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Abstract: The Golgi glycosyltransferase, N-acetylglucosaminyltransferase | (GnT-I), catalyzes the transfer
of a GIcNAc residue from the donor UDP-GIcNAc to the C2-hydroxyl group of a mannose residue in the
trimannosyl core of the MansGIcNAc,—Asn—X oligosaccharide. The catalytic mechanism of GnT-I was
investigated using a hybrid quantum mechanical/molecular mechanical (QM/MM) method with a QM part
containing 88 atoms treated with density functional theory (DFT) at the BP/TZP level. The remaining parts
of a GnT-I complex, altogether 5633 atoms, were modeled using the AMBER molecular force field. A
theoretical model of a Michaelis complex was built using the X-ray structure of GnT-I in complex with the
donor having geometrical features consistent with kinetic studies. The QM(DFT)/MM model identified a
concerted Sy2-type of transition state with D291 as the catalytic base for the reaction in the enzyme active
site. The TS model features nearly simultaneous nucleophilic addition and dissociation steps accompanied
by the transfer of the nucleophile proton H,2 to the catalytic base D291. The structure of the TS model is
characterized by the 0,2—C1 and C1—01 bond distances of 1.912 and 2.542 A, respectively. The activation
energy for the proposed reaction mechanism was estimated to be ~19 kcal mol™t. The calculated
o-deuterium kinetic isotope effect of 1.060 is consistent with the proposed reaction mechanism. Theoretical
results also identified interactions between the H,6 and -phosphate oxygen of the UDP and a low-barrier
hydrogen bond between the nucleophile and the catalytic base D291. It is proposed that these interactions
contribute to a stabilization of TS. This modeling study provided detailed insight into the mechanism of the
GIcNAc transfer catalyzed by GnT-l, which is the first step in the conversion of high mannose
oligosaccharides to complex and hybrid N-glycan structures.

1. Introduction reaction mechanism and might provide more detailed insight

Und dina th | oridin of th ic effici into the catalytic mechanism of enzymes.
n erstanl Ing the structural origin of the cata ytlpe icency Glycosyltransferases are involved in the biosynthesis of
of enzymes is a fundamental goal and challenge in biological

. . ) . lycans, which play important roles in many biological events
science. Theoretical studies of enzyme-catalyzed reactions havegy play imp y 9

- . - ._and are potentially promising targets for inhibition, possibly
Fece”t'y _recewed muc h attent_lon bec?use they provide deta"edleading to therapeutic compounds. These enzymes attach a sugar
information at the microscopic levét2 Early gas-phase mo-

lecular modeling studi ‘ng simple modals wer ful in molecule to a specific acceptor, thus creating a glycosidic
ecular modeling StUdIEs using simpie mocels were usetu linkage? A comparison of structures of inverting glycosyltrans-
terms of gaining insights, but it is now clear that nearby

. . . . ferases belonging to the GT-2 SpsA fanfilglso identified as
environmental effects of protein must be included in some way. the “GT-A" superfamily according to the CAZY nomenclatdre

Qne simple approach Is just to cons_|der some .Of the key readgeshas shown the existence of conserved catalytic and recognition
in the calculations with some atom fixed at their crystallographic machinery. Many aspects of the functions and catalytic mech-

positions. The development of several hybrid methodoldgies anisms of glycosyltransferases are, however, still unknown.

(where pnly a part .Of the sys.tem 'S descrlb_ed by quantum N-Acetylglucosaminyltransferase | (UDRacetylo-glucosamine:
mechanics (QM) Wh”e. the rest is usually conS|derg d by.means o-3-D-mannosidgs-1,2-N-acetylglucosaminyltransferase I, GnT-
of molecular mechanlcs_(MM))_ has allowed the inclusion of I, EC 2.4.1.101) is an inverting family 13 glycosyltransferase
larger parts of the protein environment into the study of the that catalyzes the transfer of a GIcNAc residue (2-acetamido-
2-deoxye-D-glucopyranose) from the nucleotide-sugar donor
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Figure 1. Schematic diagram of the enzymatic reaction catalyzed by GnT-I.

UDP-GIcNAc [uridine 3-(2-acetamido-2-deoxg-D-glucopy- the microscopic characteristics of their enzymatic reaction and
ranosyl pyrophosphate)] to the acceptor, which is the C2- suggested that the catalytic mechanism involving a single
hydroxyl group of a mannose residue in the trimannosyl core catalytic base is energetically preferred over mechanisms using
of the ManGIcNAc,—Asn—X oligosaccharide (Figure 9. The both a catalytic base and a catalytic acid for the readfidimese
attachment of the GIcNAc sugar is the first step in the findings are supported by all currently available X-ray crystal
biosynthesis of hybrid and complex N-linked glycan¥he structures of inverting glycosyltransferadé121624 DFT
transfer reaction of the GIcNAc residue occurs in the Golgi calculations using the truncated 127 atoms active site niddel,
apparatus and can be regarded as a nucleophilic displacemeritased on the X-ray crystallographic structéref GnT-I,

of the UDP (uridine 5pyrophosphate) functional group at the revealed one transition state associated with a reaction pathway
anomeric carbon C1 of the GIcNAc residue of UDP-GIcNAc following a concerted mechanism. Although these calculations
by the hydroxyl group at the C2 of the oligosaccharide acceptor. provide very useful information about the catalytic reaction,
The crystal structure of the catalytic domain of rabbit GnT-I consideration of the full relaxed system (substrates plus glyco-
was determineld in apoform, in complex with UDP-GIcNAc/ syltransferase) could prove to be decisive in obtaining more
Mn2*t, and more recently in complex with donor substrate realistic descriptions of their reaction mechanism. In this paper,
analogue¥ (PDB codes: 1F08, 1FQO9, 1FOA, 2AM3, 2AM4, to bridge this gap, we investigated the reaction catalyzed by
2AM5, and 2APC). The fold of GnT-I belongs to a superfamily GnT-I and employed the hybrid QM(DFT)/MM methodology,
named GT-A. Both the presence of the DxD motif (or its in which the full system (GnT-I plus substrates) is allowed to
variants) and the requirement of a divalent cation for their relax. This work is, to the best of our knowledge, the first
activity are general features of the enzymes this family. In the application of the QM(DFT)/MM method on the catalytic
case of GnT-I, the essential catalytic site is comprised of the mechanism of glycosyltransferases.

cata!;_/tic _base D291; qne carboxylate D144,.involved in the 2. Computational Details

stabilization of the uracil; three carboxylate residé8gDD?13,
forming the DxD motif, and the bound Mh metal ion.
Experiments have shown that GnT-l follows an ordered
sequentiaBi Bi kinetic mechanism? where the enzyme first
binds to both the metal cofactor and UDP-GIcNAc and
subsequently to the MaBIcNAc,—Asn—X oligosaccharide
acceptor. The oligosaccharide product, GIcNAcKBIoNAC,—

The Enzyme-Substrate Initial Structure. The 1.8 A resolution
crystallographic structute of the catalytic fragment of rabbit GnT-I
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MeQ atoms. The QM subsystem was treated using the density functional
Ha-o. i theory (DFT) with the BeckePerdew (BP) function&®*°The atomic
HO 0 NS o . orbitals were taken from ADF librafyand described as uncontracted
0, i | triple-¢ Slater function basis sets, with a sindlepolarized function
L ‘;OH Do f - ® Cink Atom on all atoms (TZP). The MM subsystem was characterized by the

AMBER95 all-atom force field!

The QM subsystem, containing 88 atoms, is formed by all essential
moieties of the donor and acceptor substrates, the metal cofactor, and
moieties of key amino acids involved either in the enzymatic reaction
or in binding of the substrates. Thus, the QM part of the reaction site
model (Figure 2) includes the DP-GIcNAc portion of the sugar-donor
molecule; the Maal—3 mannose residue (Mgmof the trisaccharide
acceptor, aspartate D291, the divalent metal cofactof"Mully
coordinated by three water molecules (HOH 38, 87, 116), and aspartate
D213 as found in the X-ray structuté.

The MM region is composed by the rest of the substrates and GnT-I
atoms presented in the crystallographic structure. Six hydrogen link
atoms were added to satisfy the valence of the QM fragnéifter
our calculations, not only the QM atoms but also all of the MM atoms
were free to relax during the investigation of the reaction mechanism.
Prior to the potential energy surface calculations, a geometry optimiza-

. . . L e tion of the whole system was performed to acquire a refined location
Figure 2. Schematic representation of the active site partitioning into QM

and MM regions for the QM(DFT)/MM calculations. The QM region of the acceptor.
represented in this figure contains 88 atoms. The six linked atoms are  Reaction Mechanism.The reaction that GnT-I catalyzes is the

indicated as gra®. formation of one new glycosidic linkage between the acceptor and
donor, cleavage of the donor glycosidic linkage, and removal of a proton
in complex with UDP-GIcNAc (PDB code: 1FOA) was used to build  from the acceptor nucleophile. The reaction mechanism was monitored
our theoretical model. Starting from the X-ray structure of the enzyme by the reaction coordinate;-o,, defined as the distance between the
donor complex, hydrogen atoms were added, and all water moleculesgnomeric carbon C1 and the oxyges®f the acceptor hydroxyl group
except 11 waters in the enzyme active site were removed. Because thqrigyre 2). The employed reaction coordinate represents the nucleophilic
available structures of GnT-I complexes have no acceptor, the first step 4ttack of the oligosaccharide acceptor on the anomeric carbon of the
in an investigation of the GnT-I reaction mechanism required deter- 4,n4r ypp-GIcNAc. This selection of the reaction coordinate does not

mination of the binding mode for the acceptor. The missing acceptor gpecifically assign the reaction coordinate for the breaking linkage or
was inserted using the docking procedure implemented in the Glide ¢, e proton transfer, as suggested by our previous calculations of
program from Schidinger Inc?® As the acceptor, we used the

trimannosyl core Maml—3(3,6-OMe-Mamcl—6)Mary of the Man-

GIcNAc,—Asn—X oligosaccharide, which represents the minimal
acceptor binding determinaftThe trimannoside acceptor was docked
into the X-ray crystallographic structure of GnT-I in complex with UDP-

inverting glycosyltransferasé3!>The reaction path energy profile was
determined by adiabatic mapping. The reaction coordinate,, was
varied by 0.2 A increments, between 3.2 and 1.45 A. All of the
geometrical variables were optimized except the reaction coordinate.
GIcNAc. The result of this docking was a cluster of structures. The Oncg the energy profile was obtained, th?. structure of the_ energetic
maximum was used to search for the transition state (TS) using default

0.5 A maximum rms and 1.3 A maximum displacement criteria were iteria for this t ¢ tation in the ADF : Th
used during the docking procedure. Based on the estimated score, th&riiena for this type of computationin the program system. The

best 100 docked poses were given further consideration. Theiranalysisreflned structure Of_ the transition state was characterized by the
showed four main binding modes having an approximately similar frequenfzy computation on the QM part of the system. The Trgquency
population of 25%. An inspection of their geometry revealed that the calculation procedure of the ADF program was found inefficient for
nucleophilic G2 atom of the acceptor is in suitable positions for the ©OUr System; therefore, the frequency calculations were performed at
catalytic reaction in one of these binding modes. The pose having the tN€ DFT level of theory, with BP functional and the 6-8G* basis
0,2—C1 and @2—0g distances of 3.48 and 2.59 A, respectively, was set using PQS ab initio softwafé.Finally, the intrinsic reaction
therefore selected as the starting structure. This structural modeLcoordinate (IRC) path was traced back from the refined transition-state
containing 5721 atoms, was used to explore the mechanism of theStructure to the Michaelis complex (ES) and product complex (PC)
enzymatic reaction of GnT-I as well as the role of interactions between Using the 0.2 A step size and default criteria of the ADF program
the substrates and the enzymatic environment. system.

QM(DFT)/MM Model. The hybrid QM/MM treatment was carried To ascertain the validity of the reaction mechanism, we have carried
out by means of the Amsterdam Density Functional (ADF) program out calculations of the theoreticatsecondary deuterium kinetic isotope
system, ADF 2005.0%1"2% The entire enzymesubstrate system,  effect (KIE) for the catalytic reaction of GnT-I. These calculations were
consisting of 341 amino acids, 11 water molecules, donor, acceptor, performed only on the QM part of the QM/MM refined structures of
and a manganese cation (5721 atoms), was partitioned into two differentthe ES and TS models. The frequency calculations for particular
subsystems: the QM and the MM regions. Figure 2 illustrates the QM/ structures were performed at the DFT level of theory, with BP functional
MM division of the active site and the numbering used for some relevant
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Table 1. Relevant Geometric Parameters? of Stationary
Structures Obtained at the QM(DFT)/MM Level of Theory Using
the BP/TZP Basis Set

R TS PC
C1-0p2 2.974 1.912 1.431
0,2—0g 2.592 2.399 2.592
C1-01 1.458 2.542 2.988
C1-05 1.403 1.333 1.434
Op2—Hp2 1.001 1.313 1.657
0,2—05 3.122 2.635 2.293
Hp2—0g 1.677 1.122 1.014
C2-C1-H1 110.7 118.1 109.8
05-C1-H1 107.9 1154 110.4
05-C1-C2 110.2 120.4 113.3
01-C1-0p2 156.6 157.0 131.8
C1-01-P 123.0 116.8 122.2
C1-05-C5-C4 49.4 24.4 54.6
01-C1-0p2—Cp2 241 30.3 33.6

aDistances are given in angstroms; angles are given in degrees.

D291

Trimannoside acceptor

Figure 4. The geometrical representation of the donor and acceptor in the
transition-state (TS) model obtained using the QM(DFT)/MM method.

MM optimized stationary points are included in the Supporting
Information. A geometrical representation of the TS model is
given in Figure 4, and the proposed reaction mechanism based
on these results is shown in Figure 5.

Stationary Structures. The structure of the Michaelis
complex (ES) model was determined from TS using the IRC
path. The enzymedonor part of the optimized structure of ES
(Figure 3) was found to have a geometry almost identical to
Figure 3. The active site models for the Michaelis complex (ES), transition that reported for the crystallographic structure, and all of the
state (TS), and the product complex (PC) obtained using the QM(DFT)/ enzyme-donor interactions within the GnT-I active site were
MM method. conserved. The trimannoside acceptor is located in the binding
and the 6-3+G* basis set using PQS ab initio softw&feThe site_greated by the structurg_d 31830 loop and is properly
appropriaten-secondary deuterium KIE was calculated using standard positioned for the nucleophilic attack on C1 of the donor. It

procedured* appears that the position of trimannoside is in good accordance
) ) with the crystallographic position of the acceptor substrate
3. Results and Discussion analogue determined experimentallfor glucuronyltransferase

The QM/MM result of a minimal energy profile along the | that belongs to the same GT-2 SpsA superfamily. The overall
selected reaction coordinate suggests, similar to that of theshape of bound trimannoside is bent, and its conformation can
truncated DFT modéf a concerted @-type mechanism. The  be described by a set of five glycosidic dihedral angles=
intrinsic reaction coordinate calculations led directly to the ®n(Op5—Cpl—0p1—Ca3), Wy = Wp(Cpl—Opl—Ca3—Ca2), e
Michaelis complex in one direction and to the product complex = ®Pc(O5—Ccl—01-C6), We = Wc(Ccl—O1-C6—Cob),
in the other, further confirming the concerted nature of the andw.= w(O1—Cs6—Cs5—0;5) with values of 148, —171°,
reaction. The optimized structures of the active site models in 152°, 114, and—87°, respectively. The bound conformation
the ES, TS, and PC complexes are shown in Figure 3, and someof trimannoside differs from the conformation predicted for this
relevant geometric parameters of these stationary structures ard&fisaccharide by molecular dynamic simulations of the pan
listed in Table 1. The Cartesian coordinates of the QM(DFT)/ GICNAc,.% The predicted conformation for trimannoside in

(34) Alvarez, F. J.; Schowen, R. Mechanistic Deductions from Seint Isotope (35) Balaji, P. V.; Qasba, P. K.; Rao, V. S. Rt. J. Biol. Macromol.1996 18,
Effects Elsevier: Amsterdam, 1987; pp-B0. 101-114.
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Figure 5. Schematic representation of the proposed mechanism for the GIcNAc transfer catalyzed by GnT-I.

aqueous solution was characterized by corresponding dihedralthe carboxylate oxygen gof D291. This interaction might be
angles of 44, —77°, 107, 93, and—77°, respectively. This critical for the reaction because the D291 carboxylate has been
difference is understandable and indicates that the enzyme haproposed to act as the catalytic bas&he observed g2—0Og
a tendency to bind substrates with conformation suitable for and H,2—Og distances of 2.592 and 1.677 A, respectively,
the catalytic reaction, and the bound conformation does not haveindicate a short, strong hydrogen bond (low-barrier hydrogen
to correspond to the most stable conformation in solution. To bond, LBHB)3” The LBHB interaction facilitates deprotonation
estimate the energy difference between the bound and freeof the nucleophile and thereby increases the nucleophilicity of
trisaccharide conformation, we have carried out a geometry Oy2. The G6 hydroxyl makes hydrogen bonds to both the
optimization of the latter at the BP/TZP level with constrained S-phosphate oxygen of the UDP-GIcNAc and the water
glycosidic dihedral angles. The result showed that the bound molecule HOH14 placed in the active site of the enzyme. The
trisaccharide has a higher energy of approximately 27 kcal/mol. corresponding distances are 1.79 and 1.63 A. The ES structure
The calculated value of the energy difference between the boundalso shows hydrogen bonds between thg &d G4 hydroxyl
and free trisaccharides is very approximate, and a more accuratgroups and D292 and R415, respectively. The binding mode of
estimate would require a thorough conformational analysis of Man, is supported by kinetic studies on substrate analogues.
trisaccharide at the BP/TZP level including solvent effects, These experiments showed that either removal or methylation
which is out of the scope of this paper. of the G,3 hydroxyl group leads to a loss of the enzyme activity.
The Man, residue is buried deep in the binding site in the Similarly, the observation that removal of the4Cand G6
vicinity of GIcNAc and D291, while the Mayand Man residues hydroxyl groups decreases the enzyme activity and that O
are positioned over Manwith the Man residue quite solvent-  methylated acceptor is tolerated as a substrate but has no
exposed. This is also reflected in a number of interactions catalytic activity is consistent with predicted hydrogen bonds
between GnT-I and the acceptor residues. An analysis of thesefor these hydroxyl groups. The regions around th® &hd G6
interactions shows that all hydroxyl groups on tiik 3-linked atoms are involved in hydrophobic interactions with F326 and
mannose (Mag) are positioned to interact with the enzyme, or L331.
donor, and create a total of five hydrogen bonds. The crucial The central mannose residue (Mpmf the trisaccharide
aspect of the catalytic mechanism is the position of a nucleo- acceptor is located in the hydrophobic pocket formed by three
phile, the G2 hydroxyl group. A distance of 2.97 A between amino acids residues Y181, Y184, and F289. This type of
the nucleophile 2 and the anomeric carbon C1 of the donor hydrophobic interaction, between carbohydrates and enzymes,
is such that G2 oxygen is in an appropriate position for the is quite common for many glycosyltransferases and glycosyl-
nucleophilic attack. The £2—05 distance is 3.12 A, close to  hydrolase® and may serve as an anchor for proper orientation
that observe® in the modeled crystal structure ¢f-1,4- of the acceptor. Thg-linked O,1 hydroxyl group is not involved
galactosyltransferase | (GalT-I) and in the crystal structure of in any hydrogen bond and is quite solvent-exposed. This is
GnT-I with modeled Map moiety1? The calculated g2—05 consistent with the fact that the,Dis linked to the GICNAg
distance (3.12 A), although similar to theZ-C1 distance of part of the MagGIcNAc,-Asn-containing native substrates
2.97 A, supports a recent propcd¥ahat electrostatic repulsion,  (Figure 1). Theal,6-linked mannose (Mahis positioned on
between the nucleophilic hydroxyl group oxygen of the acceptor the top of the active site and is solvent-exposed. An analysis of
and the ring oxygen O5 of the donor, might facilitate a distortion docked poses indicates that the Megsidue is the most flexible
of the ring from the*C; conformation to théH3z conformation residue and can adopt several different orientations. The,Man
in the procession from the Michaelis complex to the TS. The orientation, therefore, represents only the local minimum nearest
Op2 hydroxyl group also makes the key hydrogen bond with to the starting docking pose. This suggests that the orientation

(36) Ramakrishnan, B.; Ramasamy, V.; Qasba, PJ.KWMol. Biol. 2006 357, (37) Frey, P. A.; Whitt, S. A.; Tobin, J. BSciencel994 264, 1927-1930.
1619-1633. (38) Muraki, M. Protein Pept. Lett2002 9, 195-209.
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of this residue might be more influenced by the presence of remaining part of UDP does not show any relevant changes. A
residues linked to the trisaccharide in native substrates whensimilar conformational change of tifiephosphate oxygen during
compared to Manor Man,. To ascertain the validity of the  a cleavage of the anomeric linkage was experimentally ob-
bound position of Mag we carried out some docking calcula- served® for 8-1,4-galactosyltransferase I, and one can only
tions with ManGIcNAc,. Our preliminary results, on the speculate as to whether this kind of conformational change is
docking of ManGIcNAc; oligosaccharide into the GnT-l active  characteristic for inverting glycosyltransferases.

site, show that while the Maror Man, residues are bound in The transition-state structures for glycosyltransferases have
the same fashion, the orientation of the Magsidue in Mag- been recently divided into three canonical groups using distances
GIcNACc; is slightly different. A comparison of Marand Man- between the anomeric carbon C1 and nucleophile oxyggma)(O

GIcNAc; binding modes revealed that they both differ from the and between C1 and O1, respectivElyThe first group is
recently proposed position of the Mab,3Marpl disaccha- characterized by long C10y,c bonds within the range of 2-4
ride12 This is understandable because the rigid conformation 2.7 A, and short C+01 distances between 1.5 and 2.1 A. The
of a disaccharide, described by a set of two glycosidic dihedral geometrical parameters of this transition-state model are similar
angles,® = 50° and ¥ = —12(°, used to build their model to the initial reactants, and this canonical form has been termed
differs from the optimized conformationd{, = 140C°, ¥, = as the “early transition state”. The second group corresponds
—177°) in the Michaelis complex (ES) model. Attempts to to the “intermediate transition-state” structures where both C1
superimpose the trisaccharide with the modeled disaccharideOnue (2.1-2.4 A) and C+0O1 (2.5-2.7 A) distances are
were unsuccessful due to steric interactions of the third mannoseelongated as compared to their initial values, but the structures
residue Magwith the enzyme. have not yet reached the final arrangement observed in the
The structure of the active site in the TS model is displayed Products. The third group is characterized by short-Ofuc
in Figures 3 and 4, and its relevant geometrical parameters are20nds within the range of 1-41.6 A, and long C+01 distances -
listed in Table 1. The QM(DFT)/MM results suggest a concerted P€tween 2.8 and 3.2 A. The geometry of this canonical form is
Sw2-type of transition state with D291 as the catalytic base. The ¢l0se to that of final products, and therefore this model has been
TS was located at the reaction coordinate o, equal to 1.912 ~ Named as the “late transition state”. The QM(DFT)/MM results
A and features nearly simultaneous nucleophilic addition and indicate that the structure of TS model might correspond to the
dissociation steps, as evidenced by a shortengd-O1 bond so-called “intermediate transition §t_ate". The geometrlc_al pa-
(1.912 A versus 2.974 A in the ES complex) and elongated rameters of the QM(DFT)/MM transition-state model are similar
C1-01 bond (2.542 A versus 1.431 A in the ES complex). to the parameters prewousl_y calculdfefdr the DFT truncated
The normal-mode analysis of the QM part of the transition- model of TS. Although this agreement is not perfect, both
state model shows one strong imaginary frequency 289.7 models suggest the same catalytic mec.hanlsm for GnT-l.
cm1, with direction vectors corresponding to the breaking and e product complex (PC) model (Figure 3 and Table 1)
forming glycoside bonds, which corroborates the transition-state féatures a complete transfer of GIcNAc to the acceptor. The
geometry. As the nucleophile oxygenDapproaches C1, its newly formedp-glycosidic linkage is indicated by the €1

hydrogen atom (kR) starts to move toward £of the catalytic Op2 distance qf 1.431 A. The CﬂOl distance increasgd to
base D291. The @—0g, Oy2—Hy2, and G—Hy2 distances at 2.988 A, reflecting the cleavage of this bond. The catalytic base

the TS are 2.399, 1.313, and 1.122 A, respectively. In the ES, D291 is protonated, and the,®-Og distance increased back
the corresponding distances are 2.592, 1.001, and 1.657 Ao 2.6 A.Inthe PC com_plex, the glucopyre_lnose_rmg adopt_s the
respectively. In the procession from the ES complex to the TS, Standard‘C, conformation and GlcNAc orientation, and with
as expected, the major movements can be observed for thdespect to the trisaccharide is characterized by two glycosidic

acceptor and for the transferred GIcNAc. The glucopyranose dihedral anglesb = —81° and W' = —27°. This orientation
ring adopts the standaf@; conformation in the ES model. In belongs to the _ma|_n con_formaﬂonal region inferred from
the *H conformation adopted in the TS model, the sum of the MPlecular dynamic simulations of GIcNAcMgBIcNAc;OMe
bond angles around the C1 is 354nd shows that C1 is oligosaccharid® and centered around-60°, —60°).

essentially planar. As a result, the anomeric hydrogen H1 is | "€ catalytic mechanism of GnT-I, which has emerged from
positioned in the plane defined by C1, C2, and O5 atoms. This Poth the truncated DFT and the QM(DFT)/MM models, is
arrangement facilitates co-incident interactions of the C1 with /llustrated in Figure 5. As mentioned earlier, this mechanism
the leaving O1 and nucleophile,® The C1-O5 distance is ~ SU99€sts a concertediStype mechanism featuring a nearly
shortened in the TS (1.333 A versus 1.403 A in the ES complex). Simultaneous nucleophilic addition of the,2oxygen from
This points to a significant delocalization of the O5 lone pairs Man, to the C1 carbon of GIcNAc, as well as dissociation of
to C1 and results in a partial double-bond character of the bondthe C1-O1 bond of UDP-GlcNAc accompanied by the transfer

between the ring oxygen and the anomeric carbon. Obviously of Hp2 proton from nucl_eophile to the catalytic base I_3291. The
this delocalization stabilizes the partial positive charge on the calculated energy barrier for the proposed mechanism (Figure

. 1 X
anomeric carbon C1 within the oxocarbenium ion-like character 5) is 18.7 kcal mol?, and the PC model is 4.4 kcal mélless
of the TS. The distance between thg6Hand S-phosphate stable than the ES model. The calculated QM(DFT)/MM

oxygen (1.66 A) indicates strong interactions that, together with energiesAE and their decomposition, with the contribution from

P . . the MM part of energyAEyv and from the QM part of the
the participation of the hydrogen from the S322 side chain . . :
hydroxyl group, stabilize the building of a negative charge on energyAEquw, are listed in Table 2. The calculated barrier along

the B-pyrophosphate. The cleavage of the-@11 glycosidic the proposed reaction path ESTS — PC is consistent within

bond is accom_pamEd by the “Liotation of theﬁ'phOSp_hate (39) Kozr, T.; Tvaroka, |.; Carver, J. PGlycoconjugate J1998 15, 187—
oxygen on going from the ES to TS complex, while the 191.
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Table 2. QM(DFT)/MM Relative Energies (kcal mol~1) of the
Stationary Structure Models for the Transfer of GIcNAc Residue
Catalyzed by GnT-I

energetics TS PC

AE 18.74 4.41
AEum —8.82 —-1.70
AEgm 27.56 6.11

Table 3. Energetics (kcal mol~1) for Calculations of the
o-Secondary Kinetic Isotope Effect (KIE) Using the QM Part of
Active Site Models

energetics TS(H1) TS(D1)
AE 28.186 28.186
AZPE 2.194 2.157
AH 2.007 1.957
AS —2.126 —2.177
AG 2.641 2.606

calculatedu-secondary KIE 1.060

aEntropy contribution in cal K mol-1.

the experimentally observed barri#ref 15—-25 kcal mot?.
This coincidence, however, is likely to be superficial. A
comparison of individual energetic contributions revealed that
AEgw for both the TS and the PC complexes is higher as
compared ta\E. However, theAEwy contribution is decreasing
the overall energetic barrier by 8.8 kcal mbland indicates
that the GnT-lI environment is favoring the TS and PC
complexes over the ES complex.

The QM(DFT)/MM calculations indicate various ways in
which the GnT-1 environment is involved in the catalytic

1.060 is in the range of experimental values. When the reaction
mechanism proceeds via the pug3nechanism, the value of
thea-?H KIE is in the range 1.0001.030; and for the reaction
involving glucopyranosyl cation as an intermediate, the KIE
value is in the interval of 1.1301.3804%420ur calculated KIE
value is slightly higher than the experimentally measured KIE
for the 2 mechanism, but is also considerably lower than KIE
for the reactions corresponding to th@lSmechanism. The
calculated values may suggest that in the catalytic reaction the
nucleophilic addition and dissociation of the glycosidic bonds
occurs nearly synchronously, like in thgZmechanism, without
forming a covalent intermediate with enzyme. Similar mecha-
nistic features were observed for a dissociatiyg Biechanism

(or AnDy) of the purine nucleoside phosphoryld§én which

the distances of the making and breaking bond are not
symmetrical in the transition state and the length of the breaking
bond is longer as compared to the forming bond.

4. Conclusions

The present results shed some light on the catalytic mecha-
nism of the N-acetylglucosamine (GIcNAc) transfer by the
invertingN-acetylglucosaminyltransferase | (GnT-I) and suggest
a concerted reaction mechanism involving oxocarbenium ion-
like TS. The mechanism is characterized by the calculated
reaction barrier of 18.7 kcal mol at the QM(BP/TZP)/MM-
(Amber95) level of theory, and by the predictee?H KIE of
1.060. These results are in a fair agreement with experimental
values. The structure of TS is characterized by the-O1 bond
elongated to about 2.5 A and the €Dp2 distance shortened

reaction. In the ES complex, the acceptor is placed in the activeto about 1.9 A, which resembles the geometry of the “inter-

site in such a way that nucleophile oxygen2Qds properly
positioned for the nucleophilic attack and for the activation by
the catalytic base D291. The,®Datom is at a distance of 3.0 A
from C1 of the donor and of 2.6 A from the catalytic base
oxygen. Moreover, an orientation of the nucleophile and leaving

mediate transition state”. These results, together with the analysis
of the models for the ES, TS, and PC complexes, led us to
suggest that the GnT-l environment influences the catalytic
reaction by imposing a correct orientation of substrates in the
Michaelis complex and that interactions between the nucleophile

group oxygen atoms, characterized in the case of GnT-I by the and catalytic base D291 and between thé Bnds-phosphate

01-C1-0y2 angle, is in the ES complex 157This represents
almost the ideal angle for the nucleophilic attack. A comparison

oxygen of the UDP contribute to a stabilization of TS. The
obtained information about the structure of TS is essential for

of the stationary structures revealed that GnT-l adopts to the design of transition-state analogue inhibitors for glycosyl-
movements of the substrates. However, we were able to identify transferases.

only two specific interactions that could be responsible for a
specific stabilization in the TS model, LBHB between thg2H
and G and strong interactions between the hydrogen atg H
and g-phosphate oxygen (indicated by a distance of 1.66 A)
that together with the hydrogen from S322 side chain hydroxyl
group stabilize the building of a negative charge on the
S-pyrophosphate.
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