of multiple sclerosis patients,’® leuko-
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Scheme 1. Schematic diagram of the enzymatic reaction catalyzed by C2GnT.

cytes from diabetes patients,””) and in conditions causing an
immune deficiency.'”! Three isoforms of C2GnT have been
identified and cloned. Two of them, the leukocyte-type
(C2GnT-1 or C2GnT)M and thymus-associated enzyme
(C2GnT-3 or C2GnT-T)*™! exhibit exclusive core 2 acceptor
specificity, whereas C2GnT-2 (or C2GnT- M),® which is
distributed in mucin-secreting tissues along the gastrointesti-
nal tract, can synthesize core 2, core 4, and I-branched struc-
tures. Though the C2GnT enzymes differ in their tissue dis-
tribution, they exhibit a significant homology."™” The mem-
bers of the C2GnT group share nine conserved cysteine resi-
dues. It was found that eight cysteines are involved in disul-
fide bonds, Cys59-Cys413, Cys100-Cys172, Cys151-Cys199,
and Cys372-Cys381°) and one, Cys235 was a free thiol or
involved in intermolecular (dimer) formation. The presence
of seven conserved cysteines (C59, C151, C199, C172, C372,
C381, and C413) is required for full activity of the enzyme,
whereas the C100S mutant had 10% activity. The monomer
is assumed to be the active form of the enzyme.!"’!

In terms of primary sequences, C2GnT belongs to the
GT14 family in the CAZY database!"”! and is a metal-ion-in-
dependent enzyme. C2GnT operates through an inverting
mechanism. In general, this mechanism follows a S\2-like
reaction in which the enzyme provides a catalytic base that
activates the nucleophile (in C2GnT, this is the C6 hydroxyl
group from a GalNAc residue) to displace the uridine 5'-di-
phosphate (UDP) leaving group from the UDP-GIcNAc
donor in a concerted process."®! Tt is assumed that C2GnT
follows the ordered bi-bi catalytic mechanism with the
UDP-GIcNAc bindings first, followed by the disaccharide
acceptor binding over the nucleotide sugar.

The first three-dimensional model of C2GnT (amino acid
117-428) was proposed based on the distribution of the di-
sulfide bonds and threading/homology modeling by using
the crystal structure of T4 bacteriophage GT.™! The X-ray
crystal structure of murine C2GnT (residues 38-428) in the
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contain the metal-ion-binding
DXD pattern typical for in-
verting glycosyltransferases
with the GT-A fold. The struc-
ture of C2GnT contains two
regions; the first (38-121) is composed of a-helices. The
second region, which corresponds to the catalytic domain
(122-428), is an a/p/o structure consisting of a central six-
stranded mixed p-sheet. Four disulfide bonds were found in
each monomer (Cysl151-Cys199, Cys372-Cys381, Cys59-
Cys413, and Cys100-Cys172); the remaining Cys217 was un-
paired and located in the donor binding site. It is notewor-
thy that C2GnT may occur in an “open” conformation, and
a “closed” conformation though these two conformations do
not resemble the loop ordering observed in metal-ion-de-
pendent inverting glycosyltransferases.”'! The location of the
C2GnT-conserved Glu320 residue structurally corresponds
to the catalytic base found in other glycosyltransferases with
the GT-A fold.

The recently resolved crystal structures of C2GnT shed
some light on the catalytic mechanism of C2GnT. However
the catalytic mechanism of C2GnT at the microscopic level
is not yet understood. The majority of inverting glycosyl-
transferases from the GT-A family employ divalent cation
coordinated by the DXD motif to facilitate the departure of
the negatively charged leaving group.'® The catalytic mech-
anism of the inverting glycosyltransferases of the GT-A fold
was investigated by using a cluster model of the active
site® and by using hybrid QM/MM methods.®) These cal-
culations supported a direct displacement Sy2-like catalytic
mechanism involving a near simultaneous nucleophilic
attack facilitated by proton transfer to the catalytic base and
leaving-group dissociation. However, the C2GnT enzyme
does not contain the metal-ion-binding DXD pattern typical
for inverting glycosyltransferases with the GT-A fold. Re-
cently, the catalytic mechanism of metal-ion-independent
glycosyltransferase O-GlcNAc transferase (OGT) was inves-
tigated by hybrid QM/MM method,”” however, OGT pos-
sess the GT-B fold. To our knowledge, a theoretical investi-
gation of the mechanism of metal-ion-independent glycosyl-
transferases with the GT-A fold has not been accomplished.

(product)
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This prompted us to examine the catalytic mechanism of the
metal-ion-independent C2GnT enzyme at the atomic level.
The determination of the transition-state structure is a val-
uable outcome of this study, which could serve as a guide in
designing potent and specific inhibitors of C2GnT with ther-
apeutic potential for the treatment of overzealous inflamma-
tory responses that lead to a pathological condition such as
rheumatoid arthritis, asthma, and inflammatory bowel dis-
ease.

Models and Methods

Model preparation: For modeling the catalytic reaction, we followed the
approach used in our recent study.”* The coordinates of the C2GnT(resi-
dues 56-428)-Galp1-3GalNAc complex in a “closed” conformation,
which represents the active substrate complex,” were obtained from the
PDB database under the code 2GAM, and prepared with Modeller,?!
UCSF Chimera,® Schrodinger’s Maestro,””) and Protein Preparation
Wizard®! from the Schrodinger suite of programs as follows. All water
oxygen atoms were removed from the structure before the missing resi-
dues were added. The four missing amino acids residues Glu81-Lys84
were added by using Modeller so that all atoms from the original PDB
data were fixed to their original coordinates and only the added amino
acid residue in the loops were optimized. Hydrogen atoms were then
added, and protonation states were assigned based on the residue pK,
value at normal pH (7.0). The orientations of the added hydrogen atoms
and protonation of amino acid residues were based on the positions and
types of the neighboring atoms by using the method implemented in
UCSF Chimera. The protonated structure was used for docking the miss-
ing active donor substrate UDP-GIcNAc. A docking grid was generated
with Maestro GUI?” and Glide.”” Atom types and partial charges were
assigned according to the OPLS_2005 force field also known as OPLS-
AA.P The structure of UDP-GIcNAc was obtained by energy minimiza-
tion by using the program Jaguar v9.0°! at the DFT B3LYP"? level with
the 6-314G* basis set prior to docking. The calculated ESP charges
were used as input partial charges for ligand atoms in the docking calcu-
lations. A docking grid was generated for the C2GnT-L-GalB1-3GalNAc
structure with the center of the cubic grid box placed on the centroid of
the bound Galp1-3GalNAc. The box size was set to 12 A in all three di-
mensions. The UDP-GIcNAc molecule was the docked into generated
grid, in which positions of the amino acid side chains were held fixed and
UDP-GIcNAc was allowed to rotate around the rotatable single bonds
(flexible ligand/rigid receptor docking procedure). During the docking,
the sampling of the GlcNAc ring conformation was not allowed and was
docked in the “C, ring conformation. Up to five thousand docking poses
were evaluated. The pose was considered as different if the root-mean-
square (rms) would be bigger than 0.5 A, and the maximum atomic dis-
placement was greater than 1.3 A. Each observed pose was minimized in
site and the docking score was calculated. The other Glide settings were
not changed and their default parameters for a standard precision dock-
ing were used. The best 25 poses with the highest score were kept and
analyzed by hand. A docked pose was chosen for UDP-GIcNAc at a rea-
sonable distance from the GIcNAc anomeric carbon from the acceptor
and O6 hydroxyl from the Galf1-3GalNAc disaccharide. The C2GnT-
UDP-GlcNAc-Galp1-3GalNAc ternary complex was overlaid with the
original crystal structure. In the X-ray structure, all oxygen atoms with
low B-factors were visualized in a 10 A area around the UDP-GIcNAc.
A comparison of the docked UDP-GIcNAc with the X-ray structure of
the C217S mutant® form of C2GnT revealed that the position of the
UDP residue in both structures is remarkably similar. All oxygen atoms
in place of docked UDP-GIcNAc were deleted, and the possible interac-
tions of the remaining crystallographic water oxygen atoms were ana-
lyzed by hand. The eight water oxygen atoms with potential non-covalent
interactions that could be made with both ligands or between the C2GnT
and the ligands (water residues 2, 8, 9, 21, 38, 45, 49, and 74) were re-
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tained in the active site. Water oxygen atoms were protonated, and then
water molecules were rotated to make appropriate interactions with the
neighboring atoms.

QM/MM model: The QM/MM calculations were carried out using Schro-
dinger’s QSite program.® In Qsite, the QM/MM methodology (an addi-
tive scheme) was used with frozen atoms and an electrostatic treatment
at the interface between QM and MM regions by using the Gaussian
charge distribution represented on a grid. The entire enzyme-substrate
system (C2GnT-UDP-GIcNAc-Galp1-3GalNAc ternary complex), con-
sisting of 379 amino acids, eight water molecules, donor, and acceptor (al-
together 6120 atoms), was partitioned into two separate subsystems: the
QM and the MM regions (see Scheme 2). The QM region, containing 206
atoms, was formed of the complete donor UDP-GIcNAc and complete
Galp1-3GalNAc acceptor, and the side chains of amino acids critical for
the catalytic activity; Cys217, Glu243, Lys251, Arg254, Glu320 (suggested
catalytic base), Arg378, and Lys401. The MM region (5914 atoms) was
composed of the remaining C2GnT atoms and eight molecules of water
in the model complex structure. Prior to potential energy surface calcula-
tions, a geometry optimization of the whole system was performed to
obtain a refined location of the donor. The structure of the C2GnT-
UDP-GIcNAc-Galf1-3GalNAc complex, generated by the above proce-
dure, was optimized, at the beginning using dynamic constraints of 3.0
and 20A on the O6(nucleophile)~C1 and H6--Og, (catalytic base
Glu320) distances, respectively, and then fully relaxed. In this optimiza-
tion, the QM subsystem was treated using density functional theory
(DFT) with the B3LYP? functional and 6-31G** basis set with diffuse
functions (6-31+G**) on the O1’, O35, Og,, and O6 atoms from the
Jaguar library,?!! and the MM subsystem was characterized with an
OPLS_2005 all-atom force field.’” The calculated structure was then
used as the starting structure (Michaelis complex, ES) for modeling the
reaction catalyzed by C2GnT, and is shown in Figure 1.
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Figure 1. Ribbon representation of the overall structure of the modeled
C2GnT-UDP-GIcNAc-GalB1-3GalNAc complex calculated by using the
QM/MM/MO06-2X method. Water molecules and hydrogen atoms are not
shown for clarity. Residues included in the QM region for the QM/MM
calculations are shown in stick representation. Left: overall view of the
C2GnT complex; right: close-up of the active site with the acceptor
shown in cyan and the catalytic base in green.

Reaction mechanism: The catalytic site chemistry of C2GnT involves the
creation of a new glycosidic linkage between the GalNAc oxygen of the
disaccharide acceptor (O6) and the anomeric carbon Cl of the donor
GlcNAc, cleavage of the donor glycosidic linkage between GIcNAc and
UDP, and a transfer of the H6 proton from the acceptor hydroxyl O6H
to the catalytic base (Glu320). The reaction mechanism was monitored,
similarly as in our recent publication,® by using three reaction coordi-
nates. The first reaction coordinate r; was defined as the distance be-
tween the anomeric carbon C1 and the nucleophilic oxygen O6 of the ac-
ceptor hydroxyl group. This reaction coordinate represented the nucleo-
philic attack of the GIcNAc acceptor on the anomeric carbon of the
donor UDP-GIcNAc and designates the formation a new [-glycosidic
linkage. The second reaction coordinate r, represented the dissociation of
the glycosidic bond C1—0O1, and was defined as the distance between the
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anomeric carbon Cl and glycosidic oxygen O1 of the donor UDP-
GIcNAc. The third reaction coordinate r; describes the transfer of the
proton from the nucleophile hydroxyl to the oxygen of the catalytic base
(Glu320) and is defined as the distance between the proton of the
GalNAc hydroxyl group H6 and the oxygen of Glu320 Og,,. All three co-
ordinates are depicted in Scheme 2, which only shows the QM region.

QM Region
R254 NS_ (206 atoms)
2

2l

HoN" E320 WV .

., on" Oua

H K251 NHy QS ol

HO. 7 r. 33 °§(

HyacN~, OH
-0, g ot e “\k“:“\

B h NH, Q
/& o %20
i HN Sy 07\

MM Region A R378 , © /
(5914 atoms) NHs o N/{
P o

HO

— K401

Link Atom:

Scheme 2. Schematic representation of the active site model dividing into
QM and MM regions for the hybrid QM/MM calculations. The QM
region contains complete UDP-GIcNAc (donor), whole residues of the
GlcNAc-Galp1-3GalNAc disaccharide (acceptor), and side chains of
amino acids essential for catalytic activity: Cys217, Glu243, Lys251,
Arg254, Glu320 (catalytic base, E320), Arg378, and Lys401. The reaction
coordinates r, r,, and r; are indicated with arrows and linked atoms with
a sphere.

The reaction potential energy surface (PES) was determined by so-called
adiabatic mapping. The reaction coordinates were varied by increments
of 0.2 A, between 3.5 and 1.4 A for r, and r,, and between 2.0 and 1.0 A
for r;, respectively. In the vicinity of the barriers, the increment was de-
creased to 0.1 and then 0.05 A. Geometrical variables of all 6120 atoms
were optimized except for the reaction coordinates. The two-dimensional
PES was calculated by using density functional theory (DFT) with the
B3LYP functional and 6-31G** basis set, with diffuse functions (6-314
G**) on 01, O5, 06, and Og, from the Jaguar library?® for the QM
region and the OPLS 2005 all-atom force field® for the MM region. In
these calculations, to avoid extraordinarily extensive calculations, the ge-
ometry optimizations were stopped after 150 optimization steps, provid-
ing that the gradient rms was lower than 0.0005 Hartree Bohr '. The
CPU time required for one geometry optimization step on a cluster with
24 processors (Intel i7-3300 GHz) was between 4-5 h depending on the
used functional. Thus, the calculation of one point on the PES that re-
quired 150 optimization steps lasted 2-3 weeks. Once the energy profile
was obtained, the structure of the energy maximum was used to search
for the transition state (TS) by using the default criteria for this computa-
tion in QSite.™ Although the B3LYP functional has become extremely
popular in DFT calculations, there are several reports that examine the
reliability of hybrid GGA functional B3LYP.¥ Recently, based on a
comparison of relatively large TS structures and energies, a procedure
for large systems was recommended®®! in which hybrid GGA functionals
such as B3LYP are used in geometry optimization and then additional
single-point calculations are performed by using more expensive hybrid
meta GGA functional with ultrafine grid. We have used more prudent
approach. In all calculations we used ultrafine grid, with the QSITE pa-
rameters gdftfine=—14, gdftgrad =—14, and gdftmed = —14. For the S\2-
like reaction pathways, the structures of the Michaelis complex (ES),
transitions state (TS), and product complex (P) were optimized using the
B3LYP, M06-2X, ¥ MPW1K, ! PWB6K,?” and M05-2X"* functionals
with the basis set defined as above. In addition, single-point calculations

www.chemeurj.org
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were carried out for these stationary points by using various DFT func-
tionals: B3LYP, M06-2X, MPW1K, PWB6K, and M05-2X.

Results and Discussion

To examine the active site chemical reaction, we calculated
the potential energy surface (PES) as a function of the three
reaction coordinates. These represent the creation of a new
B-glycosidic linkage (r;) between the acceptor and donor,
cleavage of the donor C1—O1 glycosidic bond (r,), and
proton transfer (r;) from the acceptor nucleophile to the cat-
alytic base. The possible reaction pathways were explored
by means of two two-dimensional maps, namely (r, r,) and
(ry, 13), and the number of optimized structures exceeded
400. All geometrical parameters, apart from the constrained
reaction coordinates were optimized during these calcula-
tions, for example, for each point on the (r;, r,) map, only r,
and r, were constrained to the value representing a given
point on the calculated PES. The calculated potential energy
surfaces of the catalytic reactions are represented in the
form of contour diagrams in Figures 2 and 3. Figure 4 shows
the M06-2X optimized structures of the active site models in
the ES, TS, and P complexes. Selected geometrical parame-
ters and ESP charges for ES, TS, and P are listed in Table 1
(see also Table 1S in the Supporting Information), and the
relative energies of stationary structures calculated at vari-
ous levels of the theory are given in Table 2.

Structure of the C2GnT-UDP-GlcNAc-Galfl-3GalNAc
ternary complex in ES: A comparison of the X-ray"*?! and
the ES complex structures shows that C2GnT does not un-
dergo significant structural changes upon optimization by
the QM/MM methods, and all relevant interactions observed
in the X-ray structures can be seen in the calculated ternary
complex. Furthermore, the calculated structure provides in-
sight into a binding mode of the GlcNAc residue, which is
not available in X-ray structures, and exposes interactions
involved in its binding. Thus in ES, the assumed catalytic
base Glu320 is involved in a bidentate hydrogen bond with
both the O4 and O6 of the GalNAc moiety of the acceptor
with the H6—Og, and O4—O0g,,, distances (at the M06-2X
level) being 1.961 and 1.72 A, respectively. The interaction
with O6 is important for the acceptor binding, the removal
of O6 led to a significant decrease in acceptor binding affini-
ty®! (Ky=0.08 vs. Ky=0.56mm). The O4 hydroxyl of
GalNAc also interacts through a hydrogen bond with
Arg254; the O4-+HNjy,ps4 distance being 1.68 A. The distan-
ces of 1.66 and 1.63 A between the O4 and O6 protons of
Gal with Glu243 also suggests hydrogen-bond interactions.
These interactions also seem to be relevant to the acceptor
binding, since the 6-deoxy acceptor analogue is a poor sub-
strate.®® The hydrogen-bond interactions of Tyr358 with the
NH group of GalNAc and O2 of Gal, with proton-oxygen
distances of approximately 2.2 A, further stabilize the com-
plex. The UDP-GIcNAc donor is buried in the binding site,
and its location is stabilized by a combination of hydrogen

Chem. Eur. J. 2013, 19, 8153 -8162
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Table 1. QM/MM calculated geometrical parameters (distances in A, angles in degrees) and selected ESP charges (Q, in e) of the Michaelis complex
(ES), transition state (TS), and product complex (P) observed on the reaction pathway described in Figure 3 at BALYP, MPW1K, and M06-2X levels and

6-31G** basis set with diffuse functions on O1’, O5', 06, and O3 (6-31+ G**) atoms.

ES TS P
B3LYP MPWIK MO06-2X B3LYP MPWI1K Mo06-2X B3LYP MPWI1K Mo06-2X

r(C1-06) 3.044 3.204 3.030 1.813 1.778 1.735 1.442 1.421 1.428
r,(C1-01) 1.424 1.404 1.415 2.868 2.887 2.866 3.101 3.055 3.008
r3(Og,,—H6) 1.984 1.938 1.961 1.442 1.417 1.382 1.008 0.996 1.007
06—Ogy, 2.903 2.884 2.907 2.451 2.424 2.411 2.614 2.575 2.602
C1-05 1.389 1.380 1.391 1.315 1.302 1.322 1.407 1.387 1.399
Hy,—O1 2.489 2.479 2.484 1.795 1.840 1.852 1.732 1.718 1.820
HO4—Og,;, 1.720 1.745 1.727 1.702 1.675 1.647 1.861 1.831 1.851
05-C1-06 94.7 94.4 94.6 106.8 106.4 106.9 105.6 105.8 105.8
05-C1-01 112.1 112.1 1117 100.9 98.8 98.7 113.6 113.8 110.1
05-C1-H1 106.4 106.7 106.9 111.9 112.4 1123 110.7 111.0 110.6
05-C1-C2 109.9 109.4 109.6 121.4 120.9 120.4 113.8 113.3 113.9
06-C1-01 146.7 147.1 147.8 147.6 151.1 150.8 1353 135.6 139.0
C4-C5-05-C1 -3.6 —4.6 54.7 26.1 29.9 29.4 65.6 66.5 66.3
C5-05-C1-H1 176.7 176.5 175.6 135.7 132.8 130.7 71.8 75.9 76.6
C5-05-C1-01 55.8 553 54.3 72.7 68.3 67.9 37.3 345 34.6
C5-05-C1-06 —144.4 —144.7 —144.7 —1243 —126.0 —126.5 —164.7 —166.1 —167.7
H2-C2-N-HN —152.4 —152.7 —153.9 —163.8 —165.5 —166.1 —163.8 —167.8 —164.5
Q(C1) 1.195 1.199 1.201 0.7382 0.6928 0.7124 0.4145 0.2623 0.1923
Q(01) —0.570 —0.581 —0.590 —0.8835 —0.9175 —0.9124 —0.8497 —0.8697 —0.8831
Q(06) —0.714 —0.711 -0.711 —0.4704 —0.4413 —0.4208 —0.2007 —0.1201 —0.1646
Q(05) —0.927 —0.956 —0.950 —0.7013 —0.7123 —0.7338 —0.6043 —0.5958 —0.5909
o(C2) —1.115 -1.171 —1.108 —0.2918 —0.3041 —0.3075 0.0126 —0.0994 —0.0002
Q(C5) 1.007 1.085 1.087 0.7421 0.7916 0.7958 0.4042 0.4588 0.4280
Q(Og) —-0.725 —0.762 —0.742 —1.0010 —1.0263 —1.0361 —0.8241 —0.8286 —0.8657
Q(H1) 0.027 0.039 0.040 0.1244 0.1684 0.1450 0.1254 0.1915 0.2488
Q(HO6) 0.613 0.630 0.623 0.6993 0.7242 0.7242 0.5464 0.5370 0.6241
Q(HN,,) 0.367 0.391 0.394 0.3671 0.4076 0.3992 0.2919 0.31332 0.3105

bonds and van der Waals interactions. The uracil moiety of
UDP-GIcNAc is located between the imidazol ring of
His130 and Val185 at an approximate distance of 4 A. Also,
the distance of 1.76 A between the HN3 proton of the uracil
moiety and Aspl55 suggests a stabilizing hydrogen-bond in-
teraction. The ribose position seems to be stabilized by in-
teractions of the O2 and O3 oxygen atoms with protons
from Cys217; with approximate distances of 2.21 A. The
ribose HO3 proton is involved in the interaction with
Argl92, with a distance of 2.2 A. The diphosphate group in
GT-A glycosyltransferases is usually chelated by a bound di-
valent metal. However, this is not the case with C2GnT, and
the metal-ion-coordinating DXD motif is not present in the
active site with C2GnT. Instead, the negative charges of the
diphosphate moiety are stabilized by interactions with posi-
tively charged Lys401 and Arg378; with phosphate oxygen-
lysine proton distances between 1.57 A and 1.90 A. The in-
teractions with Lys401 may play a significant role in the
binding of UDP-GIcNAc, as suggested by a loss of binding

PES as a function of distances r; (r¢;_o¢) and r; (Fge_oc):
The potential energy surface in Figure 2 characterizes the
nucleophilic attack (r;) of the O6 oxygen from the acceptor
on the anomeric carbon C1 of the donor UDP-GIcNAc and
the proton transfer (r;) from the O6 hydroxyl (acceptor) to
the catalytic base (Glu320). The vertical axis describes the
proton transfer and the horizontal axis designates nucleo-
philic attack.

HO6-OGlu (A)

- -3
of the K401A mutant to a UDP-hexanolamine column.?” + gz
The orientation of the GIcNAc residue of the donor is stabi- 1.q R T T R ) 2
lized by several hydrogen-bond interactions. The oxygen of ' ’ ’ ’ - 0'6 &) ’ ’ ’ ’

Asp319 forms 1.71 and 1.70 A hydrogen-bond interactions
with the O4' and O6’ protons of GIcNAc and the O3’
oxygen is the acceptor of a proton from the backbone nitro-
gen of Ala287 with a distance of 2.15 A. An N-acetyl group
is located in the apolar pocket created by Val354 and Val380
that also contributes to the orientation of GIcNAc.
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Figure 2. The B3LYP calculated PES with the 6-31G** basis set and dif-
fuse functions (6-31+ G**) on the O1’, O5’, Og,,, and O6 atoms by using
the distances r, and r, (in A) as reaction coordinates. The yellow dashed
line from the upper right corner to the bottom left corner indicates the
Sx2-like reaction pathway from the ES to the P through B13. Contours
are in kcal mol™".
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The PES given in Figure 2 shows the existence of one re-
action pathway with a single transition barrier (B13) in the
central region of the map that connects the upper right
corner with the lower-left corner. The Michaelis complex is
located in the upper-right corner of the PES. A thorough ex-
amination of the geometrical parameters of the lowest mini-
mum in the lower-left corner on the PES clearly found, as
was observed in our previous studies,?>?** that the struc-
ture of this minimum corresponds to the product (P). In
other words, the C1—O1 length (r,) varies in a continuous
manner with the C1-O6 distance (r;) and the proton trans-
fer (r3). In this pathway, from the Michaelis complex (ES) to
the products (P), the presence of only one transition barrier
(B13) indicates the existence of a concerted Sy2-like mecha-
nism, in which the nucleophilic attack by O6 (r,) facilitated
by the proton transfer to the catalytic base (r,) and the sepa-
ration of the leaving group (r;) all occur almost simulta-
neously. The key factor in this Sy2-like mechanism appears
to be the nucleophilic attack, with the nucleophilicity of
GalNAc hydroxyl O6 increased by the proton transfer to
Glu320, which functions as the catalytic base. The pathway
follows the diagonal of the two-dimensional map and a tran-
sition barrier (B13) of ~23 kcalmol ™! located at r;~1.9 and
r;~1.5 A was detected in the central area of the contour
map. An analysis of the geometrical parameters showed that
the C1—O1 bond was lengthened to ,~2.9 A.

PES as a function of distances r; (r¢;_o¢) and r, (rci_o1):
Figure 3 shows the PES calculated in terms of the distance
(r,) between the C1 carbon and the O6 oxygen of the at-
tacking GalNAc residue and the distance (r,) between the
anomeric carbon Cl and the glycosidic oxygen O1 of the
donor. In this contour diagram, the horizontal axis repre-
sents the creation of a new C—-O glycosidic bond, whereas
the vertical axis represents scission of the C1—O1 glycosidic
linkage of the donor. The Michaelis complex is located in
the lower right corner of the PES. The structures in the
lower left corner correspond to the structure with a penta-
coordinated carbon, in which the C2, O1, O5, 06, and H1
atoms are bound to the anomeric carbon C1. As expected,
this structure is unstable with a relative energy higher than
100 kcalmol . In the upper left corner, we anticipated struc-
tures representing the product with the protonated nucleo-
philic oxygen O6, and, therefore, a high energy region.
However, a low minimum was found in this area. Moreover,
the relative energy (= —18 kcalmol™!) of this minimum is
equivalent to the one in Figure 2 that represents the prod-
uct. A thorough examination of the geometrical parameters
of this minimum in Figure 3 clearly revealed, in contrast to
what was observed in our previous studies,*>* that the H6
proton was transferred to the catalytic base Glu320 and the
minimum actually corresponds to the product. A clear path-
way that connects the ES and the product can be seen in
this contour map. The pathway follows the diagonal of the
two-dimensional map, from the lower-right corner to the
upper-left corner, with a transition barrier (B12) of ~24 kcal
mol~!. The barrier was detected in the central area of the
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c1-01 (A)

1.4 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0
C1-06 (A)
Figure 3. The B3LYP calculated PES with the 6-31G** basis set and dif-
fuse functions (6-31 4+ G**) on the O1’, O5', Og,,, and O6 atoms by using
the distances r, and r, (in A) as reaction coordinates. The yellow dashed
line from the bottom-right corner to the upper-left corner indicates the

Sx2-like reaction pathway from the ES to the P through B12. Contours
are in kcalmol ™.

contour map at r;~1.85 A and r,~2.9 A. An inspection of
the geometrical parameters showed that the H6 proton was
located at ;= 1.5 A. It is noteworthy that the location of the
B12 barrier coincides with the C1—06, C1-O1, and H6—
Og, distances determined in the transition barrier structure
B13 observed in Figure 2. The structures at the energy maxi-
mum (B13 and B12) were used to refine the structure of the
transition state (TS) with no geometry constraints. (Atomic
coordinates for the stationary points calculated at the M06-
2X level are available in the Supporting Information).

On the catalytic mechanism of C2GnT: Structure and exper-
imental datal"*?! on C2GnT support the ordered bi-bi cata-
Iytic mechanism, with Glu320 proposed as the catalytic base
for C2GnT. In this mechanism, the UDP-GIcNAc binds first
and then the acceptor binds over the nucleotide sugar. An
ordered bi-bi mechanism with UDP-GIcNAc binding first
and UDP leaving last, is supported by the observation that
C2GnT can bind the acceptor in the absence of the donor.
However, this acceptor binding changes the conformation of
C2GnT to one in which the binding of the donor is
blocked.*!

Previous calculations®® performed on metal-ion depend-
ent inverting glycosyltransferases of the GT-A family sup-
port a Sy2-like mechanism, in which the enzyme provides a
catalytic base that activates the nucleophile to replace the
UDP leaving group from the nucleotide sugar (donor) in a
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concerted process and the metal presented facilitates the re-
action by stabilizing the developing negative charge on the
diphosphate leaving group. This study is the first calculation
for an inverting metal-ion-independent glycosyltransferase
from the GT-A family. The calculated two-dimensional
maps of the potential energy surface suggest that C2GnT
employs a S\2-like mechanism, in which a nucleophilic
attack by O6, the proton transfer to the catalytic base, and
the separation of the leaving group all occur almost simulta-
neously. The energy barriers calculated at different levels of
theory (Table 2) are between 20 and 29 kcalmol ™. Unfortu-

Table 2. QM/MM energies (Hartree) of the Michaelis complex (ES) and
the relative energies (kcalmol™') of the transition state (TS), and product
complex (P) for the S\2 reaction pathway calculated at various levels of
theory by using the 6-31G** basis set with diffuse functions (6-31+ G**)
on O1', O, 06, and Ogy,3, atoms and with the MM subsystem charac-
terized with an OPLS_2005 all-atom force field.

Method Geometry ES TS P
B3LYP B3LYP —6 283.668185 22.15 —15.93
MPW1K —6282.217352 27.44 —15.91
MO05-2X —6 283.067278 22.87 —18.94
M06-2X —6281.542623 22.95 —19.35
PWB6K —6286.707841 26.69 —17.65
MPWI1K MPWI1K —6282.246039 28.80 —17.70
B3LYP —6 283.643455 24.99 —16.80
MO05-2X —6283.065913 21.93 —20.75
M06-2X —6281.539580 20.61 —21.91
PWB6K —6 286.746165 2591 -20.72
MO05-2X MO05-2X —6283.077359 22.08 —19.67
B3LYP —6283.661677 23.88 —12.53
MPWI1K —6282.236591 28.31 -12.71
M06-2X —6281.551464 19.83 —22.98
PWB6K —6286.733962 26.53 —17.68
M06-2X M06-2X —6281.552218 19.54 —20.00
B3LYP —6283.662188 21.15 —6.06
MPWI1K —6282.234912 25.12 —8.30
MO05-2X —6283.075322 16.91 -16.79
PWB6K —6 286.730800 22.96 —14.84
PWB6K PWB6K —6 286.740639 21.58 —22.73
B3LYP —6 283.624046 19.25 —20.73
MPWI1K —6282.236341 27.11 —21.69
MO05-2X —6283.053336 18.97 —25.26
M06-2X —6 281.526245 17.24 —26.70

nately, the lack of experimental data on C2GnT does not
enable a direct comparison. However, these values are in a
good agreement with an activation barrier of 21 kcalmol™!
calculated from k., =0.22 min~' determined for OGT,*!
which is also a metal-ion-independent enzyme, though with
a GT-B fold. The single-point barriers are between 17 and
29 kcalmol ', The barrier calculated at the M06-2X level is
slightly lower and at the MPW1K slightly higher than those
obtained with others functionals.

Structural changes associated with the active site chemical
reaction (ES—TS—P) are reflected in the structure of the
points along the reaction pathways. The values in Table 1
clearly shows that all methods led essentially to the same
structures of ES, TS, and P, respectively. The geometry of
the Michaelis complex model (ES) at the B3ALYP (MPW1K,
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MO06-2X) level is described by values of 1.429 (1.411, 1.
418) A and 1.398 (1.380, 1.390) A for the C1-O1 and Cl—
O5 bond lengths, respectively. The pyranoid ring of the
GIcNACc in the ES is in the *C; chair conformation depicted
by the ring-puckering parameters ¢=66.6°, 0=12.4°, and
0=0.51 (61.2, 12.1, 0.51°; 61.8, 12.1, 0.52°) within normal
*C, values for theta, but a bit flatter than usual for Q. The
structure of the product (P) is described by values of 1.442
(1.421, 1. 428) A, 3.101 (3.055, 3.008) A, and 1.407 (1.387,
1.399) A for the C1-06, C1-01, and C1-0O5 bond lengths,
respectively. The ring structure of the transferred GlcNAc in
P is depicted by the ring-puckering parameters ¢=313.6°,
0=31.1°, and Q=0.48 (311.7, 28.4, 0.48°; 314.1, 30.0, 0.49°)
and represent the distorted *C, chair conformation.

Along the concerted reaction path ES—TS—P, the con-
formation of the pyranoid ring continuously changes from a
*C, chair in the ES through a *Hy/*E half-chair in the TS
(224.4, 36.9, 0.37; 231.3, 36.5, 0.38°; 230.3, 36.4, 0.39°) back
to a *C, chair conformation. In this process, the C1-O1
bond length between the anomeric carbon C1 and the leav-
ing group, UDP, gradually elongates from 1.429 (1.411, 1.
418) to 2.868 (2.887, 2.866) A as the distance between the
anomeric carbon and the attacking oxygen r, decreases, and
the H1 atom moves, from an equatorial position through a
position in the plane defined by the C2—C1—OS5 atoms to an
axial position. These modifications in the six-membered ring
conformation of GIcNAc are accompanied by changes in
the position of the leaving and attacking groups with respect
to the six-membered ring. As the ring shape shifts to the
half-chair conformation, the atoms attached to the anomeric
carbon become coplanar with a sp? character at the reaction
center Cl1. The delocalization of the ring-oxygen lone-pair
electrons into the empty p orbital at the C1 atom stabilizes
the oxocarbenium ion-like nature of GlcNAc.*?! The crea-
tion of such an oxocarbenium ion requires alterations to the
GlcNAc ring conformation, from chair to half-chair, to satis-
fy its partial double-bond character. A consequence of the
charge delocalization is the shortening of the C1—O5 bond
length from its equilibrium value of 1.407 (1.387, 1.399) A
observed in the ES to 1.315 (1.302, 1.322) A in the TS, in
which the C1-O5 bond developed a partial double bond
character. The length of the new glycosidic linkage C1-O6
(ry) in the TS is characterized by value of 1.813 (1.778, 1.
735) A. The TS structure calculated at the M06-2X level is
shown in Figure 4 B.

In metal-ion-dependent glycosyltransferases, the donor is
anchored into the active site through electrostatic interac-
tions with a divalent cation that is coordinated by a DXD
motif. The metal ion is assumed to reduce the reaction barri-
er through an electrostatic stabilization of the developing
negative charge on the diphosphate moiety. It was hypothe-
sized® that the positively charged side chains of Lys401 and
Arg378 may play this role. The calculations support to some
extent a stabilizing effect of these two amino acids. A com-
parison of the calculated distances between the Lys401 and
Arg378 and diphosphate oxygens showed that phosphate
oxygen-lysine proton distances are in the TS between 1.48

8159

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

1. Tvaroska et al.

A EUROPEAN JOURNAL

A

o0g)

=1,

.
GaIB1-3GaI/A

J

Figure 4. Close-up of the active site models for the A) Michaelis complex
(ES), B) transition state (TS), and C) product complex (P) calculated at
MO06-2X level with the 6-31G** basis set and diffuse functions (6-31+
G**) on the O1’, O5’, Og,,, and O6 atoms. The acceptor is shown in cyan
and the catalytic base in green.

and 1.89 A and are slightly smaller than in the ES (1.57 A
and 1.90 A).

The QM/MM calculations of the inverting glycosyltrans-
ferase OGT, which is a metal-ion-independent enzyme with
GT-B fold, discovered other interactions that allow the cata-
lytic reaction. In this substrate-assisted mechanism, the
proton from the donor NAc group interacts with the oxygen
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from the diphosphate group and stabilizes the TS. A com-
parison of the distance between the Hy,. proton of the N-
acetyl group and glycosidic oxygen O1 in C2GnT revealed
similar interactions. In the TS, the Hy,.-O1 distance de-
creases from 2.48 in the ES to 1.85 A in the TS. This short-
ening of the Hy,.~O1 distance is accompanying by a small
conformational change of the N-acetyl group around the
C2—N linkage. Although the N-acetyl group remains in its
most stable conformation, called the Z-trans,*! in the ES its
conformation is characterized by the dihedral angle y=
—153.7° (y=H2-C2-N-Hy,.), wWhereas in the TS the N-
acetyl group rotates to a conformation with y=-166.1°. To
evaluate how this hydrogen-bond interaction affects the sta-
bility of TS, we have calculated the energy of the ES and TS
with the N-acetyl group replaced by a methyl group. In this
analogue, the Hy,.~-O1 hydrogen-bond interactions are not
likely. The single-point calculations showed that reaction
barrier in the 2-methyl analogue was, depending on the
functional used, between 33 and 36 kcalmol . Assuming the
calculated barriers for the UDP-GIcNAc donor (Table 2), a
crude estimate of the TS stabilization by the Hy,.O1 hy-
drogen bonding is 11-14 kcalmol . It is not yet clear wheth-
er this is a coincidence or a common mechanism used by
metal-ion-independent GnTs. Also, the hydrogen-bond in-
teraction between the acceptor hydroxyl group O6 and the
carboxylate oxygen Og, of Glu320 seems to be important
for the reaction. A decrease in the O6--Og, distance along
the reaction pathway, from 2.94 in the ES to 2.41 A in the
TS indicates a stronger hydrogen-bond than in the ES. We
suppose that this low-barrier-hydrogen-bond between H6
and Og,, also contributes to the stabilization of TS.

Conclusion

C2GnT is a key enzyme in the biosynthesis of branched O-
glycans and its activity has been found to be altered in vari-
ous diseases. However, the mechanism of C2GnT, which
could be used as a guide in developing effective inhibitors
with therapeutic potential, has not yet been characterized.
In the theoretical study presented here, QM/MM calcula-
tions were performed on the inverting metal-ion-indepen-
dent N-acetylglucosaminyltransferase C2GnT to understand
the catalytic mechanism of the GIcNAc transfer to the
GalNAc residue of the core 1 structure on glycoproteins.
The structural model of the reaction site used in this report
is based on the crystal structures of C2GnT.”" The entire
enzyme-substrate system (C2GnT-UDP-GlcNAc-Galf1-
3GalNAc ternary complex, altogether 6120atoms), was par-
titioned into two separate subsystems: the QM subsystem,
containing 206 atoms, and the MM region containing
5914atoms. The calculated potential energy surfaces clearly
support a concerted Sy2-like displacement mechanism. In
this mechanism, the nucleophilic attack, dissociation of the
C1-01 glycosidic linkage and proton transfer from the nu-
cleophile oxygen to the catalytic base all occur simulta-
neously. Similarly to the inverting glycosyltransferase OGT
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case, which is a metal-ion-independent enzyme with GT-B
fold, we found that the hydrogen-bond interaction between
the Hy,, proton of GIcNAc and the glycosidic oxygen O1 of
the donor facilitates the breaking of the glycosidic linkage
and the departure of the leaving group (UDP). The calcula-
tions also showed a key role played by the low-barrier-hy-
drogen-bond between the nucleophilic oxygen O6 and cata-
lytic base Glu320. This QM/MM allowed for the first time a
clear understanding of the catalytic mechanism of an invert-
ing metal-ion-independent glycosyltransferase from the GT-
A family with atomistic details.
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