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Abstract—We present a constrained ab initio molecular dynamics method that allows the modeling of the conformational intercon-
versions of glycopyranosyl oxacarbenium ions. The model was successfully tested by estimating the barriers to ring inversion for two
4-gubstituted tetrahydropyranosyl oxacarbenium ions. The model was further extended to predict the pathways that connect the *Hs
half-chair conformation of 2,3,4,6-tetra-O-methyl-p-glucopyranosyl cation to its inverted >S; conformation and the *H; half-chair
conformation of 2,3,4,6-tetra-O-methyl-p-mannopyranosyl cation to its inverted *E conformation. The modeled interconversion
pathways reconcile a large body of experimental work on the acid-catalyzed hydrolysis of glycosides and the mechanisms of a num-

ber of glucosidases and mannosidases.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The X-ray crystal structure of the glycosidase lysozyme
led to the first proposal for an enzyme mechanism based
on a protein structure.' This mechanism has as a central
feature, a glycopyranosyl oxacarbenium ion intermedi-
ate with a “H; half-chair conformation. Subsequent
studies have proposed a second mechanism whereby a
neutral enzyme-bound intermediate is separated from
the reactants and products by two transition states
(TS) with considerable oxacarbenium character.” This
second mechanism must involve conformational
changes of the glycopyranose ring to accommodate the
planarity about the C-5-O-5-C-1-C-2 dihedral angle
in the oxacarbenium ions. The oxacarbenium ion inter-
mediates have very short lifetimes® and consequently
their conformations have been primarily deduced from
kinetic isotope effect (KIE) studies* or from biophysical
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studies of enzyme inhibitors combined with modeling.’
The critical role of modeling for these studies naturally
arises from the paucity of the experimental data. How-
ever, to date, no successful computational strategies to
model the ring transformations of glycopyranoses, espe-
cially pseudorotation, have been developed. Typical ap-
proaches involve modeling snapshots along proposed
pathways.® Such studies rely on a priori assumptions
and hence can easily miss important features.

In the present work we show trajectories based on
ab initio molecular dynamics (AIMD) studies of substi-
tuted glycopyranosyl oxacarbenium ions. AIMD trajec-
tories naturally follow the free-energy surface,” and so
the lowest energy ring conformational changes are
found without a priori assumptions.® We have mapped
our trajectories on to a sphere based on our description
of the six-membered ring conformations.” We anticipate
that our method can be applied to the modeling of any
glycosyl-processing enzyme whose mechanism is
thought to proceed through an oxacarbenium intermedi-
ate or TS. Such enzymes include most glycosidases'”
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and most glycosyltransferases.!! Our study is further
anticipated to assist in the design and development of
inhibitors for such enzymes.'? The list of disease states
and industrial processes to which such studies could be
applied includes antivirals such as the neuramidase
inhibitors like Tamiflu; bioethanol production from
agricultural byproducts, and potential cancer drugs
based on inhibitors of core 2 O-linked glycoprotein or
1,6-branched N-linked glycoprotein forming glyco-
syltransferases.'?

Chemical glycosylation reactions are also thought to
proceed through oxacarbenium ion intermediates.'*
Furthermore, it is thought that the conformational
properties of these ions, at least in part, control the ste-
reoselectivity of this important class of reactions.!> One
classic example that bears directly on the studies to be
presented here was reported by Lemieux more than 50
years ago.'® His research showed that the o/p isomeric
3,4,6-tri-O-acetyl-p-glucopyranosyl chlorides underwent
solvolysis with a high degree of stereoselectivity. That is
the a-chloride gave the B-acetate, and the B-chloride
gave the a-acetate. Such stercoselectivity suggested an
associative Sy2-like mechanism. Detailed kinetic studies
for both isomers were entirely consistent with a Sy1-like

Ac

mechanism. In order to rationalize this apparent anom-
aly, Lemieux invoked the possibility that the a-chloride
jonized to a glucopyranosyl oxacarbenium with a *Hj
ring conformation, and the B-chloride formed a similar
ion, but with a *H, ring conformation (Scheme 1). Fur-
ther, he invoked that the two different ring conforma-
tions led to opposite facial selectivity leading to the
observed products. To the best of our knowledge Lem-
ieux was the first to propose multiple conformations of
glycopyranosyl oxacarbenium ions. Some of these ideas
have been recently revived to account for the stereoselec-
tivity of C-glycosylation in which the assumption was
made that the two oxacarbenium ion conformers rapidly
interconvert and that stereoselectivity is determined by
the facial selectivity of nucleophilic attack.!”

Our group’s previous study of the conformations of
glycopyranosyl oxacarbenium ions by density functional
theory (DFT) calculations including those for 2.,3,4,6-
tetra-O-methyl-p-glucopyranosyl (1) and 2,3,4,6-tetra-
O-methyl-D-mannopyranosyl (2) oxacarbenium ions
has consistently found at least two minima.'® For (1),
a *H; half chair and a S| twist boat pair, whereas for
(2), a *H; half chair and a *E envelope pair were found
(Scheme 2). If the ring conformations of these minima
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Scheme 1. Lemieux’s two conformers of a D-glucopyranosyl oxacarbenium ion proposal to rationalize the experimental observation of the a-chloride
(top) leading to the B-acetate and the B-chloride (bottom) leading to the a-acetate.
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Scheme 2. Chemical structures and numbering of species 1 to 5.




2914 A. R Ionescu et al. | Carbohydrate Research 341 (2006) 2912-2920

are represented on a sphere, as originally suggested by
Hendrickson,'? they are found on opposite hemispheres
and on opposite (2) or nearly opposite faces (1) (see be-
low). That is, interconversion in this representation, re-
quires net movement about the equator (changing faces)
and movement perpendicular to the equator (changing
hemispheres). Our study seeks to find possible intercon-
version pathways between these minima. In particular
we wish to assess if the barriers to interconversion are
low enough to allow rapid equilibration.

We have developed a mathematical model that de-
scribes all pyranose conformations uniquely in terms of
one chair, one boat, and one skew-boat conformation.
Further, we have derived quantitative expressions for
the characterization of the pyranose and other six-mem-
bered ring conformations. For details, see Supplemen-
tary data. The three internal coordinates (chair (q;),
boat (q), and skew boat (qs)) defined in our previous
papers can be applied as constraints in AIMD studies>
of any six-membered ring inversion (q;) or pseudorota-
tion (q» and q3).?! Dynamical density functional theory
(DFT) calculations were carried out with the projector
augmented-wave (PAW) method of Blochl, which is an
implementation of the Car—Parrinello AIMD.*> AIMD
calculations were used to simulate the inversion/pseudo-
rotation trajectories and to determine the free-energy dif-
ference along the reaction coordinate by thermodynamic
integration of the average force on the constraint at a
given temperature. The reported static calculations were
carried out with the GAUSSIAN 98 program package.
The static calculations were employed as a complement
for the dynamical simulations and to derive the enthal-
pies of reaction, which are sometimes available from
experimental data. Further computational details are
presented in Supplementary data available in the elec-
tronic version of this paper.

2. Results

Before engaging in a detailed study of 1 and 2, we
wanted to validate our methodology by studying an
example with a firm experimental basis.

A recent publication by the Woerpel group convinc-
ingly demonstrated that both the 4-methyltetrahydro-
pyranosyl (3) and 4-benzyloxytetrahydropyranosyl (4)
oxacarbenium ions can undergo ring inversion under
their reaction conditions before nucleophilic attack.??
Furthermore, both 3 and 4 exhibit facial selectivity
based on a preferred 4-methyl pseudoequatorial confor-
mation for 3 and a preferred 4-benzyloxy pseudoaxial
conformation for 4.>* Based on least motion arguments,
both ions are expected to be formed in a *H, half-chair
conformation, which can then interconvert. That is, the
chosen chemical reaction conditions allow for ionization
to the oxacarbenium ion, followed by ring inversion and
subsequent facially selective nucleophilic attack.

Figure 1. AIMD trajectories for 4-methyltetrahydropyranosyl (green)
and 4-hydroxytetrahydropyranosyl (blue) oxacarbenium ions mapped
onto the conformational sphere.

Our slow growth in vacuo AIMD trajectories (see the
‘Free energy’ section in supplementary data) using the
chair constraint q; to drive the conformational change
are plotted in Figure 1 (green for 3 and blue for the hy-
droxyl analogue of 4). The trajectories clearly show that
both derivatives invert along a similar pathway. Starting
from the *H; half chair, both trajectories proceed along
the surface of the sphere toward the *H, half-chair con-
formation (*E for 3). Both trajectories consist of a mix-
ture of inversion and pseudorotation. In order to
eliminate the inherent errors arising from the slow
growth approximation, about 150 selected points were
reoptimized with their ring dihedral angles frozen as
shown in Figure 2.

The conformational energy differences (Fig. 3) ob-
tained by full optimization clearly support Woerpel’s
experimental results and show a pseudoequatorial pref-
erence for 3 and a pseudoaxial preference for 4. In fur-
ther agreement with the experiment are the calculated
inversion barriers of about 17 kJ mol™! from the *H,
or *E minima, which are low enough to allow rapid
equilibration under the experimental conditions. The
35 kJ mol~' to get out of the pseudoaxial *H; minimum
for 4 also corroborates the preferred nucleophilic attack
on this species. All the important energies are compiled
for the reaction starting from *Hy or *E in Table 1 and
from *H; in Table 2 as determined from the different cal-
culations in order to allow an assessment of their accu-
racy. The TS for interconversion is predicted to be near
an ©S, skew-boat conformation. Note that this differs
considerably from cyclohexane inversion and pseudoro-
tation, which have TSs with half-chair or boat confor-
mations, respectively. The current experimental
evidence does not allow determination of the conforma-



A. R. Ionescu et al. | Carbohydrate Research 341 (2006) 2912-2920 2915

O T T T T T T T N -346.180
[ ]
-310.275 :
3 — -346.185
i @
®
K, i
-310.280 —
— -346.190
L [ ]
= 7 =
£ 310285 3
2 —-346.195
5 v
= - =
o . m
-310.290 [~ — -346.200
3
-310.295 [— H, — -346.205
310,300 | i I I ; I 34691
2 -1 0 1 2 37346210

RC (q, )rad

Figure 2. Static DFT (B3LYP and 6-311+G**) potential energy surfaces for the transition *Hj to *H, of 4-methyltetrahydropyranosyl (green) and

4-hydroxytetrahydropyranosyl (blue). 1 a.u. = 2625.4985 kJ mol .
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Figure 3. Energetics for 4-methyltetrahydropyranosyl (left) and 4-hydroxytetrahydropyranosyl (right) inversion.

Table 1. Energy barriers for 4-methyltetrahydropyranosyl and 4-
hydroxytetrahydropyranosyl *E/*H; to 3H, inversion in kJ mol™!at
0K

Compound

AG AG AH AE AE Static
PAW Opt Opt Opt frozen dihedrals

4-Methyl-THP 14.5 19.0 152 17.1 184
4-Hydroxy-THP 28.4 31.3 287 30.1 341

tion of this proposed TS. All the stationary points for 3
and 4 were validated by calculation of the Hessian. Fur-
thermore, a normal mode analysis of the imaginary fre-
quency associated with the TS conformations shows
that the leading components were ring deformations.

Table 2. Energy barriers for 4-methyltetrahydropyranosyl and 4-
hydroxytetrahydropyranosyl *H, to “E/*H; inversion in kJ mol~! at
0K

Compound AG AG AH AE  AE Static
PAW Opt Opt Opt frozen dihedrals

4-Methyl-THP 9.8 259 21.6 237 236
4-Hydroxy-THP 6.1 199 137 16.1 21.0

A detailed analysis of this mode is presented in Supple-
mentary data accompanying this paper. Thus if ions like
1 or 2 conformationally equilibrate under glycosylation
conditions, the barriers to equilibration should be about
17 kJ molor less.
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Figure 4. AIMD trajectories for 2,3,4,6-tetra-O-methyl-p-glucopyr-
anosyl oxacarbenium ions mapped onto the conformational sphere:
green *Hs (q;), blue 2Sg (q;), and orange 2So (qp).

A similar AIMD study for 1 is presented in Figures 4,
5, and 8, and for 2 in Figures 6-8. In total 12 AIMD
simulations using q;, q, and q3 were performed to fully
explore the PES for 1 and 2. We present the six simula-
tions that connect the two minima for each compound
that was previously found. The six studies not shown
found no additional minima or TSs. The important
energy barriers are compiled in Table 3.

First, a q; constrained trajectory starting from *H5 for
1 (green in Fig. 4) stays close to the surface of the sphere
and does not appreciably pseudorotate until it ap-

-768.258

Figure 6. AIMD trajectories for 2,3,4,6-tetra-O-methyl-pD-mannopyr-
anosyl oxacarbenium ion mapped onto the conformational sphere:
green *Hs (q;), blue *E (q,), and orange *E ().

proaches the equator with a change from near 'S rotat-
ing to near >°B before moving up toward ' C,. Note that
the representation onto the conformational sphere stops
near the °Hq conformation, beyond this point the trajec-
tory leaves the surface of the sphere before reaching the
!'C4 conformation. This out of the sphere’s surface part
of the trajectory is due to the formation of a 1,6-anhy-
dro O-C bond (5a) (see below). Second, a q, trajectory
(orange in Fig. 4) starting from 2S¢, exhibits the not pre-
dictable behavior of moving toward *C; and not along
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Figure 5. Static DFT (B3LYP and 6-311+G**) potential energy surfaces for the transition *H; to ' C4 (green) and °S; to 'C, (blue) of 2,3,4,6-tetra-O-

methyl-p-glucopyranosyl oxacarbenium ion. 1 a.u. = 2625.4985 kJ mol~".
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Figure 7. Static DFT (B3LYP and 6-311+G"*) potential energy surfaces for the transition *Hj to ' C, (green) and *E to *Hj (blue) of 2,3,4,6-tetra-O-

methyl-p-mannopyranosyl oxacarbenium ion. 1 a.u. = 2625.4985 kJ mol~".
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Figure 8. Static DFT (B3LYP and 6-311+G**) potential energy surfaces for the pseudorotation 2Sq to °S; (circles) and *E to 'Ss (diamonds)
of  2,3,4,6-tetra-O-methyl-p-glucopyranosyl and 2,3,4,6-tetra-O-methyl-D-mannopyranosyl oxacarbenium ions, respectively. 1a.u.=

2625.4985 kJ mol .

the equator before pseudorotating and then moving
back to the equator to >°B and then to the second global
minimum at °S;. Third, a trajectory (blue in Fig. 4)
starting from >S; moves straight toward 'C,. No mini-
mum is found near >H,, further confirming the previous
static calculations, which did not find stable conforma-
tions in this region of the conformational space.

The energetics of the q; and q, trajectories for 1 are
shown in Figures 5 and 8, respectively. Analysis of the

energetic curves points out some interesting properties.
First, there is a third minimum near 'C,, which is the
result of 1,6-anhydro bond formation (5a). Products
derived from such species are frequently isolated by syn-
thetic chemists,>> and at least one class of glycosidases,
the bacterial soluble lytic transglycosidases produce
1,6-anhydro-p-gluco-configured sugars as products.?
The change from oxacarbenium ion to dioxacarbenium
ion is the source of the stabilization, which overwhelms
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Table 3. Energy barriers for 2,3,4,6-tetra-O-methyl-p-glycopyranosyl
inversions in kJ mol~' at 0 K

Inversion AE Static frozen AE Static frozen dihedrals
dihedrals (2,3,4,6- (2,3,4,6-tetra-O-methyl-n-
tetra-O-methyl mannopyranosyl)
D-glucopyranosyl)

‘Hyito'C, 236 44.6
21.0% 60.4%

St 'y 10.5 —

10.5% —

3E to *H; — 57.7
— 63.0%

2S5 to °S, 23.6 —

18.4% —

SEto 'S5 — 52.5

— 49.9%

#Energy barrier for the reverse inversion.

the unfavorable ring conformation. Second, the energy
barrier from the minima on the pseudorotational itiner-
ary (Fig. 5, green curve) to the 1,6-anhydro-p-gluco-con-
figured ' C4 conformation is less than half of the energy
barrier from the *H; minimum to the conformations sit-
uated on the equator. Third, the energy barrier for the
pseudorotation (23.6 kJ mol~') has a comparable value
with the energy barrier for the inversion (23.6 kJ mol ™).

Two q; trajectories are shown for 2, one starting from
“H; (green in Fig. 6) and one starting from *E (blue in
Fig. 6). Both cross the equator of the sphere and have
maxima near 'S; (green in Fig. 7) and °S; (blue in
Fig. 7). A q, trajectory starting from °E (orange in
Fig. 6) starts with pseudorotation as might be expected,
but near 'E it moves on the inside of the sphere toward
the equator, ending near the 'S5 conformation.

The energetics of the q; and g, trajectories for 2 are
shown in Figures 7 and 8, respectively, and also show
three properties. First, as for 1 there is a third minimum
(Fig. 7) in addition to *H3 and *E minima near the 'Cy
conformation leading to 1,6-anhydro-dioxolenium ion
formation (5b). Second, similarly to the energetics in 1,
the energy barrier for the formation of the dioxolenium
ion is lower than the energy barrier for the inversion.
Third, the pseudorotation curve for 2 (Fig. 8) has a
much steeper slope than for 1.

In all the above results the value of the energy barriers
for gluco-configured oxacarbenium ions was approxi-
mately half the corresponding value of the manno-con-
figured oxacarbenium ions, see Table 3. The values for
1 are low enough that rapid equilibration is expected
whereas for 2 facile equilibration is less likely.

3. Discussion
Hydrolysis of glycosides, whether chemically catalyzed

by acid or by acid catalysis induced by glycosidases, as
discussed above, are thought to proceed through glyco-

pyranosyl oxacarbenium ion TSs. Similarly, many vari-
ants of the reverse glycosylation reaction are thought to
proceed through oxacarbenium ion intermediates or
TSs. In the case of six-membered rings in particular,
there are two mechanistic extremes for how the confor-
mation of the ion can be formed. In one mechanism the
neutral species changes to a reactive conformation,
followed by loss of a leaving group leading to the oxa-
carbenium ion. Protonation or Lewis acid complexation
of the departed leaving group prevents the back reac-
tion. Least motion arguments suggest that a-glucosides
following this mechanism should ionize to a *H5 confor-
mation, whereas based on coplanar stereoelectronic
arguments B-glycosides should first pass through a boat
conformation such as B;o or '“*B before ionization.
Once ionized, and if the species have sufficient lifetime,
then they may interconvert following pathways like
those we have calculated. In the second mechanistic ex-
treme, ionization occurs in a conformation at or near
the starting stable conformation, which is usually a chair
conformation for glycopyranosyl compounds, followed
by ring change to the most stable oxacarbenium ion con-
formation, that is, one of the minima described above
for ions configured similar to 1 or 2. In this case proton-
ation or Lewis acid complexation induces loss of the
leaving group.

In a previous publication we have mapped the inver-
sion pathway for the neutral o/ isomeric 1,2,3,4,6-pen-
ta-O-methyl-p-glucopyranosides.”! For both o and P
glucopyranosides the pathways we found pass through
similar but not identical °E TSs to ©S, twist boat sec-
ondary minima. Since these conformations are far from
the conformations we find for 1, it appears that some
bond breaking likely accompanies ring conformational
changes leading to oxacarbenium ion formation. That
is, the second mechanistic extreme is most consistent
with our calculations. A previous AIMD study using a
C-1-nucleophile bond length as constraint also supports
a mechanism where protonation of the leaving group
triggers a coupled series of events leading to oxacarbe-
nium ion formation, that is, closest to the second mech-
anistic extreme.?’

Only a small amount of direct experimental evidence
is available about the conformations of glycopyranosyl
oxacarbenium ions. One notable example is an analysis
that combines KIE measurements of the acid-catalyzed
hydrolysis of the o/B methyl glycosides of p-glucopyra-
nose accompanied by forcefield-based modeling, which
was interpreted to indicate a ‘flattened toward planarity
1S5 skew boat’ TS for a-hydrolysis and a “flattened >°B
boat’ TS for p-hydrolysis.?® Since our calculations have
minimal intrinsic bias, it is significant that both of these
conformations are found on our trajectories at or near
stationary points, that is, 'S5 on a q; trajectory and
25B on a qp trajectory. These results are consistent with
a pathway that proceeds through a *H; conformation
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for a-hydrolysis and a B; o or similar conformation,
which pseudorotates to >°B for B-hydrolysis.

We also thought it was of considerable interest to see
if postulated TSs for glycosyl-processing enzymes could
be found on our AIMD trajectories, as this would sug-
gest that Nature at least in some cases makes use of
these low-energy pathways. For example, Clostridium
thermocellum contains an inverting B-glucosidase, which
has been suggested to have a >°B TS consistent with the
acid-catalyzed pathway described above.? On the other
hand, the retaining B-glucosidase from Bacillus agaad-
haerens is proposed to use a 'S5 TS, suggesting a mech-
anism with an early ionization to a *H; conformation,
followed by a 'S; TS.** The Thermobifida fusca glucosi-
dase is reported to have a 2So TS, which is in between
the Bs o and *°B on our q, trajectory.’' The retaining
B-pD-gluco- (and p-galacto-)sidases from Sulfolobus sol-
fataricus has been proposed to have a *H; TS,* and
the barley p-p-glucosidase an *E near *H; TS.* These
two enzymes therefore appear to have TSs earlier in
the pathway. All of these postulated TSs can be found
on the green curve in Figure 5. Since there is no a priori
reason to expect this correlation between our AIMD
trajectories and the conformations of TSs, we interpret
this correlation as evidence for the soundness of our
computational approach.

The class I and class II a-mannosidases involved in
N-linked glycoprotein quality control likely use confor-
mational pathways that differ considerably.** For class
1 enzymes, a 'S; TS has been proposed, which is on
our q; trajectory that starts from *E. In this case, a pre-
ionization ring conformational change is likely.*® On
the contrary, class 2 enzymes have been proposed to have
a TS between "B and *H;. These observations strongly
suggest that inhibitors selective for each class of enzymes
can be found.*® Finally a p-mannanase has been reported
to have a B, 5 TS, which is clearly seen to be a minimum
in the q, trajectory of 2.’ The adjacent 'S5 conformation
is linked by a facile pseudorotation and could also be
considered. A similar difference in pathways>® has been
reported for class 10 and class 11 xylanases.>® Again, it
seems probable that these conformational differences
could be used to develop selective inhibitors.*

The trajectories presented here are consistent with a
variety of experimental observations, and useful insights
into how to design glycosidase inhibitors can be gleaned
from this data. It is anticipated that if these AIMD tra-
jectories are incorporated into a quantum mechanical/
molecular mechanics framework where the residues of
the active site and the exact substrate of the enyzme
are modeled, then even more detailed conformational
data can be found that can be used for inhibitor design.
In this way the first attempts by Phillips to deduce mech-
anism from protein structure based on a series of snap-
shots can now be extended to examining the dynamical
pathways.

4. Conclusions

The goal of this paper was to investigate the conforma-
tional interconversions of glycopyranosyl oxacarbenium
ions in both dynamical and static calculations. We have
combined the constrained method with ab initio mole-
cular dynamics simulations to fully sample the potential
energy surface of two 4-substituted tetrahydropyranosyl
oxacarbenium ions and 2,3,4,6-tetra-O-methyl-p-gluco-
and mannopyranosyl cations. The inversion process
was conducted via (1, q», and g3 constraints. The AIMD
inversion pathways evidenced minima situated on smal-
ler radius circles, halfway between the pseudorotational
itinerary (the equator of the conformational sphere) and
the two chair conformations (the poles of the conforma-
tional sphere), and transition states situated on the
pseudorotational itinerary. Recent thinking on the topic
of enzymatic TSs emphasizes the need to develop
dynamic descriptions of TSs.*! We consider our results
a major step toward achieving this goal for carbohy-
drate-processing enzymes, as our method naturally
allows for pseudorotation, which must occur at or near
the TS of many of these enzymes.
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