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We investigate the reasons why sulphur linked saccharides are good inhibitors of retaining (3-glycosidases. A comparison of the
conformational space and electronic profile of the oxygen and sulphur linked oligosaccharides using HF/6-31G** reveals that
they are electronically very similar and have identical conformational preferences. However, the conformational barriers
separating the minima are at least 3 kcal mol ' lower for the sulphur linkage implying a greater conformational flexibility.
Furthermore, we find using natural bond orbital analysis that the sulphur linkage is significantly less open to acid hydrolysis than
the oxygen, found in the natural sugar on which retaining -glycosidases act. Our nanosecond molecular dynamics studies of
Bacillus agaradhaerens glycosidase reveal that the thio-cellotriose binds the enzyme 6 kcal mol ™ 'more strongly than does
cellotriose. A comparison of the conformational space of the sulphur linkage with that of the oxygen glycosidic linkage provides
an explanation for the stronger binding which appears to be due to the greater flexibility of the sulphur glycosidic linkage.

Keywords: glycosidic bond; glycosidase; enzyme reaction

1. Introduction

Glycosidases hydrolyse the glycosidic bonds of sacchar-
ides. There are more than 2000 different glycoside
hydrolases divided into 76 sequence-distinct families.
Structural information on these enzymes is being
constantly monitored, updated and made available on
http://afmb.cnrs-mrs.fr/ ~ pedro/CAZY/db.html [1]. The
functions of these enzymes range from the simple
hydrolysis of stored glycosides to viral invasion processes
and the control and mediation of cell—cell interactions [2].
Therefore the catalytic mechanisms of these enzymes are
of great interest not only because of their value as a
pedagogical tool used to described enzyme action in
numerous textbooks but also because of the widespread
occurrence of genetically inherited disorders of glycoside
hydrolysis, and the potential to develop new therapeutic
agents from the transition state analogues (TSAs) [3].
The most effective TSAs are able to preferentially bind
with the glycosidase and be simultaneously non reactive in
the enzyme binding pocket. To efficiently design a TSA itis
important to approximate and improve on the electronic
and conformational profile of the native saccharide in its
transition sate. Here we show that the sulphur linked
saccharides are electronically and conformationally very
similar to the natural 1-4 linked sugars. We also
investigate their effectiveness as inhibitors of glycosidases
using a variety of computational methods. In particular we
test our newly derived carbohydrate solution force field
(CSFF) [4] consistent sulphur parameters, by comparing

the performance of thio-cellotriose (glc-o-glc-s-glc) with
cellotriose (glc-o-glc-o-glc) in the active site of the Bacillus
agaradhaerens (BAG) glycosidase [5].

1.1 Transition state structures in glycosidases

The mechanism of retaining B-glycosidase hydrolysis of
glycosidic bonds is a controversial subject. However, it is
agreed that the retention reaction occurs through two
consecutive inversions. The first part results in the
attachment of the saccharide to the enzyme and
the second part is when the glycosyl is transferred to the
acceptor. This double displacement mechanism possibly
involves both Sy1 and Sy2 character and two transition
state (TS) structures [6]. In this paper we consider only the
first in this two part reaction mechanism which is shown in
Figure 1. A significant feature of the TS structure is the
conformational change in the ring of the non-reducing
B-D-pyranose substrate that is required for nucleophile
assistance of the glycosidic bond cleavage. Heterolytic
cleavage of the acetal C—O bond requires an antiper-
iplanar orientation of a doubly occupied, non-bonding
orbital. This is referred to as the antiperiplanar lone pair
hypothesis (ALPH) and implies that hydrolysis of -D-
pyranoside requires a conformational change of the
tetrahydropyran ring from a chair to a twist-boat or boat
resulting in a pseudoaxial orientation of the aglycon [6—8].
The ALPH is supported by the crystal structures of three
endo-glycosidases in complexes with substrate analogues
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Figure 1. Catalytic reaction mechanism for retaining 3-glycoside hydrolase showing the formation of the glycosyl-enzyme transition
state (TS) leading to the formation of a covalently bound glycosyl-enzyme intermediate.

showing a skew boat or a flattened boat conformation of
the tetrahydropyran ring [5].

Much effort is now expended on developing TSAs for
retaining P-glycosidases that are inhibitors. Not surpris-
ingly the success of these attempts are varied [3] despite
the targeting of constrained skew boat or boat confor-
mations [8]. An understanding of the shape and charge
distribution of the TS is of primary importance in the
design of inhibitors. The conformational and electronic
information of the TS is presently only accessible through
computational means.

The state of the art in the design of inhibitors of the
glycoside hydrolysis reaction has generally been attempted
by mimicking the assumed half-chair conformation of the
TS or its assumed charge [3]. Here the thio-glycosides,
containing sulphur, rather than an oxygen heteroatom in the
glycosidic linkage have been shown to be stable analogues
of their naturally occurring saccharides.

2. Methods
2.1 Conformations from HF calculations

To explore the conformational space of cellobiose and
thio-cellobiose we used acetal and thioacetal fragments
(Figure 2) as analogues for each of them, respectively.
Torsional freedom around the glycosidic linkage is defined
in terms of the HI—C1—X—C4' and C1—X—C4'—H4'
angles as ¢y and iy, respectively.

i OH
. f Os T i OH Sj
o NN \ o \///d
1
HO—® /CZ\, C1 .654 4

OH y

Figure 2. Definition of names for relevant atoms and glycosidic
torsion angles ¢y = HI—CI—X1—C4" and iy

= C1—X—C4'—H4' for a representative disaccharide. The
acetal/thioacetal fragment used as an analogue for the full
disaccharide is shown in bold.

All electronic structure calculations discussed here
have been done with GAMESS-UK [9]. The analogues
were first optimised using Hartree—Fock (HF) theory, with
a 6-31G** basis set. Previously this level of theory has
proven reliable compared with methods taking electron
correlation into account [10,11]. We confirmed this by
optimising the same fragments using density functional
theory (DFT), with the three-parameter hybrid exchange
functional of Becke [12] in combination with the
correlation functional of Lee, Yang and Parr (B3LYP)
[13] and a slightly larger basis set, 6-31 + G**. Aside
from including the effects of exchange and correlation
implicitly this functional also includes 20% exact HF
exchange. The two levels of theory gave equivalent
results, however, both methods produced a stationary point
on the potential energy surface of the [-analogues in
which the C5—05—C1—C2 dihedral did not correspond
to a *C, glucopyranose-ring geometry, but rather 'C.

Adiabatic conformational maps in ¢, ¢ space can be
derived from rigid and relaxed search procedures. In the
rigid approach the total molecular geometry is kept frozen
while calculating the conformational energy as a function
of ¢, ¢ dihedrals. The relaxed method in contrast
includes a geometry optimisation at each ¢, ¢ grid point
of the map. Recently da Silva [14] showed for 3-lactose
that both procedures produced the same stability regions
in the same locations. Consequently, to conserve
computational time we used the frozen procedure for
the ab initio calculated conformational maps reported in
this paper at values corresponding to stationary points on
the potential energy surface of the full disaccharides,
calculated at HF/6-31G**. The only degree of freedom
allowed was rotation of the methyl groups. An added
benefit of the rigid approach is that a change in
C5—05—C1—C2 dihedral angles leading to a ring flip
away from “C; is not allowed. The maps approximating
4C, disaccharide ring conformations were calculated at
intervals of 20° from — 180° to 180°, for both ¢ and . To
improve the accuracy of the low energy conformational
energies we performed partial geometry optimisations at
HF/6-31G** of ¢ and i starting from guessed values in
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the low energy regions. The energy of these points were
then calculated at B3LYP/6-31 4 G**.

2.2  Electronic structure from natural bond orbitals

Natural bond orbital (NBO) analysis [15] determines high-
occupancy natural orbitals by reversibly transforming the
delocalised molecular orbitals into a minimal set of fastest
converging one- or two-centre atomic or bond orbitals (in
relevant cases, three-centre bonds can also be identified).
An important consequence of requiring that the natural
orbitals be of high occupancy is that the resulting set
shows a high degree of comparison with Lewis structures,
consisting of lone pairs and bonds. Delocalisation from the
optimal Lewis structure is apparent in occupation of
ideally empty anti-bonding or Rydberg-type orbitals.
These delocalisation effects can be investigated by
considering all possible interactions between filled and
empty orbitals and estimating their energetic importance
by means of second-order perturbation theory

) ok
n; LllF’U] >

O — _
&* — &
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where o; and o;* are donor and acceptor orbitals, F is the
Fock operator in the NBO basis and &; and g* are the
orbital energies of o; and o;*, respectively. The occupation
of o; is given by n;. NBO analyses described here were
done on structures optimised at B3ALYP/6-31 4 G**,

2.3 Molecular mechanics

In the present studies of BAG glycosidase, molecular
dynamics simulations of the oligosaccharides, protein, and
surrounding solvent water molecules were performed
using the CHARMM31b programme [16], in which an
empirical energy function is used that contains terms for
both internal and external interactions, as shown in
Equation (2).
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The carbohydrate was modelled using an extended
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these new parameters corresponding to Equation (2)
describing only the performance of the B(1-4) sulphur-
linked saccharides, which is of relevance here. A detailed
description of the parameterisation and corresponding
NMR experiments is reported elsewhere [17]. The bond
and angle reference values were obtained from the HF/6-
31G** thioacetal ab initio calculations. The C—S bond
and C—S—C angle force constants were fitted so that the
CHARMM vibrational frequencies obtained for the
glycosidic bonds and angles in the thioacetal analogues
compared with those produced from HF/6-31G**
frequency analysis. All bond and angle force constants,
other than those for the S—C bond and C—S—C angle
were found to be consistent with previously reported
(CHARMM) protein parameters [18]. The protein was
modelled using the CHARMM force field [18] along with
a TIP3P water model [19] adapted for CHARMM [20].
The enzyme simulations were initiated using the
crystal coordinates for BAG obtained from the Brookha-
ven Protein Data Bank (4A3H). The structure of the
enzyme had been resolved at 1.65A while the 2.4-
dinitrophenyl 2-deoxy-2-fluoro-3-cellobioside complex

Table 1. CSFF-consistent parameters describing the C1-S1-C4’
linkage. Unlisted values (including van der Waals parameters)
were kept unchanged from the original CSFF. Also included are
parameters for a 1,1 disulphide linkage C-C1-SS-SS-C1-C.

Atom Charge

S1 -0.32

Cl 0.12

H1 0.17

c4 0.14

H4' 0.09

Bond K, by

S1—Cx 232.0 1.830

ss—1’ 214.0 1.814

Angle Ky 0o

Cl1—S1—C4/ 37.5 98.55

HX—CX—SI 38.0 111.0

CX—CX—S1 58.0 112.0

05—C1—S1 58.0 112.0

C—C1—SS7 58.0 109.0

Dihedral Ky n )

05—C1—S1—C4’ 0.1095 1 0.0
—0.6860 2 0.0

0.7820 3 0.0

C2—C1—S1—C4' —0.7257 1 0.0

—0.1997 2 0.0
0.3474 3 0.0

H1—C1—S1—C4’' 0.1854 3 0.0

C—C1—SS—SS? 0.2800 3 0.0

C1—SS—SS—C1? 3.6000 2 0.0

 Disulphide linkage parameters, unlisted values kept unchanged from the
CHARMM22 forcefield [18].
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showed some disorder [5]. Both the thio-cellotriose and
the cellotriose were built by modifying the cellobioside
complex appropriately.

Two MD simulations were performed. One on the
cellotriose and followed by the thio-cellotriose trapped in
the protein active site. A water sphere of radius 23.4A
containing 1941 TIP3P water molecules, centred on the
saccharide’s centre of mass was used to simulate a
solvated enzyme saccharide complex. Those water
molecules that overlapped with any of the carbohydrate
heavy atoms were removed, and a spherical boundary
force consistent with a water density of 1.0gcm > was
applied to the surface of the droplet. The water molecules
located in the crystal diffraction study were retained in
preference to those from the sphere of pure water, and the
same boundary force was applied to all water molecules. A
Langevin thermal bath was used to control the temperature
of the “surface” atoms in the outer 2 A thick shell of the
reaction sphere. The buffer boundary was set at between
21A and the sphere boundary where atoms were
propagated under Langevin dynamics [21]. A heat bath
of temperature 300 K coupled to the buffer atoms kept the
system at thermal equilibrium. The lengths of chemical
bonds involving hydrogen atoms were kept fixed using the
constraint algorithm SHAKE [22] with a 1fs integration
time step. Long range interactions were made to go to zero
between 12 and 13 A using the CHARMM switching
function functions applied on a group-by-group basis [23].

2.4 Electrostatic free energy of binding

Electrostatic free energies of binding for the cellotriose
followed by the thiocellotriose to the enzyme in solution
were calculated by applying the Poisson—Boltzmann
equation (PBE) [24]. This describes the solvent as
a dielectric continuum with regions inside the molecular
surface assigned a low dielectric constant. The solute is
introduced as a fixed charge distribution in the form of
point charges. Additionally, the effect of a non-zero salt-
concentration can also be included [25]. Solutions to the
nonlinear PBE were obtained by finite difference
techniques using the program Delphi 4.1 [26,27].
Representative structures were taken for both the
sulphur- and oxygen-linked trisaccharides from the molecu-
lar dynamics trajectories where the interaction energy (the
sum of the Coulomb and van der Waals terms) was a
minimum. All explicit solvent and crystal water molecules
were removed. The PB binding free energy between the
enzyme and substrate in its complexed state is calculated as

AGbinding = AGcomplex - (AGenzyme + AGsubstrute)- (3)

We use values as suggested by Moreira et al. [28] in
our computations and coulombic boundary conditions.
The grid size was chosen so that each of systems filled

90% of the grid at a scale of 2.5 points per /&ngstrom and
the convergence criteria for calculating the potential was
set to 107°kTe ~'. The solvent was modelled using a
dielectric constant of 80 while the interior of the molecule
was represented using a value of 4.

3. Results

3.1 Conformations of the oxygen and sulphur linked
saccharides

The Ramachandran adiabatic conformational maps for the
maltose and thio-maltose analogues, *O and “S, and the
cellobiose and thio-cellobiose analogues, PO and PS are
shown in Figure 3. Values for the four lowest energy
conformations for the a-linked (Figure 3(a) and (b)), as well
as the B-linked species (Figure 3(c) and (d)), are given in
Table 2. There is a high degree of conformational similarity
between the a-linked and between the 3-linked species.

For both the a-linked species the lowest energy
structures are found in the central region of the maps. There
is flat region around (— 30, 0) encasing two closely spaced
stationary points. These two structures for “O at (— 30.1,
—25.0) and (—26.7, 16.9), are 0.01 kcal mol ! apart in
energy while the difference between *Sy at (— 54.6, — 34.8)
and *S; at (—45.7, 35.9) is slightly larger, 0.12 kcal mol L
These results are consistent with the HF/6-31G* calcu-
lations of French et al. [11] on a glycosidically linked
tetrahydropyran dimer aiming to approximate maltose that
yielded a minimum at (—47.0, —32.9).

The difference between “S, and *S; is smaller,
6 kcal mol !, compared to *O, and “Os, 9 kcal mol ™!, The
lowest lying of these two sulphur-linked structures (“S,) is
2.79 kcalmol ' higher in energy than the lowest energy
structure, this difference is almost doubled in the oxygen-
linked (“O,) case, 5.43kcalmol '. In general energy
barriers separating the low energy conformations in the
oxygen linkage are at least 3kcalmol ' greater than the
corresponding thioacetal conformational barriers. Further-
more the central energy plateau is larger for the sulphur
than oxygen linkage. The ¢, ¢ potential energy basin that
can be sampled via thermal energy (3kT) at biological
temperatures is therefore significantly larger in the
sulphur-linked species compared with the oxygen
glycosidic linkage. In an explicit comparison of oxygen,
sulphur and selenium in the glycosidic linkage of maltose
heteroanalogues Weimar et al. have shown, using NOE
data from NMR measurement and molecular mechanics
calculations, that substitution of oxygen by sulphur to
selenium leads to increased flexibility [28].

The reason for this increase in conformational
flexibility at the glycosidic linkage is possibly due to the
larger size of the linkage atom, which leads to significantly
longer C1—S1 (glycosidic) and C4'—S1 (aglycon) bonds
and thereby helping to reduce steric clashes between
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Figure 3. HF/6-31G#** energy surfaces for the analogues of (a) maltose, (b) thiomaltose, (c) cellobiose and (d) thiocellobiose. Selected

minima are indicated (see Table 1 for values). Contour levels are spaced at 1 kcal mol ..

Table 2. Energies and glycosidic torsion angles ¢ and ¢ for stationary points on the potential energy surface of the maltose (“O,,),
thiomaltose (*S,,), cellobiose (0,,) and thiocellobiose (PS,) analogues.

B3LYP/6-31 + G**

extended CSFF

¢ ¢ Erelative (kcal mol 1) ¢ l,l/ Erelative (kcal mol I)

“Op —30.1 —25.0 0.00* —36.2 —30.5 0.00*
“0, —26.7 16.9 0.01 —38.4 23.2 0.52
“0, —-17.9 174.9 543 —-6.3 —178.9 1.42
“0O3 176.9 13.2 14.44 63.2 54.6 6.12
“So —54.6 —34.8 0.00* —68.2 —63.1 0.00*
“S; —45.7 359 0.12 —58.2 40.2 0.23
“S, —55.2 159.4 2.79 —43.5 118.7 3.29
“S; 157.4 18.5 8.59 —172.6 6.8 6.51
PO, 54.6 —12.9 0.00* 524 —83 0.00*
Bolb

o, 59.7 —156.5 0.83 31.6 —170.8 1.23
PO, 162.2 14.8 5.14 164.5 34 3.64
£So 62.0 —1624 0.00* 63.2 —158.9 0.00*
FS, 57.2 —30.7 0.11 54.5 —23.8 0.15
fs, 62.5 39.9 0.15 64.8 36.2 0.01
BS3 164.7 18.7 2.93 175.2 30.4 8.91

2The energies of stationary points within a specific glycosidic atom and linkage type are relative to the lowest energy structure of each. ° The second
stationary point in the central region of the potential energy map was not obtained.
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outlying groups. The full geometry optimisation of
thiomaltose at HF/6-31G**, used to determine the
fragment geometries, calculated the glycosidic and
aglyconic bonds to be 1.835 and 1.831A, respectively,
as opposed to 1.394 and 1.406 A for maltose. Although the
C1—S1—C4' angle is smaller in the thio-derivative
(101.3°) compared to maltose (119.1°) the larger bond
lengths still lead to the C1 and C4’ atoms being 0.4A
further apart in thiomaltose. A more fundamental
explanation of this flexibility difference has been the
presence of the exo-anomeric effect in oligosaccharides
[30]. Employing a natural orbital analysis the exo-
anomeric effect is observed in the delocalisation of lone
pair density of the exocyclic glycosidic atom to the
endocyclic O—C antibonding natural orbital [31]. Both «
and B thio-analogues show considerably less n, — op
hyperconjugative stabilisation estimated through second-
order perturbative analysis [15]. The « thio-analogue
is stabilised by 7.92kcalmol™' compared with
14.64 kcal mol ' in the oxygen linked case and similarly
the B thio-analogue is stablised by 8.76kcalmol ' as
opposed to 15.46 kcal mol " for the oxygen linkage.

In the B-linked analogues of cellobiose and thiocello-
biose the location of lowest energy conformations are very
similar. There is a minor difference that the lowest stationary
point for the oxygen linked case POy is in the central region
(54.6, — 12.9) compared with the bottom—middle of the map
(62.0, —162.4) in the BSO case. [tis noteworthy that the range
of energy differences between the lowest three structures,
BSO to Bsz, is merely 0.15 kcal mol L. As before the overall
trend is that the energy surface for sulphur is flatter compared
with the surface for oxygen. An analysis of the geometry of
the stationary points for the disaccharides, with glycosidic
bonds of 1.381 and 1.407 A to the non-reducing and reducing
sugars for cellobiose and 1.801 and 1.825 A for thio-
cellobiose. In addition the glycosidic angles C1—X—C4' are
121.6 and 121.2° for X=S and O, respectively. We believe
this to be the underlying reason for the greater confor-
mational flexibility in sulphur in both the - and the
a-linkages.

Adiabatic contoured energy surfaces for the acetals and
thioacetals were calculated as a function of the glycosidic
dihedrals ¢ and ¢y and compared with the ab initio adiabatic
maps. We used a simulated annealing method developed
previously [32] for disaccharides to calculate these relaxed
adiabatic maps. In addition adiabatic maps for maltose,
thiomaltose (see additional material), cellobiose and
thiocellobiose (Figure 6) were constructed. To summarise
we note that the conformational minima locations for the
oxygen and sulphur linkages are almost identical. However,
the conformational adiabatic surfaces for the sulphur
linkages are significantly shallower indicating that these
linkages produce oligosaccharides that are more flexible at
biological temperatures than the naturally occurring
oxygen linked saccharides.

3.2 Electronic structure of the cellotriose and thio-
cellotriose transition stage analogues

As we mentioned earlier a potential enzyme inhibitor must
conformationally and electronically mimick the native
ligand. We have shown above that the conformational
preferences of the native oxygen linked saccharides and
sulphur linked saccharides are very similar. Here we
compare the electronic profile of the oxygen and Sulphur
B-linked molecules when they are in the TS in the BAG
active site.

It has been established that in the reaction shown in
Figure 1 for BAG the glycosidic bond is broken by a Glu 228
nucleophilic attack on the C1 carbon and a Glu 139 acid
hydrolysis on the glycosidic oxygen [33]. The exact
sequence and nature of the reaction mechanism is not
understood and is the subject of our research programme
using a multidimensional reaction dynamics method
developed by us [34]. However, we will not discuss the
reaction mechanism of the hydrolysis of cellotriose here,
instead we will only describe the geometries and electronic
structures of simplified analogues of the oxygen- and
sulphur-linked Michaelis complexes, that includes the amino
acid residues Glu 139 and Glu 228. For this purpose the
oxygen-linked trisaccharide Michaelis complex from the
crystal structure (PDB 4A3H) was used as starting geometry.
In constructing the analogues of the two trisaccharides the
central sugars were retained while the two end sugars were
simplified with propane (R=CH(CH;),) groups in both
cases (See Figure 4). Using the same crystal structure and
replacing the glycosidic oxygen with a sulphur atom we
generated a sulphur analogue.

We then optimised these geometries using B3LYP/6-
31 + G**. The root mean square difference between the
distorted skew-boat glucopyranose rings of the oxygen and
sulphur structures is 0.033 A. The natural population
analysis (NPA) scheme was used to estimate the atomic
partial charges for these two structures, which we show in
Table 3. Except for the glycosidic atoms C1—01—C4’ and
C1—S1—C4' the charges for the two species are almost

(a) (®)

Figure 4. B3LYP/6-31 + G** optimised structures of the TS
analogues of (a) cellotriose and (b) thiocellobiose in the catalytic
cavity of B. agaradhaerens. The acid/base Glu 139 and
nucleophile Glu 228 are included.
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Table 3. Atomic partial charges as calculated by the Natural
Population Analysis (NPA) scheme at BALYP/6-31 + G** for the
cellobiose (left) and thiocellbiose (right) substrate TS analogues.

Charge (e)

Oxygen Sulphur
O1/Sl1 —0.646 0.145
Cl 0.376 —0.038
C2 0.023 0.032
02 —0.821 —0.819
C3 0.033 0.023
03 —0.806 —0.805
Cc4 0.040 0.040
04 —0.584 —0.585
C5 0.040 0.040
05 —0.608 —0.600
Co6 —0.132 —0.133
06 —0.789 —0.786
c4 0.060 —0.409
c3 —0.721 —0.701
c5 —0.711 —0.702

identical indicating that the difference in glycosidic
linkage has not affected the electron distribution in the
sugar rings.

3.3 Glycosidic bond reactivity

Even though the charge distribution is comparable across
the two molecules the significant difference in charge
distribution about atoms involved in the glycosidic bond
is a clue to consider the comparable ease with which the
glycosidic atom (oxygen or sulphur) can be hydrolysed.
We calculated the hydrogen bond strength between the
Glu 139 and the linkage atom Ol and S1, and show the
optimised structures in Figure 4. This is done by
calculating the difference in energy between the
substrate—Glu139 complex and that of the isolated
amino acid Glu 139 and isolated substrate, both at the
geometry they have in the complexed form. It was left
uncorrected for the basis set superposition error (BSSE).
We found the O1---Glu 139 hydrogen bond to be stronger
(—10.25kcalmol ') than the S1---Glu 139 hydrogen
bond (—8.80kcal mol '). Interestingly, even though the
energy difference is small the O1---HO,C—Glu 139
distance (1.774 A) differs significantly from the geometry
of the sulphur linked optimised Michaelis complex where
the S1.--HO,C—Glu 139 distance is 2.260 A. This
difference in hydrogen bond strength and overall
geometry between the native saccharide and the stability
of the thioglycosidic bond or increased difficulty with
which these bonds are cleaved have previously been
attributed to the lower proton affinity of sulphur over
oxygen, resulting in inefficient acid catalysis of the
departing aglycon [35,36].
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Furthermore the NPA scheme showing a greater
negativity on the oxygen (—0.646 ¢) compared with the
sulphur (0.145 ¢) implies different electron distributions in
the C—0O and C—S bonds. NBO analysis of the bond
composition shows that both glycosidic C—O bonds are
polarised in equal amounts towards the oxygen by ca. 20%
(giving a 70/30 composition), whereas the equivalent C—S
bonds remain mainly unpolarised with a 50/50 partitioning.
This observation is predicted on the basis of their Pauling
electronegativity values alone, oxygen being 3.5 and
sulphur 2.5. The sulphur atom has a considerably higher
contribution from p-orbitals (*84%) compared with the
oxygen atom (* 71%). However, in both cases the carbons
are sp° hybridised. The higher p-character of the sulphur
atom results in increased spatial and energetic similarity
with the sp>-hybridised carbons, further explaining the less
polarisation observed in the C—S bonds.

A consequence of the greater polarisation of the
electron density towards oxygen is the ability to produce a
stronger electrostatic interaction with the partially positive
hydrogen atom. A hydrogen bond X---HO,C—Glu 139
between the hydrogen donor on Glu 139 and the acceptor
glycosidic X=0, S is represented as the n, — ogou*
charge transfer interaction. We have estimated interactions
of 9.54 and 12.21 kcal mol ' for the two lone pairs on the
oxygen while for the two lone pairs on the sulphur we get
2.17 and 20.67kcalmol '. The second lone pair
dominates the interaction when sulphur is involved,
whereas with oxygen there is an equivalent contribution
from both lone pairs. The interplay between overlap and
the energy gap between the natural orbitals show that for
oxygen both lone pairs are overlapping to an equal extent
and the difference in energy is also comparable. However,
with the sulphur donor the first lone pair shows both less
overlap and a larger energy gap than the second
counterpart. Summing the energetic estimates gives a
slightly ~ stronger interaction for ng— oon*,
22.84kcalmol ! than for np — oon™, 21.74kcal mol .
These values, however, do not account for steric
interactions and are not a complete account of the total
strength of interaction [37].

3.4 Comparative enzyme binding

Finally we evaluate the extent to which BAG binds thio-
cellotriose in preference to cellotriose. The BAG inhibitor
in the crystal structure PDB 4A3H had a 2,4-dinitrophenyl
aglycon unit. We replaced this unit with a glucopyranose
ring and docked the trisaccharide into the enzyme reactive
site. To prevent an overlap of the additional glucopyranose
atoms with amino acid residues; Glu 136, Trp 175, Tyr
199, and Ala 231 the conformation of the newly formed
glycosidic bond had to be altered resulting in dihedrals
¢ = 60.0° and ¢y = — 15.0°. These alterations were made
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in the initial setup phase using the dihedral constraint
command in CHARMM. The constraints were then
removed and subsequent minimisation, heating, equili-
bration and production phases were conducted.

A key characteristic of an enzyme inhibitor is the extent
to which it can preferentially bind to the protein compared
with the oxocarbenium ion TS of the oligocellobiose. We
have estimated the total interaction energy for the
nanosecond long MD trajectories of thio-cellotriose and
cellotriose bound to the enzyme. A list of the strongest
interactions (> 2 kcal mol ') between amino acids and the
oxygen and sulphur linked substrates is given in Table 4.
Average values sampled at intervals of 10 ps as well as the
standard deviation are given. Furthermore we performed a

Table 4. Average total interaction energy and maximum
interaction energy between selected residues of B. agaradhaerens
Cel5A and the (top) cellotriose and (bottom) thiocellotriose
substrates, calculated from MD simulations.

ETotal EMax
Amino Acid  (kcalmol™!)  Std. Deviation (¢)  (kcal mol %)

Oxygen

His 35 —3.18 2.83 —10.11
Tyr 66 —10.04 1.70 —15.02
Ser 69 —2.81 2.38 —7.99
His 101 —13.72 3.34 —18.67
Glu 139 —2.67 2.31 -10.72
Trp 178 —4.73 2.07 —10.52
Gln 180 —0.12 0.37 —1.32
His 200 —0.03 0.04 -0.17
Phe 201 —0.49 0.31 —1.36
Tyr 202 —5.41 1.56 —12.32
Thr 205 —5.46 4.05 —10.80
Glu 228 —5.40 3.49 —29.07
Ser 232 —4.99 3.23 —11.16
Ala 233 —4.62 241 —11.62
Ala 234 —6.56 2.16 —17.40
Trp 262 —6.45 1.61 —10.43
Lys 267 —3.22 8.92 —34.10
Glu 269 =272 2.13 —9.79
Sulphur

His 35 —11.09 2.82 —16.99
Tyr 66 —10.09 1.76 —14.82
Ser 69 —0.52 0.56 —2.26
His 101 —4.28 1.42 —8.70
Glu 139 —=7.74 1.58 —16.36
Trpl78 —5.91 2.16 —10.14
Gln 180 —2.60 3.00 —10.74
His 200 —3.28 2.02 —8.90
Phe 201 —-4.19 1.68 —10.42
Tyr 202 —5.40 1.74 —12.83
Thr 205 —0.50 0.58 —4.02
Glu 228 —29.40 7.14 —50.08
Ser 232 0.07 0.38 —1.32
Ala 233 0.06 0.88 —3.91
Ala 234 —3.11 1.52 —9.59
Trp 262 —7.65 1.03 —10.39
Lys 267 —10.05 11.52 —38.92
Glu 269 —7.44 2.57 —13.23

PBE binding energy calculation on both systems at
maximum interaction points along each trajectory and
found the sulphur linked substrate to bind BAG
6.94 kcal mol ~ ' more strongly than the cellotriose.

In a preliminary investigation we identified hydrogen
bonds using a geometric definition for the D---H—A
hydrogen bond complex. The cutoff criteria for the D—A
distance was 3.5 A and a D—H—A angle of 120°. In this
limited evaluation we find a larger number of amino acids
that form hydrogen bonds to the oxygen-linked saccharide.
We show a schematic of the major interactions in Figure 5
for both cellotriose and thio-cellotriose. Classical MD
simulations are unable to simulate bond-breaking mech-
anisms for example where the nucleophile Glu 228 forms a
bond with C1. Instead, we observe that Glu 228 strongly
interacts with the hydroxyl on C2 leading to hydrogen
bond formation (Figure 5). In the case of thiocellotriose an
additional interaction with the hydroxyl on C2 of the
reducing sugar occurs intermittently (not shown in
Figure 5) contributing significantly to the higher average
interaction with the thio-derivative (see Table 4).
Furthermore the acid Glu 139 does not interact strongly
with the glycosidic oxygen during the Ins classical force
field simulation; instead it regularly forms a hydrogen
bond with the hydroxyl on C2.

There is only one atom difference between cellotriose
and thio-cellotriose yet they exhibit significant differences
in their binding to the BAG glycosidase. In analysing the
detailed interactions between the surrounding amino acids
and each of the two trisaccharides, a snapshot of which is
shown in Figure 5, it is immediately apparent that the
differences do not stem from the non-bonded interactions
to only the glycosidic oxygen and sulphur. Indeed while
there are common amino acids binding to the two
trisaccharides there are many different ones that bind in
the two cases. The difference in binding interaction of
largely similar molecules could most likely only originate
from a difference in binding conformation. To this end
we analysed the conformational space of cellobiose
(Figure 6(a)) and thio-celliobiose (Figure 6(b)). We used
a simulated annealing approach to produce these
adiabatically relaxed conformational energy maps [31].
The sulphur linked disaccharide has an energetically
much lower topography than does cellobiose indicating
that this linkage may lead to greater molecular flexibility.
The conformational energy barrier separating the central
global minima region at around (50, — 20) and the
minima region at around (180,0) is 4kcalmol ™' greater
for cellobiose than for thio-cellobiose. Interestingly the
MD starting conformation (¢ = 60.0 and ¢y = — 15.0) of
the glycosidic linkage between subsites + 1 and — 1, upon
which the enzyme acts, is at the disaccharide global
minimum, for both sugars. In addition we mark (X) on the
maps the glycosidic linkage conformation (¢ = —33,
iy = —47) between the 4+ 1 and — 1 subsites of a thio-DP5
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Figure 5. A schematic representation of probable hydrogen bonding of (a) cellotriose and (b) thiocellotriose with B. agaradhaerens at

the maximum total interaction during the MD trajectory.

inhibitor [methyl-S- — -D-glucopyranosyl-(1 — 4)-S-4-
thio-B-D-glucopyranosyl-(1 — 4)-S-4-thio-3-D-glucopyr-
anosyl-(1 — 4)-S-4-thio-3-D-glucopyranosyl-(1 — 4)-4-
thio-R-D-glucopyranoside)] from the crystal structure of
Fusarium oxysporum [38]. In this case the inhibitor
conformation of subsites +1 and — 1 approximates the
TS conformation of cellulose.

We have contoured the ¢, i probability surfaces P(¢,
) from the Ins simulations of the cellotriose (Figure 6(c))
and thio-cellotriose (Figure 6(d)) in the BAG active site in
gradients differing by 10% in sampling probability levels
from the most populous conformations. The inner contours
represent the highest conformational probability for the
linkages in ¢, ¢ space but this is at the expense of a greater
distribution of conformations. The sulphur linkage in thio-
cellotriose samples much larger regions of conformational
space than does the corresponding oxygen linkage in
cellotriose. This is due to the greater barrier heights
separating the minima in cellotriose (14.01 kcal mol ")
compared with thio-cellotriose (9.37 kcal mol ~ ') shown in
Figure 6(a) and (b), respectively. The statistics reveal that
the sulphur linkage adjusts to the enzyme environment
very soon into the simulation while the oxygen linkage
took 250 ps before adjusting into the enzyme pocket from
its starting coordinates. The most probable glycosidic
conformations for subsites +1 and — 1 for the cellotriose
(p=—39, = —25) and thio-cellotriose (P = —72,
¥y = —16) saccharides are remarkably similar to that
found for the thio-DP5 inhibitor (¢ = —33, = —47).
These conformations are in the region of the barrier
separating their respective global minimas and their
minimas in the region at around (180,0). The enzyme

environment therefore appears to drive the glycosidic
linkage conformation between the +1 and — 1 subsite
toward the high energy ¢, s region possibly inducing the
ring flip away from “C, to the half chair leading to the
quasi axial C1 glycosidic bond at the — 1 subsite.

While we do not present here exhaustive binding
energy studies our present conformational investigations
along with the ab initio adiabatic maps for the two linkage
types indicate that the greater conformational flexibility of
the sulphur glycosidic linkage may be a significant factor
in its effectiveness as a glycosidase inhibitor.

4. Conclusions

Thiosaccharides have been shown experimentally to be
effective inhibitors of retaining 3-glycosidases. Here we
used a suite of computational methods to understand why
this is the case. Our investigations show that the sulphur
glycosidic linkage produces oligosaccharides that are
conformationally and electronically very similar to the
natural saccharides that undergo hydrolysis of their
glycosidic linkage. However, the sulphur linkage is less
reactive because it is much less susceptible to acid attack
as is evidenced by the weaker electronic interaction
between Glu 139 and the sulphur compared with oxygen.
Furthermore the Sulphur carbon bonds in the glycosidic
linkage are stronger due to greater p-orbital character in
the bond compared with the oxygen of cellotriose. Finally,
the thiocellotriose binds the enzyme more stongly than
does the cellotriose apparently because of its greater
conformational flexibility.
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Figure 6. Relaxed adiabatic energy maps for (a) cellobiose and (b) thiocellobiose calculated on a 20° X 20° grid using the extended
CSEFF force field. Contoured at 1 kcal mol ' intervals for energies. The conformation of the + 1 and — 1 subsites of the thio-DP3 inhibitor
[36] of the Fusarium oxysporum crystal structure is marked x on the maps. A graphic representation of the (¢, ) statistics for the
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