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Abstract—The structure of a previously calculated transition state (TS) was used to design the [tetrahydro-2-(methylthio)furan-2-
ylJmethyl phosphate dianion (1) as a new scaffold for transition-state analogs of reactions catalyzed by the inverting glycosyltransfer-
ases. This scaffold contains relevant features of the donor and acceptor and represents a new type of potential inhibitors for these
enzymes. Available conformational space of 1 was explored using DFT quantum chemical methods by means of two-dimensional
potential-energy maps calculated as a function of @, ¥, and w dihedral angles at the B3LYP/6-31+G* level. The calculated potential
energy surfaces revealed the existence of several low-energy domains. Structures from these regions were refined at the 6-311++G**
level and led to 14 conformers. The stability of conformers is influenced by their environment, and in aqueous solution two con-
formers dominate the equilibrium. A superposition of calculated conformers with the predicted TS structure revealed that the pre-
ferred conformers in solution nicely mimic structural features of the TS. These results imply that 1 has structural properties required
to mimic the TS and therefore can be used as a scaffold for further development of TS-analog inhibitors for retaining

glycosyltransferases.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Glycosyltransferases encompass a group of enzymes
that are involved in the biosynthesis of N- and O-linked
glycan parts of glycoproteins.'* Many functions have
been implicated for protein glycosylation, including pro-
moting protein folding in the ER,> stabilizing cell-sur-
face glycoproteins,® and providing recognition epitopes
that activate the innate immune systems.’ It is therefore
not surprising that genetic mutations that modify the
activity of glycosyltransferases can lead to serious phys-
iological disorders and can be lethal in animals as well as
in humans.® Changes in protein glycosylation are early
indicators of cellular changes in many diseases. There-
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fore, in selected cases, glycosyltransferases are validated
targets for therapeutic intervention. Consequently, the
development of potent and specific inhibitors for glyco-
syltransferases has attracted increasing interest.”"'
Different strategies have been used in order to identify
potent inhibitors of glycosyltransferases.”'® Despite an
increasing number of potential inhibitors, only a few
of them have exhibited significant activity. Though tran-
sition-state (TS) analogs have enormous potential and
are valued tools for drug discovery as potent and specific
inhibitors of enzymes, to date, the ability to generate
transition-state analogs of glycosyltransferases has lar-
gely remained elusive. The underlying concept for
TS-analog inhibitors'” ! has its roots in the specific sta-
bilization of the transition state by interactions in the
catalytic site of the enzyme. It can be shown that perfect
TS analogs should bind more tightly to the enzyme than
the reactants by huge factors, ranging up to 10-fold'” in
some cases.'® Recent ab initio studies of the catalytic
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mechanism of inverting glycosyltransferases®>*' pro-

vided an opportunity to design a new generation of
inhibitors, based on a scaffold that imitates the transi-
tion state of the enzymatic reaction rather than the
ground state, promising better inhibition than the natu-
ral carbohydrate substrate. In this paper we design a
new scaffold that represents a potential TS analog. Then
we explore conformational space available for this struc-
ture using density functional theory (DFT) calculations
and determine the structure of conformers to provide
necessary information to assess structural similarity be-
tween a scaffold and the TS.

2. Results and discussion
2.1. Design of a TS analog

A transition-state analog is a stable compound that
structurally resembles the three-dimensional structure
and charge distribution of a substrate(s) portion of the
unstable TS of an enzymatic reaction. Rational design
of glycosyltransferase inhibitors still remains a difficult
task due to intrinsic features of glycosyltransferases: a
complex of a four-partner transition state (donor and
acceptor sugar, metal, and nucleotide), weak binding of
the enzyme with their natural substrates (usual K, values
are in the millimolar range), and few structural data. It is
obvious that design of transition-state analog inhibitors
of an enzyme requires knowledge of the mechanism of
the enzymatic reaction and the structure of the TS. In
our previous studies we have investigated the catalytic
mechanism and main structural features of the TS were
determined for inverting glycosyltransferases,”” and later
the structure of the transition state (Fig. 1) for the UDP-
N-acetylglucosamine: o-1,3-pD-mannoside B-1,2-N-acet-
ylglucosaminyltransferase 1 (N-acetylglucosaminyltrans-
ferase I, GnT-I, EC 2.4.1.101) was refined”' using the
structural information available for this enzyme.** These
ab initio calculations®**' revealed the following main
characteristics of the transition state: (a) the hexopyra-
nose ring conformation resembles a half-chair conforma-
tion with the oxocarbenium character at the anomeric
carbon; (b) the C-1-O-1 distance is a considerably longer
(2.3-2.7 A); (c) a new B-glycosidic bond is being created
with the bond length larger (1.9 A) than the normal bond
length; the forming and breaking bonds are oriented al-
most perpendicularly with respect to the plane defined
by C-2-C-1-0-5 atoms of the pyranose ring. It is clearly
evident that the transition state for a glycosyltransferase
consists of the deformed nucleotide sugar and acceptor
oligosaccharide, linked in a specific mutual arrangement.
It would not be possible to design a stable molecule, that
mimics the transition state closely, because of the forego-
ing described characteristics of the TS. However, even
crude TS analogs incorporating all relevant features
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Figure 1. Schematic representation of the predicted TS structure?®!
(TS) and the [tetrahydro-2-(methylthio)furan-2-yllmethyl phosphate
dianion (1).

would be expected to be excellent reversible inhibitors.
To achieve this, the TS analog should contain the main
structural features of the TS from the acceptor and do-
nor. The calculated structure®' of a TS model for GnT-
I provided a blueprint for the design of a new scaffold
that might mimic the TS. In this case, we focused on
functional groups linked to the center of the catalytic
reaction, which is the anomeric carbon of the donor.
The main concern was to design a scaffold that would
properly mimic distances between the anomeric carbon
(C-1) and both the leaving group and the acceptor. The
proposed structural mimic is the [tetrahydro-2-(methyl-
thio)furan-2-yllmethyl phosphate dianion (1) shown in
Figure 1. The structural features of the TS are repre-
sented in 1 as follows: the enlarged C-1-O-1 distance pre-
sented in the TS is accomplished by linking a methyl
phosphate group to C-1. In this moiety, the C-1-O-8 dis-
tance between the anomeric carbon and the phosphate
oxygen is 2.4 A, which is very close to the corresponding
distance in the TS; the length of the C-1-S-5 bond is
1.9 A, similar to the distance between the anomeric car-
bon and the attacking oxygen in the TS; and the C-1-
C-6 distance of 2.9 A corresponds to the distance in the
TS. A deformed monosaccharide ring in the TS is repre-
sented by a five-membered ring, for the sake of simplic-
ity, without substituents. The most difficult part of the
TS to mimic appeared to be the almost linear arrange-
ment of substituents (the leaving and attacking oxygen
atoms) at the anomeric center (O—C-O angle); in the case
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of 1, the corresponding bond angle C-7-C-1-S-5 is smal-
ler, and is close to 110°. Next we describe the structure
and conformational behavior of 1, and compare the
resulting conformers with the structure of the TS, which
is prerequisite for any further rational design of
inhibitors.

2.2. Conformational analysis of 1

Although the literature reports some modeling studies on
conformational properties of carbohydrate—phosphate
linkages,” *° we are not aware of any modeling study
on the structural moiety occurring in the [tetrahydro-2-
(methylthio)furan-2-yllmethyl phosphate dianion. The
orientation around the anomeric linkages and conforma-
tion of the methyl phosphate group in 1 is described by
three internal rotational degrees of freedom associated
with the C-1-C-7, C-1-S-5, and C-7-O-8 bonds (Fig.
1). The balance of electrostatic, steric, and lone-pair
interactions governing the conformation of each individ-
ual group, methyl phosphate or methylthio, is further
complicated by the linkage of both groups to the same
carbon atom. Therefore, the available conformational
space was monitored by means of a series of two-dimen-
sional (@, V) potential-energy surfaces (PES), each one
corresponding to the one from three different starting
values of w, namely w = 60° (G), ® = —60° (mG), and
o = 180° (7). Although we did not fully explore whole
conformational space, especially in the w-direction, this
procedure supplies a representative number of conform-
ers. Figure 2 represents the B3LYP/6-31+G* conforma-
tional-energy maps of the G, mG, and T rotamers around
the C-7-C-8 bond (w torsion angle) for 1 calculated as a
function of the torsion angles @ and Y. Several energy
minimum domains (M1-M14) were found on each of
these maps. In the case of the G (w ~ 60°) rotamer
(Fig. 2a), three distinct low-energy regions having (@,
¥) values close to (30°, 270°), (180°, 180°), and (180°,
270°), respectively, were identified; on the map for the
mG (w ~ —60°) rotamer (Fig. 2b), five regions were
found (60°, 300°), (180°, 270°), (240°, 210°), (300°, 60°),
and (300°, 300°), respectively; and in the case of the T'
(o ~ 180°) rotamer (Fig. 2c), six regions can be seen,
namely (60°, 270°), (180°, 180°), (180°, 270°), (270°,
60°), (270°, 180°), and (300°, 270°), respectively. The
maps clearly show how interactions between the two
groups linked to the anomeric carbon influence the avail-
able conformational space for 1. For example, all three
(@, V) maps lack a low-energy region in the (60°, 60°)
area, although for the individual C-S or C-C bond the
+gauche conformation corresponds to a local mini-
mum.?® Geometries from all these regions were used as
the initial geometry for further optimizations of 1, allow-
ing also the torsion angles @, ¥, and w to relax. The opti-
mization at the B3LYP/6-311++G** level led to 14
distinct minima, which is a much lower number than

27 minima based on an assumption of three staggered
conformation for each bond.

The values of @, ¥, and w dihedral angles and others
selected angles 7| = ©(C-4-0-4-C-1-S-5), 15, = 1(C-4-O-
4-C-1-C-7), 13 = 1(C-4-0-4-C-1-C-2), and « = o(S-5-
C-1-C-7)] of 14 resulting conformers (M1-M14) are gi-
ven in Table 1. The relative energies of the 14 minima
calculated for 1 in gas phase and aqueous solution are
reported in Table 2, together with the estimated percent-
age contribution of each conformer of 1 to the equilib-
rium at 298 K. From values presented in Table 2 it is
clear that conformational preference around the C-1-
X bonds in 1 is strongly influenced by solvent. Vacuum
calculations predict eight conformers in equilibrium
M2:MIO:M5:M14:M12:M6:M10:M11 = 62:16:12:3:3:2:1:1
with the M2 as the preferred conformer. The M2 con-
former exhibits the trans orientation around the both
anomeric linkages. On the other hand, in aqueous solu-
tion, the equilibrium of conformers is considerably
shifted as compared to the gas phase. The stability of
M8 and M9 conformers is enhanced by solvent and these
conformers are close in their free energies and dominate
the equilibrium mixture with M8:M9 = 55:44. The ab ini-
tio potential energy profile for rotation around the ano-
meric C-1-X linkages in the six-membered ring, which is
influenced by the exo-anomeric effect,”” have been previ-
ously investigated in detail®® and preference for the
gauche over trans conformation has been observed for
the C-1-X bond in C- and S-glycosyl compounds. The
predicted preference for the orientation around C-X
anomeric bonds linked to the five-membered ring in 1
is different. As may be seen from Tables 1 and 2, calcu-
lations predicted that only two of three staggered orien-
tations around the C-1-S-5 bond are populated, namely
mG and T; the G orientation is not populated as the M7
and M13 conformers possessing this arrangement of the
¥ dihedral angle have too high a relative free energy. For
the orientation around the C-1-C-7 bond in the gas
phase, the T and mG orientations are preferred, although
the G orientation is also to some extent present. In aque-
ous solution the mG orientation around the C-C ano-
meric bond is dominant. The structural features of the
relevant conformers are illustrated in Figure 3, which
shows the structures of the M2, M5, M8, and M9
conformers.

The foregoing discussion concerned only the confor-
mation of the two substituents at the anomeric carbon.
However, the potential TS analog 1 has flexibility of
the furanose ring as the other degree of conformational
freedom. It is well known that the five-membered fura-
nose ring is more flexible as compared to six-membered
pyranose ring and can adopt several ring conformations.
Therefore, we did not explore all possible ring shapes
during our conformational analysis. Instead, for each
calculated PES point, the ring geometrical variables
were fully optimized without constraints. Moreover, it
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Figure 2. Relaxed conformational energy maps of [tetrahydro-2-(methylthio)furan-2-yljmethyl phosphate dianion (1) calculated at the B3LYP/6-
31+G* level as a function of the torsional angles @ and ¥, with the torsional angle w in G (a), mG (b), and T (c) orientation. The symbols M indicate

local minima.

is well documented that the shape of the five-membered
ring depends on the character and the orientation of the
ring substituents. A similar behavior has been found in
the case of 1. The calculated results clearly show (Table
1) that ring conformation depends on orientation of
substituents at the anomeric carbon, and several differ-
ent conformations were predicted. The F5 conformation
is the preferred shape of the furanose ring in 1 and oc-
curs in five conformers. Interestingly, the E5 conforma-
tion was predicted for all dominant conformers, except
for one. The characteristic feature of the E5 conforma-
tion is that atoms C-4, O-4, C-1, and C-2 are nearly
coplanar, which is documented by the dihedral angle
13 = 7(C-4-0-4-C-1-C-2) shown in Table 1 and resem-
bles the arrangement at the anomeric carbon in the cal-

structure of the TS for inverting

20,21

culated
glycosyltransferases.

A structural similarity between the transition-state
and its analog is a key factor determining the binding
properties of TS analogs. The DFT conformational
analysis of the potential TS analog 1 provided a set of
conformers that can be used to assess how this new scaf-
fold mimics the calculated TS structure for glyco-
syltransferases. Generally, most of the conformers
nicely overlap with the corresponding part of the TS
structure. It appears that the best superposition was
found for the M9 conformer. This superposition is
shown in Figure 4. It may be seen that structural parts
of the M9 conformer closely overlap with the corre-
sponding parts of the TS; the furanose ring oxygen with
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Table 1. DFT/ab initio calculated geometrical parameters of the [tetrahydro-2-(methylthio)furan-2-yljmethyl phosphate dianion (1) conformers at

the B3LYP/6-311++G** level®

Name [ 14 w T Ty T3 o Ring
Ml 50.1 —108.7 93.5 108.5 —137.9 —17.1 104.2 E,
M2 179.6 176.2 85.8 101.0 —139.6 -21.6 112.4 ’E
M3 179.9 —113.7 92.8 115.2 —127.3 —11.0 110.7 ’E
M4 49.2 —62.0 —107.9 89.6 —154.1 32.8 106.7 E;
M5 171.7 176.6 113.7 130.7 —110.5 8.7 111.9 E;5
M6 169.6 —82.9 —100.1 86.2 —156.0 -37.5 109.2 E;
M7 -90.0 47.2 153.6 73.4 —159.2 —44.3 114.1 b))
M3 —86.0 —174.9 —151.5 129.0 —106.2 9.5 114.2 Es
M9 —57.1 —64.8 —115.8 123.3 —114.6 1.3 112.0 E;
M10 54.3 —53.5 —93.9 94.3 —150.2 -29.2 106.1 Ey4
Ml1 176.5 —89.7 -91.5 133.5 —109.7 7.5 109.2 ’E
M12 172.5 —89.5 —107.3 117.9 —124.3 —5.7 109.6 Es
M13 —66.0 46.4 —131.2 71.3 —162.5 —46.4 113.4 b))
Ml14 —534 —60.3 —103.4 120.9 —117.8 -2.0 111.1 Es

% Angles in degrees.

Table 2. DFT/ab initio calculated relative energies (AE, kcal/mol), zero point energy (ZPE), entropy® (AS, cal/mol deg), thermal energy corrections
(AH,93), solvation energy (AE,), free energy in vacuum and aqueous solution (AGg,, AG,,) and estimated equilibrium percentages (x, %) of the
[tetrahydro-2-(methylthio)furan-2-yljmethyl phosphate dianion (1) conformer

Conformer AE ZPE AS AH5og AGyys Xgas Esolv AG,, Xw

Ml 4.47 111.98 113.09 8.58 5.11 0.0 —224.13 7.07 0.0
M2 0.00 112.42 117.92 8.95 0.00 62.1 —229.52 8.03 0.0
M3 5.07 112.08 114.88 8.59 5.29 0.0 —224.36 7.24 0.0
M4 1.83 112.18 113.56 8.62 2.58 0.8 —227.35 5.94 0.0
M5 0.47 112.06 113.70 8.55 0.98 11.9 —230.21 3.63 0.1
M6 0.92 112.61 113.14 8.47 2.06 1.9 —225.83 9.86 0.0
M7 7.56 112.47 117.56 8.96 7.74 0.0 —237.14 3.21 0.2
M3 3.58 112.20 110.55 8.36 4.97 0.0 —236.70 0.00 55.0
M9 1.57 112.06 119.98 9.17 0.82 15.5 —232.86 0.13 442
MI10 2.19 112.19 115.12 8.62 2.47 1.0 —231.08 6.03 0.0
M1l 0.74 112.43 110.32 8.38 2.46 1.0 —232.93 7.27 0.0
MI12 0.11 112.47 110.24 8.34 1.85 2.7 —230.20 8.18 0.0
MI13 6.71 112.32 114.52 8.58 7.26 0.0 —228.80 6.50 0.0
Ml14 1.43 111.99 114.33 8.64 1.77 3.1 —228.61 2.86 0.4

# Angles in degrees.

the pyranose ring oxygen, sulfur with the attacking oxy-
gen, methyl carbon with the acceptor carbon atom, and
phosphate oxygen from M9 with the phosphate oxygen
of the leaving group of donor. Our calculations clearly
show that the suggested scaffold for potential transi-
tion-state analogs can adopt conformations that have
very similar structural features as those predicted for
the TS of reaction catalyzed by inverting glyco-
syltransferases. It is obvious that this scaffold is only a
basis for further refinement, which might involve vari-
ous modifications of substituents on the furanose ring
to mimic a transferred monosaccharide, and a substitu-
tion of methyl group linked to sulfur atom by various
larger substituents mimicking the acceptor monosacchar-
ide. The latter variations might be especially crucial for
the potency and specificity of design inhibitors, since it is
well known that there is a limited number of donor
nucleotides and a very large number of possible accep-
tors that most likely define the specificity of glyco-
syltransferases. This superposition also revealed that
the phosphate dianion in 1 is properly oriented to inter-

act with a bivalent metal cofactor presented in the active
site of inverting glycosyltransferases. Although this kind
of electrostatic interactions is very strong, it remains to
be seen whether these interactions are sufficient to mimic
the UDP (uridine 5’-diphosphate) part of the donor.
Compounds based on the scaffold suggested and ex-
plored in this study are being synthesized in laboratories
of our Institute, and their activity is to be tested against
several glycosyltransferases.

In conclusion, we have suggested a new scaffold for
transition-state analogs of reactions catalyzed by the
inverting glycosyltransferases. The conformational
properties of the [tetrahydro-2-(methylthio)furan-2-ylJ-
methyl phosphate dianion (1) were explored using
DFT/ab initio method and the stability of the calculated
conformers was estimated for the gas phase and for
aqueous solution. It was predicted that while eight con-
formers are in equilibrium in the gas phase, just two
conformers (M8 and M9) dominate the equilibrium in
aqueous solution. The resulting structures were com-
pared with the structure of the TS previously predicted.
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Figure 3. Comparison of the three-dimensional structure of the
preferred conformers of the [tetrahydro-2-(methylthio)furan-2-yljmethyl
phosphate dianion (1) calculated at the B3LYP/6-311++G** level.

Figure 4. Superposition of the predicted transition-state (TS) struc-
ture®! and the M9 conformer of the [tetrahydro-2-(methylthio)furan-2-
ylJmethyl phosphate dianion (1).

A clear similarity between the proposed scaffold 1 and
the TS structures is observed, which implies that 1 might
have the properties of a transition-state analog.

3. Experimental
3.1. Computational procedures

The linkages of the methyl phosphate and methylthio
groups to the anomeric carbon atom of the furan ring
result in three internal rotational degrees of freedom
associated with the orientation of these groups. For 1

the rotation around the ‘anomeric linkage’ C-S is de-
scribed by dihedral angle ¥ = Y[0-4-C-1-S-5-C-6]
and the orientation of the methyl phosphate group by
dihedral angles @ = ®[0-4-C-1-C-7-0-8] and o=
o[C-1-C-7-0-8-P-9], respectively. Conformational
analysis was focused on the influence of the methyl
phosphate and methylthio group orientations on the
total energy, as a function of three torsion angles. To
get a concise picture of the conformational preference,
the available conformational space was monitored by
means of a series of two-dimensional (@, ¥) potential-
energy surfaces (PES), each one corresponding to that
from three different starting values of w, namely
w =60°, w=-60° and w = 180°. These w values char-
acterize the +gauche (G), —gauche (mG), and trans (T)
rotamer around the C-O linkage, respectively. Torsional
angles @ and ¥ were varied by 30° increments within the
0-360° range. During the optimization, all geometrical
parameters except the dihedral angles @, ¥, and o were
optimized. As a result, each calculated point of the three
PES’s corresponds to the most stable geometrical con-
formation of the structure for the fixed values of @, P,
and o. The location of the local minima is only approx-
imate; therefore a further optimization without con-
straints of fixed dihedral angles was required. The
calculations were carried out using the Jaguar pro-
gram®® on QS8-2800C.% The optimization of the geom-
etry was performed using the B3LYP density functional
method?® with the 6-31+G* basis set. The geometries of
all local minima identified on the maps were then fully
optimized with no constraints on the @, ¥, and w tor-
sion angles the B3LYP/6-311++G** basis set. For all
minima of 1, the vibrational frequencies were calculated
at the B3LYP/6-31+G* level, and zero-point energy,
thermal and entropy corrections were evaluated using
standard statistical thermodynamics methods based on
the ideal-gas rigid-rotor model.>' Finally, the solvent ef-
fects on the conformational equilibrium were investi-
gated with a self-consistent reaction field method*? as
implemented in the Jaguar program?® at the level
B3LYP/6-31+G*, using the Poisson—Boltzmann solver
and including empirical corrections to repair deficiencies
in both ab initio and continuum solvation models. Sol-
vation calculations were carried out for water
(¢ = 80.37). This approach correctly predicts the pK,
values for a large set of different molecules,”® and we ex-
pect the solvation energies to be reasonable well pre-
dicted. Then the percentage contribution of each
conformer of 1 to the conformational equilibrium at
298 K was determined through the Boltzmann equation.
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