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Abstract. The structure of crystalline a-cyclodextrin
(x-CD) hexahydrate, form I (C36HgqO30 - 6H,0,
space group P2,2,2,) is experimentally so well deter-
mined by X-ray and by neutron diffraction analyses
that the positions of all the hydrogen atoms are avail-
able. This provides an opportunity for testing an em-
pirical force field that is currently used in simulations
of protein and nucleic acid structures by performing
molecular dynamics studies employing the GROMOS
program package on a system of 4 unit cells containing
16 «-CD molecules and 96 water molecules.

A detailed comparison of the simulated and experi-
mentally determined crystal structures shows that the
experimental positions of the o-CD atoms are repro-
duced within 0.025 nm, well within the overall experi-
mental accuracy of 0.036 nm; that the water molecules
are on average within 0,072 nm from their experimen-
tal sites, with two thirds reproduced within experimen-
tal accuracy by the calculations; that high correlation
is produced between the occurrence of simulated and
experimentally observed hydrogen bonds.

The good agreement between simulated and exper-
imental results suggests that the tested force field is
reliable.

Key words: a-cyclodextrin hexahydrate, molecular dy-
namics simulation, empirical force field, hydrogen
bonds

Introduction

Cyclodextrins (CD) are a family of cyclically closed,
torus shaped oligosaccharides consisting of six (z),
seven (f), and eight (y) glucose units covalently linked
by a (1—4) bonds. Their most remarkable properties,
the inclusion of guest (substrate) molecules in the an-
nular cavities with 5 to 7 A diameter, have been stud-
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ied in great detail with spectroscopic and crystallo-
graphic methods (Cramer et al. 1967; Saenger 1980).
The guest molecules can vary from hydrophilic to
hydrophobic in character, the only condition for inclu-
sion being that they are small enough to fit spatially
into the cavity. Owing to their microheterogeneous
properties brought about by the hydrophobic cavity
and the hydrophilic rims lined with O—H groups, the
CD’s exert diverse catalytic activities which made
them good enzyme models (Cramer etal. 1967,
Saenger 1980).

The CD’s can be crystallized as inclusion com-
plexes or, from pure water, as hydrates. In these, ex-
tended hydrogen bonding networks are formed be-
cause there are a large number of O—H groups from
water molecules and from O2, O3, and O6 hydroxyls
(Hingerty et al. 1984). The «-CD - 6 H,O form I com-
plex has four water molecules outside and two inside
the CD ring and represents the “empty” «-CD occur-
ring in aqueous solution without a guest molecule
added. Its structure has been determined from X-ray
diffraction (Manor and Saenger 1974) and from neu-
tron diffraction data (Klar et al. 1980). Figure 1 shows
a schematic picture of a-CD as obtained from the
X-ray diffraction work with the two water molecules
included in its cavity.

In the ¢-CD ring, glucose unit 5 is rotated to dimin-
ish the cavity so that the enclosed water molecules are
held tightly. The interglucose, intramolecular
02 ... 03 hydrogen bonds are all formed except to
this glucose and this conformation also allows hydro-
gen bonding of two O6 hydroxyls to one of the en-
closed water molecules. If complex formation occurs,
the included water molecules are released, the distor-
tion vanishes, the «-CD adopts a “round” shape with
all O2...03 hydrogen bonds formed and the guest
molecule is enclosed (Saenger 1980). There is another
crystal structure of «-CD - 6H,0, called form II,
where only one water molecule and the O6 hydroxyl
of an adjacent «-CD are inside the cavity (Lindner
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Fig. 1. Schematic structure of a-cyclodextrin molecule as derived
from X-ray and neutron diffraction studies (Manor and Saenger
1974; Klar et al. 1980). Atom names in the first glucose unit and
the numbering of glucose units are shown. The two included
water molecules are shown with their hydrogen bonds to the O6
hydroxyl groups of glucose unit 1 and 5

and Saenger 1982), and the «-CD adopts a shape as
in form I crystals. A third crystal structure exists,
o-CD - 7.57H,0, called form III, with five waters out-
side and 2.57 water molecules included in the cavity.
They are distributed over 4 sites, each with about 0.64
occupancy, and the «-CD occurs in the “round” con-
formation commonly observed in complexes of a-CD
with guest molecules (Chacko and Saenger 1981).

Because of the interesting structural and catalytic
properties of the cyclodextrins we decided to study
o-CD using the computer simulation method of mo-
lecular dynamics (MD). When performing MD, the
equations of motion of the individual atoms of the
molecules are solved numerically. This yields atomic
trajectories from which various structural and dynam-
ic properties can be obtained. Some of these calculated
properties can subsequently be compared to the exper-
imentally obtained ones. This comparison may serve
as a test of the molecular model and force field that is
used in the simulation.

This paper describes the results of a 15 ps MD
simulation of a molecular system as found in the
crystal structure of «-CD - 6H,0 form I at 293 K. It
serves two purposes; (i) because of the good structure
data obtained from the high resolution X-ray and neu-
tron diffraction studies, this system will make an excel-
lent test case for the molecular model and force field
that is applied; (ii) the atomic trajectories of the MD
simulation may be used to analyse dynamic properties
that are inaccessible to experimental probes.

This study differs from similar MD simulation
studies of crystalline proteins (van Gunsteren et al.
1983; Kriiger et al. 1985; Berendsen et al. 1986) be-

cause reliable atomic coordinates of hydrogen atoms
of both solute and water molecules were obtained
from neutron diffraction studies. This yields the op-
portunity of testing the quality with which the solute—
water interactions are reproduced in the force field
that is used. Solute—water interactions have also been
studied in other crystalline systems like the dCpG/
proflavin complex (Mezei et al. 1983; Kim and Cle-
menti 1985) and vitamin B, (Vovelle et al. 1985) using
the Monte Carlo simulation method. However, in
these studies all solute atoms were kept fixed and only
the water molecules were allowed to move, whereas in
our aCD - 6 H,O simulation all 1,632 solute and water
atoms were free to move.

Model and computational procedure

The experimental data referred to in this paper for
a-CD - 6H,0, form I, haven been taken from the
neutron diffraction study (Klar etal. 1980). The
C36Hg003¢ - 6 H,0 complex crystallises at room tem-
perature in the orthorhombic space group P2,2,2,
with unit cell dimensions a = 1.4858nm, b=
3.4038 nm, ¢ = 0.9529 nm. There are four molecules
per unit cell (Z = 4). The structure was refined to an
R-value of 12.0% for 2,808 neutron data (8.8% for
1,963 “observed” data) and to 3.7% for 4,268 X-ray
data (Klar et al. 1980; Manor and Saenger 1974). The
hydroxyl O 61 position was found to be twofold disor-
dered, with the O61A site 92% occupied and the
O61B site 8%, all other atom sites are fully occupied.
The hydrogen-atom HO 61B attached to the low occu-
pancy site could not be located from the neutron data,
but the hydrogen atom attached to the high occupan-
cy site, HO61A, was clearly found. The O61A site
coordinates were used in the MD simulation. The two
water molecule sites within the o-CD torus (see Fig. 1)
are denoted by OWA and OWB, the others by OW1 to
Ow4,

The molecular dynamics {MD) simulation of
a-CD - 6 H,0, form I, at 293 K was carried out using
the GROMOS (Groningen Molecular Simulation)
computer program package. The molecular model
that is used treats all atoms explicitly, except for the
hydrogen atoms that are bound to carbon atoms.
These are incorporated into the latter forming “united
atoms” so that each «-CD molecule consists of 84
“atoms”. The seven different atom types occurring in
the a-CD - 6 H,O system are listed in Table 1. Because
the cut-off radius R, = 0.8 nm must be smaller than
half of the box length, the unit cell was translationally
doubled in the a and ¢ directions. Therefore, the com-
putational box that is simulated consists of 4 unit cells
each containing 4 «-CD molecules and 24 water mole-
cules, with dimensions 2a,b, 2¢ and with a total of



N, = 1,632 atoms. The potential energy function de-
scribing the interactions between the atoms consists of
five different terms (van Gunsteren and Berendsen
1985; Aqvist et al. 1985)

V{ry,ra,..o5ty,) (1)

Np No
= 121 1/2 Ky, (b; — bo,)* + 2:1 1/2 Ko, (6, — 05,

Np N,
+ l:ZI 12K (&= &) + l; K, (1 + cos (n,¢; — 6))

Nal
+ ; (Cra Gh)/rif — Co )18 +q1q;/(dmeye,1,5).
i<j
The Cartesian position vectors of the N, atoms in the
computational box are denoted by r;, 75, ..., ry,,. In
the first term the summation runs over all N, covalent
bonds ! in the system. The current bond length of bond
lis denoted by b, and the force constants K, and ideal
bond lengths b, are parameters of the energy function.
The values of the parameters of the GROMOS force
field are given in Table 2.

The summation in the second term runs over all Ny
bond angles . The current bond angle is denoted by 6,,
and the parameters Ky, and 0, are given in Table 2 for
the various types of bond angles. The torsion angles
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are divided into two classes: torsion angles &, also
called improper torsion angles, which keep certain
atoms near planar or tetrahedral configurations, obey-
ing a harmonic potential (third term), and torsion an-
gles ¢ that may perform complete (360°) rotations,
obeying a sinusoidal potential (fourth term). The defi-
nition of the improper torsion angles for the five tetra-
hedral carbon atoms in the glucose units are given in
Table 2. In total, N = 480 in the third term of Eq. (1).
The definition of the (proper) torsion angles, ¢ (fourth

Table 1. Force field parameters. Atom names in the glucose units
are defined in Fig. 1. Atoms in water molecules are denoted by
OW, HW1, HW2. The partial charges g, are given in electronic
units

Atom name Partial Atom Characterization
charge g, type

C1 0.400

C2,C3 0.150 CSt Sugar CH1-group

C4,C5 0.160

Cé6 0.150 CS2 Sugar CH2-group

04, 05 —0.360 OS Sugar oxygen

02,03, 06 —0.548 OA Hydroxyl oxygen

H2, H3, H6 0.398 HA Hydroxyl hydrogen

oW —0.820 ow Water oxygen

HW1i, HW?2 0.410 HwW Water hydrogen

Table 2. Force field parameters for bond lengths, angles, and (improper) torsion angles. Atom types are defined in Table 1, atom names
in Fig. 1. The parameters are defined in Eq.(1). The value of § is zero for all proper torsion angles. The units are in kcal and A

Bond K, b, Torsion angle K, i
[kcal mol ™t A2 [A] [kecal mol ™1

CS-CS 600 1.52 C4-04-C1-C2 09 3
CS-0S 600 1.435 04-C1-C2-C3 1.4 3
CS-0OA 600 1.43 04-C1-C2-C3 0.1 2
OA-HA 750 1.00 05-C1-C2-C3 0.1 2
OW-HW - 1.00 05-C1-C2-02 0.5 2

04-C1-C2-02 0.5 2

C1-C2-02-H2 0.3 3
Bond angle [iacal mol ™! rad 2] [Q(i)egrees] C1-C2-C3-Cd 1.4 3

C1-C2-C3-03 0.1 2

02-C2-C3-C4 0.1 2
CS-CS-CS 60 109.5 02-C2-C3-03 0.5 >
CS-CS8-08 C2-C3-03-H3 0.3 3
CS-CS-0A 68 109.5 C2-C3-C4-C5 1.4 3
0OS-CS-0S C2-C3-C4-04 0.1 3
CS-0S-CS 80 109.5 03-C3-C4-C5 01 3
CS-OA-HA 95 109.5 03-C3-C4-04 05 3
W OW HW > 1003 C2-C1-05-C5 0.9 3

C1-05-C5-C4 0.9 3

C4-C5-C6-06 14 3
Improper torsion K, & C4-C5-C6-06 041 2
angle [kcal mol ™! rad ~?] [degrees] 05-C5-C6-06 0.5 2

C5-C6-06-H6 0.3 3
C1-05-04-C2 C6-C5-C4-C3 1.4 3
C5-05-C6-C4 05-C5-C4-C3 0.1 2
C2-02-C3-C1 80 35.264 C6—-C5-C4-04 0.1 2
C3-03-C2-C4 05-C5-C4-04 0.5 2
C4-C3-04-C5 C3-C4-04-C1 0.9 3
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Table 3. Force field parameters; van der Waals interactions. Atom types are defined in Table 1. The parameters are defined in Eq.(1).
For each entry the upper value is to be taken for general non-bonded atom pairs, the lower value for third neighbour pairs

General pairs (i, j)
Third neighbours (i, §)

Atom type OA/OS Oow

HA/HW  CSt cs2

10° C12 (i, j) [kJ mol~ ! nm!?]

OA/OS 1506 1992 0 7294 5119
1506 1992 0 1665 2297
oW 2633 0 7294 5119
2633 0 1665 2297
HA/HW 0 0 0
0 0 0
Cs1 71750 12030
3736 5156
Cs2 35330
7115

0OA/OS ow HA/HW  CSi CS2
108 C6 (i, /) [kJ mol ™! nm°®]
2262 2433 0 5316 4536
2262 2433 0 2 566 3269
2617 0 5719 4879
2617 0 2760 3516
0 0 0
0 0 0
12 500 10 660
2912 3709
9098
4724

term) is also given in Table 2. We note that a few tor-
sion angles occur twice with different multiplicities n,
which makes it possible to model the rotational poten-
tial well more accurately, with N, = 2 592. When cal-
culating the nonbonded interactions in the fifth term
of Eq. (1), atoms which are separated by one or two
covalent bonds (1t and 2°¢ next neighbours), are ex-
cluded. However, for third neighbours this term will
contribute to the overall rotational energy profile.
Therefore, the van der Waals parameters for third
neighbour atom pairs are different from those for a
general atom pair (Table 3). The atomic partial
charges are given in Table 1 for a dielectric constant
¢, = 1. When evaluating the summation in this last
therm, a cut-off radius R = 0.8 nm is applied, beyond
which no interactions are included. This value is cho-
sen slightly smaller than half the value of the smallest
edge of the computational box.

Since R® < 0.9529 nm, an atom cannot interact si-
multaneously with another atom and its periodic im-
age. Even with this value of R¢, the summation over the
nonbonded interactions runs over typically 10> atom
pairs. To reduce computing costs, the list of non-
bonded atom pairs is kept constant over 10 MD time
steps of At = 2 fs. The cut-off radius R is applied to
centres of geometry of neutral atom groups and to the
oxygen atoms of the water molecules, in order to avoid
the breaking of the charge neutrality of a group or of
a water molecule in case an atom—atom cut-off is ap-
plied. For the cyclodextrins these neutral atom groups
are: (C4,04,C1,05,C5),(C2,02,H2),(C3,03,H3)
and (C6, 06, H6).

As in previous simultaneous (van Gunsteren et al.
1983; Kriiger et al. 1985; Berendsen et al. 1986; /gqvist
et al. 1985) all bond lengths are kept rigid during the

simulation by using the SHAKE method (Ryckaert
et al. 1977; van Gunsteren and Berendsen 1977). This
does not affect the properties of the system while sav-
ing a factor 3 in computing time (van Gunsteren and
Karplus 1982; Berendsen and van Gunsteren 1984).
The water molecules are modelled by a simple rigid
three point charge (SPC) model (see Tables 1, 2, and 3),
which adequately describes the properties of bulk wa-
ter at room temperature (Berendsen et al. 1981).

Before starting the MD simulation the initial con-
figuration was energy minimized in order to release
possible strain. Initial velocities for the atoms were
taken from a Maxwellian distribution at 293 K, inde-
pendently for each of the molecules. The system was
weakly coupled to a thermal bath of T, = 293 K, when
integrating the equations of motion with time steps
At = 2 fs. This was done by applying the algorithm
with temperature relaxation time ¢ = 0.1 ps. This val-
ue makes the temperature coupling weak enough to
avoid any significant effect on the atomic properties of
the system (Berendsen et al. 1984). Periodic boundary
conditions corresponding to the crystal translational
symmetry (2a, b, 2 ¢) were applied.

The MD run covered a time span of 15 ps. After a
few ps the total potential energy remained at a con-
stant level and the root mean square positional differ-
ence between the actual structure and the initial struc-
ture also reached a constant value. Therefore, the
equilibration period was chosen to be 5 ps. After the
final 10 ps, coordinates were stored every 0.01 ps to be
used for analysis. The molecules in the 16 asymmetric
units moved independently. To sum up, statistical av-
eraging was performed over the time period 5—15 ps
and over the 16 asymmetric units. This average is
denoted as {M 1-16; 5—-15ps).
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Table 4. Root mean square positional differences and simulated fluctuations between various a-cyclodextrin structures. The experi-

mental structure is denoted by X

exp*

Averages over simulated structures are denoted by the symbol <...>. where M refers to one or

more of the 16 molecules in the computational box and the averaged time span is given in picoseconds. The mean is over the 6 glucose
units in a-cyclodextrin. The values are given in nm. Experimental rms fluctuations have been calculated using the formula
(3-B,../(8 1%)"/2, where the isotropic B-factor is denoted by B,, . The ratios between the shortest and longest axes of the thermal motion

ellipsoids are given

X oo/ AM1-16;5-15ps) X ol X/ (M1;5-15ps)
{(M1-16;5-10ps) (MI1;5-15ps) {MS5;5-15ps)
rms Isotropic rms Anisotropic ratio Differ-  Fluctua-  Differ-  Fluctua-  Difference
difference fluctuation between shortest ence tion ence tion
and longest axes
of thermal ellipsoids
exp/MD  exp MD exp MD exp/MD MD exp/MD MD exp/MD
C1 0.020 0.031 0.036 0.73 0.64 0.021 0.036 0.027 0.038 0.024
C2 0.019 0.032 0.036 0.73 0.66 0.020 0.037 0.030 0.038 0.031
C3 0.011 0.030 0.035 0.81 0.72 0.013 0.035 0.013 0.036 0.024
C4 0.013 0.030 0.034 0.76 0.68 0.014 0.034 0.013 0.036 0.021
04 0.016 0.031 0.036 0.73 0.67 0.017 0.036 0.015 0.038 0.020
Cs 0.020 0.031 0.037 0.81 0.66 0.021 0.037 0.022 0.039 0.021
(05] 0.021 0.032 0.039 0.76 0.61 0.022 0.039 0.027 0.041 0.024
02 0.023 0.036 0.045 0.65 0.59 0.026 0.045 0.042 0.044 0.046
H2 0.054 0.044 0.081 - - 0.060 0.081 0.100 0.066 0.101
03 0.012 0.034 0.044 0.72 0.62 0.014 0.044 0.018 0.043 0.027
H3 0.029 0.043 0.065 - - 0.033 0.068 0.042 0.056 0.040
C6 0.023 0.036 0.046 0.76 0.54 0.024 0.045 0.029 0.046 0.030
06 0.020 0.038 0.053 0.69 0.54 0.020 0.050 0.026 0.053 0.033
Hé6 0.037 0.044 0.071 - - 0.036 0.064 0.053 0.066 0.053
All atoms
excl. H 0.018 0.033 0.040 0.74 0.63 0.020 0.040 0.025 0.041 0.028
All atoms  0.025 0.036 0.049 - - 0.027 0.049 0.039 0.047 0.041

Results and discussion
a-CD structure and dynamics

The structure of o-CD - 6 H,O as derived from the
MD simulation was obtained by averaging over the 16
molecules during the time period from 5 to 15 ps. This
averaging yields the atomic root mean square posi-
tional fluctuations:

1/2

z P = APHHINY L ()

(x.y,2)

I.Inspos. fluc. =

where the summation i runs over a specified set of N
atoms and over the three Cartesian components. Av-
eraging over corresponding atoms in different asym-
metric units and over time is denoted by {...>.

The average structure is compared with the experi-
mental one in terms of the root mean square difference
of the atomic positions

N 1/2
IMSyos gifr, == < ; (xp*P — <x1iVID>)2/N) . 3)
(x,¥,2)

Both quantities are shown in Table 4. If not quoted
otherwise, averaging means taking the root mean
square average.

The coordinates of non-hydrogen atoms of the
sugar differ from experiment by about 0.018 nm (low-
est 0.011, highest 0.023 nm), whereas for the three
hydroxyl hydrogen atoms the average is around
0.040 nm (0.029 to 0.054 nm). The overall averaged
rms deviation for all atoms is 0.025 nm (column 1 in
Table 4). Comparison of an arbitrarily chosen mole-
cule, e.g. M1, with the experimental data leads to
larger rms values with an overall average deviation of
0.039 nm for all atoms. The development of the geom-
etry of different molecules during the MD simulation
can be different, as is shown in the last column in
Table 4, where M1 and M5 are compared to each
other. The difference is of the same order of magnitude
as the deviation of each of them from the experimental
structure. Averaging over the 16 molecules in the com-
putational box does improve the agreement with ex-
periment significantly. Averaging over 5 ps instead of
10 ps does not significantly change the resulting devia-
tions and fluctuations.

When comparing the structures of two molecules it
is common practice to fit them as well as possible to
each other. One may perform a translational fit by
superimposing the centres of mass of both molecules
and subsequently perform a least squares rotational fit
around the shared centre of mass. When performing a
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Fig.2a and b. Rms positional fluctuations and differences (in nm) of main chain atoms (a) and side-chain atoms (b) in the
6 glucose unis. Solid line: fluctuation as derived from experimental isotropic B-factors; dashed line : fluctuation obtained from the MD
stimulation {M 1-16; 5—15 ps); dotted line: difference between MD averaged structure and experimental structure

translational fit the agreement with the experimental
structure improves marginally from 0.025nm to
0.024 nm. When performing a rotational fit to the C3
carbon atom positions the agreement is 0.023 nm.
Throughout this paper no fit procedures will be ap-
plied.

Crystallographic refinement techniques yield
atomic B-factors which give an indication of atomic
thermal vibrations in the crystal lattice. The isotropic
B-factor is related to the atomic rms positional fluc-
tuation as defined in Eq. (2) by
rInspas.fluc. = (3 Biso/(8 nZ))l/Z .

)

The experimental and MD values for rms positional
fluctuations are also listed in Table 4. The MD values
are about 0.01 nm larger than the experimental ones,
but the relative size for the various atoms is nicely
reproduced in the simulation. The MD values are sig-
nificantly larger than the crystallographic ones for
atoms at the end of a covalent chain, like HO2, HO3,
and HO6. This may partly be due to the finding that
crystallographic refinement procedures tend to under-
estimate the B-factors of mobile side chain atoms
(Kuriyan et al. 1986). The rms fluctuations of the indi-
vidual «-CD atoms are shown in Fig. 2. The experi-
mental fluctuations of the main chain atoms (solid



lines) are well reproduced by the simulation (dashed
lines). For the eight side chain atoms HO21, HO 24,
HO25, HO26, HO36, 061, HO61 and HO®63 the
mobilities are much larger than reflected in the crystal-
lographic temperature factors.

Figure 2 also shows that the deviation of the MD
structure from the experimental one (dotted lines) is
smaller than the experimental fluctuation as derived
from Eq. (4) (solid lines). This means that the MD sim-
ulation reproduces the atomic positions in the crystal
lattice within their experimentally determined accu-
racy.

From crystallographic data, anisotropic B-factors
are available for non-hydrogen atoms (Klar et al.
1980; Manor and Saenger 1974). In Table 4 the ratio
between the shortest and longest axes of the thermal
motion ellipsoids (averaged over the glucose units) are
given. For the individual atoms the experimental val-
ues range from 0.54 to 0.90 and the MD-values from
0.40 to 0.84. The simulation shows more anisotropy in
the atomic motions and also a larger variation in an-
isotropy when comparing atoms in different glucose
units. As with the isotropic B-factors, the anisotropic
refinement procedures tend to underestimate the an-
isotropy of mobile atoms. This may be checked by
applying the crystallographic anisotropic refinement
procedure to the diffraction intensities as they can be
directly calculated from the simulated trajectories of
the system.

Another way to assess the experimental and the
simulated structure is to compare the various bond
angles and torsion angles (Table 5). All bond angles of
the «-CD glucose ring and O-H groups have been
well reproduced within a difference ranging from 0.9°
to 5.6° with the exception of the angle C2-0O 2-HO?2
(exp. 108.5°, MD 114.3°). The MD bond angle fluc-
tuations range from 3.2° to 4.7°. The glucose ring tor-
sion angles show a slightly larger flexibility; their
MD fluctuations range from 5.6° to 6.7°. As to the
differences between experiment and MD simulation,
torsion angles around C4 (C2-C3-C4-C5 and
C3-C4-C5-05) are ~4.6° smaller in the MD simu-
lation than in experiment, indicative of a general flat-
tening at the glucosidic link atom.

The difference between MD and experimental
glucosidic bond torsion angles are within 5° to 6°
(Table 5). The largest deviation of 12.4° is observed for
the angle C36-C46-046-C15 (exp. 170.9°, MD
158.5°). The large experimental value for this angle
reflects the twisted orientation of glucose unit 5 when
compared to the other units, where C3—-C4-04-C1’
angles are 116.8° to 134.7°. We note that the relative
variation of the values for the different glucose units is
also observed in the simulation. The glucosidic bond
torsion angles show slightly larger fluctuations (8°)
than the ring torsion angles (6°).
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Table 5. Bond- and torsion angles, their differences and fluctu-
ations in a-cyclodextrin. The values averaged over the 6 glucose
units for the experimental structure and for the MD structure
({M1-15;5-15ps>) are given (in degrees) in the first two co-
lumns. The third column gives the rms difference between the
experimental and MD values. The last column contains the rms
dynamical fluctuation of the angles as observed in the simulation

a) a-cyclodextrin bond-angles

Bond angle Differ- Fluctua-
_— ence tion
exp MD exp/MD MD
C2-C1-04 108.2 113.6 5.6 39
C1-05-C5 1143 114.2 0.9 34
C5-C6-06 111.2 114.4 39 4.7
C2-02-H2 108.5 1143 13.1 4.3
C3-03-H3 109.2 109.1 29 4.3
C6-06-H6 107.9 109.4 42 4.4
All 4.1 4.0
b) a-cyclodextrin glucose ring torsion angles
Torsion angle Differ- Fluctua-
ence tion
exp MD exp/MD MD
C1-C2-C3-C4 --524 —521 1.9 6.6
05-C1-C2-C3  +57.1 +56.7 1.5 5.6
All 29 6.2
¢) a-cyclodextrin glucosidic bond torsion angles
Torsion angle Fluctua-
tion
exp MD MD
C32-C42-042-C11 +134.7 +127.0 8.2
C33-C43-043-C12 +130.0 +123.2 7.8
C34-C44-044-C13 +126.6 +120.6 7.4
C35-C45-045-C14 +116.8 +113.8 8.4
C36-C46-046-C15 +170.9 +158.5 9.8
C31-C41-041-C16 +121.5 +1135 7.7
Al C3-C4-04-C1 +1334 +126.1 8.2

Glucose torsion angles (Table 6) involving O2, O3,
O6 but not hydrogen atoms are reproduced within an
average deviation of 4°, where deviations including the
02 and O3 atoms range from 2° to 4° and deviations
for O6 atoms are 6° on average. The latter contain two
major exceptions. One is O6 of the twisted glucose
unit 5 with a difference of 12.9° between the MD and
the experimental value. Q65 makes a hydrogen bond
to an internal water molecule OWA, whereas the other
O6 atoms are connected to other water molecules or,
intermolecularly, to hydroxyl-groups. The other ex-
ception is O61 which forms a strong (78.7%) inter-
molecular hydrogen bond to O63 of molecule 11 and
a weak (2.2%) intramolecular bond to 065, which
causes the large fluctuation of 29 degrees.

This fluctuation reflects the experimentally ob-
served disorder of this group (the only one in the
crystal structure), which is 92% occupied in O61A
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Table 6. a-cyclodextrin glucose ring side-chain torsion angles (in degrees) in the 6 glucose units for the experimental structure and from
the MD simulation {M1-16; 5—15 ps>. The last column gives the rms dynamical fluctuations of the torsion angles as observed in the

simulation
Glucose 05-C1-C2-02 C1-C2-C3-03 C4-C5-C6-06
unit
Torsion angle Fluctua- Torsion angle Fluctua- Torsion angle Fluctua-
tion tion tion
exp MD MD exp MD MD exp MD MD
1 +1743 —179.5 7.8 —170.0 —167.6 7.2 —169.9 —163.5 29.1
2 +1759 —1771 6.3 —170.2 —1713 7.1 + 46.6 + 504 8.7
3 —179.6 —1751 6.5 —1751 —1777 8.0 + 59.6 + 547 10.7
4 —178.6 —171.0 8.2 —-1771 +178.1 7.2 + 48.6 + 478 9.5
5 —17713 —~175.5 9.1 —173.7 —1742 8.0 —171.5 —158.6 13.6
6 —179.3 —-179.2 7.5 —174.0 —-176.2 10.8 + 529 + 478 9.0
All +179.2 —1713 7.6 —~1734 —174.8 8.1 + 97.7 + 99.8 152
Glucose C1-C2-02-H2 C2-C3-03-H3 C5-C6~-06-H6
unit
Torsion angle Fluctua- Torsion angle Fluctua- Torsion angle Fluctua-
tion tion tion
exp MD MD exp MD MD exp MD MD
1 + 8438 +144.2 40.2 — 602 — 754 20.1 —110.5 —1138 3472
2 +100.1 +102.2 16.8 +160.9 +174.6 204 + 788 + 757 14.3
3 +138.6 +1412 15.8 +172.7 —176.6 252 + 742 + 599 341
4 — 504 — 765 3751 +168.7 +177.8 13.6 —145.7 ~1552 16.5
5 +153.8 +168.8 312 — 86.0 — 96.0 26.4 + 991 + 65.6 171.0
6 — 340 — 469 129.3 —106.7 — 70.8 47.5 —117.8 —116.7 332
All + 655 +1272 163.5 —138.4 —1311 27.7 +159.7 — 90.8 159.4

and 8% in O61B, positions which correspond to
O5-C5-C6~06 torsion angles in the ranges
+gauche (O61A) and —gauche (O61B). The average
fluctuation of the torsion angles with O6 is about 15°,
that is twice the value of 7° to 8° for angles with O 2
and O 3.

The sinusoidal potentials of the C2-02, C3-03,
C5--C6 side-chain torsion angles are defined with a
threefold symmetry (Eq. (1) and Table 2) so that the
rotational potential shows three barriers and three
minima. For the torsion angle C,—C5—Cg—0Oj of glu-
cose unit 1, 8 transitions from one to the other min-
imum were found during the period from 5 to 15 ps.
This result agrees with the experimental finding that
061 is twofold disordered and forms several hydrogen
bonds intermolecularly to O63, intramolecularly to
065, 056, and also to the external water W3 (see
above and Table 7). The torsion angles involving
atoms H,, H; and Hg show many 120° transitions:
166, 66 and 31 respectively for all 16 «-CD molecules.
This means an average of 1.7, 0.7 and 0.3 transitions
per torsion angle per 10 ps. The rotational freedom of
these torsion angles is also demonstrated by their large
fluctuations, which are 163.5°, 27.7° and 159.4° on
average.

Very large fluctuations for the Hg torsion angles in
glucose units 1 and 5 are related to the occurrence of
the twist of unit 5 which also allows for large fluctua-

tions of H, and H; torsion angles in unit 6. The large
fluctuation of the H, torsion angle in unit 4 suggests
that this hydroxyl group is involved in several hydro-
gen bonds; it is bound to O35, to O 54, and to a water
WB. An overall impression can be obtained from
Fig. 3.

Water molecules

Of the six water molecules in the asymmetric unit, the
experimentally observed positions of W,, W,, W,,
WB are reproduced by the MD simulation within their
experimental accuracy. Water molecules W, and WA,
which show the largest positional fluctuations in the
simulations, are shifted from their experimental posi-
tions by 0.11 to 0.12 nm, when averaged over the 16
asymmetric units.

Figure 4 displays the shifts of individual water
molecules. All W, W,, W, and WB waters in the 16
asymmetric units have positional differences less than
0.08 nm. The largest deviation for waters WA and W3
was about 0.2 nm, except for two asymmetric units
where water W3 drifted away from its experimental
position by 0.36 nm and 0.44 nm. These shifts in water
positions might be associated with the formation of
dynamically disordered O—(1/2H)...(1/2H)-O hy-
drogen bonds of the flip-flop type which are observed
in the MD simulation (2.2 and 5.1% for O61... WA,
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Table 7. Hydrogen bonds of a-cyclodextrin hexahydrate, form I, 293 K. The donor-acceptor (D-A) and the hydrogen-acceptor (H ... A)
distances (in nm) for the hydrogen bonds and their angles D-H-A (in degrees). From the MD simulation {M1-16; 5—15 ps) hydrogen
bonds with H ... A distances less than 0.25 nm and D-H-A angles larger than 135° were selected and their percentage of existence
during the time period of 5—15 ps is given. Comparable experimental data are presented in the last three columns. The MD data were
averaged over the 16 asymmetric units. It is denoted to which asymmetric unit an acceptor atom belongs, assuming that the donor
atom belongs to unit 1

Symmetry  Donor Acceptor MD Experimental (ND)
code
% D-A H...A DHA D-A H...A DHA
(nm) (nm) (deg) (nm) (nm) (deg.)
a) Glucose — glucose, > 2%
9 031 H31 065 96.4 0.267 0171 162.3 0.261 0.167 158
7 062 H62 031 951 0.272 0.178 158.2 0.278 0.189 171
1 032 H32 021 91.5 0.285 0.189 160.4 0.295 0.209 175
1 033  H33 022 88.9 0.295 0.199 161.8 0.302 0.193 171
1 034 H34 023 88.6 0.284 0.192 153.1 0.282 0.186 161

14 035 H35 064 80.3 0.266 0.170 161.3 0.272 0.177 169

1 061 H61 063 78.7 0.279 0.184 159.8 0.281 0.177 177

14 036 H36 034 72.3 0.275 0.181 158.8 0.279 0.189 163
9 064 H64 022 69.7 0.280 0.189 1519 0.285 0.195 160
6 025 H25 033 59.3 0.286 0.192 158.8 0.290 0.195 169
5 063 H63 066 429 0.272 0.177 159.6
i 026 H26 031 389 0.297 0.204 156.5 0.302 0.214 150

14 024 H24 054 355 0.302 0.209 156.4

14 025 H25 064 31.3 0.291 0.197 158.8
9 064 H64 032 274 0.296 0.207 1471
9 021 H21 061 13.9 0.306 0.214 1555
5 036 H36 033 123 0.286 0.190 160.8

14 026 H26 034 10.8 0.299 0.210 150.2
9 021 H2 065 9.6 0.294 0.204 1521
5 066 H66 063 5.0 0.297 0.210 147.8
1 035 H35 024 5.0 0.316 0.223 156.5
1 024 H24 035 35 0.316 0.225 1511 0.337 0.285 118

14 033 H33 025 33 0313 0.221 153.2

15 063 H63 061 31 0.284 0.189 160.7
1 061 Hé6! 065 22 0.304 0.210 157.6
1 03t H31 026 2.0 0.298 0.204 160.6

b) Glucose — water, > 2%

10 023 H23 ow2 98.1 0.273 0.176 163.1 0.272 0.185 179
9 022 H22 OwW4 98.1 0.269 0.173 162.4 0.269 0177 169
5 066 Hé66 ow1 93.0 0271 0.174 164.1 0.290 0.197 169
1 065 H65 OWA 91.3 0.271 0.174 163.8 0.277 0.192 176
3 021 H2 ows3 65.3 0.274 0.178 161.3 0.281 0.176 166
1 063 H63 Oow4 48.1 0.279 0.185 159.2 0.289 0.187 166
6 024 H24 OWB 18.9 0.295 0.200 160.6
1 065 H65 OWB 5.8 0.271 0.174 163.5

13 026 H26 owt 5.7 0.270 0.173 164.5

11 061 H6! ow3 5.6 0.304 0.217 1459
3 032 H32 Oow3 4.8 0.296 0.204 155.8
6 035 H35 OWB 2.5 0.296 0.207 149.3
1 061 H61 OWA 22 0.208 0.301 155.7

¢) Water — glucose, > 2%

6 OwW2 HWI1 025 98.8 0.276 0.179 163.0 0.272 0.175 174
6 OoOwW2 HW2 036 95.2 0.276 0.181 158.8 0.277 0.175 169

13 OwW1l HWwW2 026 82.6 0.282 0.188 158.5 0.275 0.186 152

15 OwW4 HWI1 062 55.3 0.287 0.194 157.1 0.284 0.198 169
1 OW3 HWI1 063 50.9 0.289 0.195 157.6 0.283 0.193 171
5 OW3 HW2 056 413 0.301 0.208 156.5
1 OWA HW1 061 36.4 0.297 0.204 156.5 0.297 0.198 173

15 OwW4 HW2 062 316 0.287 0.194 1554

14 OWB HW2 035 27.0 0.291 0.198 154.6

14 OWB HW2 024 21.9 0.295 0.204 154.0 0.299 0.205 160
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Table 7 (continued)

Symmetry  Donor Acceptor MD Experimental (ND)
code
% D-A H...A DHA D-A H...A DHA
(nm) (nm) (deg) (nm) (nm) (deg)
¢) Water — glucose, > 2%
14 OWB HWI1 035 19.5 0.292 0.201 153.0 0.311 0.227 145
1 OW3 HW2 063 133 0.290 0.198 153.3
14 OWB HW1 024 13.1 0.299 0.207 154.5
15 OW3 HW2 061 114 0.304 0.213 152.8 0.333 0.285 107
1 OWA HWI1 041 9.3 0.311 0.220 1525
7 OW3 HWI1 021 8.7 0.295 0.203 153.9
15 OW3 HWI1 061 8.3 0.307 0.216 152.6
5 OwW3 HWI 056 7.3 0.304 0.213 152.2
1 OWB HWI1 044 73 0.306 0.214 154.6
13 oW1 HWI1 026 5.7 0.284 0.190 157.7
1 OWA HW2 061 5.1 0.301 0.209 154.2
5 Owi HW2 066 49 0.286 0.193 155.7
1 OWB HW2 043 4.3 0.311 0.221 152.4
1 OWB HW2 044 4.3 0.311 0.220 1529
1 OWB HWI1 043 42 0.311 0.220 1524
15 OwW4 HW2 051 34 0.297 0.207 150.5
1 OWB HW1 042 33 0.307 0.216 151.7
5 Ow4 HWI1 066 2.8 0.312 0.224 147.7
15 OW4 HWI 051 2.8 0.303 0.214 1489
5 OW3 HW2 066 27 0314 0.227 1459 0.334 0.272 117
14 OWA HWI1 024 2.5 0.305 0.216 148.4
1 OwW4 HW2 063 25 0.304 0.212 154.1
1 OWB HWI1 061 23 0.294 0.201 156.0
14 OWA HW2 024 2.3 0.312 0.223 150.4
14 OWA HW2 035 2.0 0.289 0.196 156.0
d) Water — water, >1%
1 OW1 HWI Oow2 90.6 0.288 0.191 163.2 0.286 0.184 176
1 OWA HW2 OWB 70.1 0.284 0.188 161.2 0.292 0.204 167
1 Ow4 HW2 oW1 50.1 0.291 0.196 161.3 0.287 0.187 171
1 Ow4 HW1 OwW1 273 0.294 0.199 161.1
1 OWA HWI1 OWB 10.5 0.292 0.199 156.4
1 OWB HW2 OWA 7.4 0.292 0.202 150.7
1 OW1 HW2 OwW2 59 0.290 0.194 162.1
11 OWA HW1 OWwW3 44 0.293 0.201 153.5
11 OWB HWI1 Oow3 3.5 0.290 0.198 153.8
15 OW3 HWI1 OWA 32 0.304 0.214 150.3
1 OWB HWI OWA 2.7 0.295 0.206 148.4
15 OW3 HWw2 OWA 1.5 0.300 0.208 154.2

2 Not given in (Klar et al. 1980) due to poor geometry

see Table 7b,c and 70.1, 10.5, 7.4 and 2.7% for
WA ... WB, see Table 7d).

Averaged over all water molecules, the difference
between experimental and MD water positions of
0.072 nm is larger than that for the «-CD atoms, which
is 0.025 nm. A corresponding observation can be made
for the overall atomic fluctuations; the water mole-
cules display a value of 0.070 nm (exp. 0.047 nm) and
the a-CD atoms a value of 0.049 nm (exp. 0.036 nm).
Because of the higher mobility of water molecules
which is associated with their weak binding by hydro-
gen bonds, it is not surprising that their average posi-
tions are less well reproduced in the simulation.

One may compare the results obtained here with
those of previous MD studies (Mezei et al. 1983;
Vovelle et al. 1985). Mezei et al. (1983) distinguish
three types of agreement: if in all asymmetric units the
deviation between experiment and simulation is
smaller than 0.06 nm, there is full agreement; if this is
only true in at least one asymmetric unit, it is called
partial agreement; if nonc of these cases is true, it
is called no agreement. In the deoxycytidylyl-3',5'-
guanosine/proflavin crystal, the following is found: full
agreement 5 positions; partial agreement 11 positions;
no agreement 11 positions. When applying the same
criterion to our «-CD simulation, we find full agree-
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ment for 3 sites (W, W,, W,) and partial agreement
for the other three sites.

In the MD study on the vitamin B, crystal struc-
ture the rms deviation between simulated and experi-
mental water positions ranged from 0.075nm to
0.126 nm for various force fields (Vovelle et al. 1985).
The value of 0.072 nm found here for the «-CD hexa-
hydrate crystal is lower. One might expect better
agreement in the «-CD case, because the «-CD crystal
contains fewer water sites per asymmetric unit. How-
ever, in the «-CD MD simulation all the atoms, in-
cluding those of the cyclodextrin, were allowed to
move, whereas in the deoxycytidylyl-3',5'-guanosine/
proflavin and vitamin B, , studies only the water mole-
cules could move. They were more or less positionally
restrained by the rigidity of the solutes. Therefore,
compared to previous studies the reproduction of the
water sites in the crystal lattice of «-CD - 6H,0 is
quite satisfactory.

Hydrogen bonds

The neutron diffraction structure and the averaged
MD structure {(M1-16; 5-15ps) have a similar hy-

drogen bond network, see Table 7 and Figs. 5 and 6.

The hydrogen bond criterion that is applied to the
MD trajectory is: distance (H ... A) < 0.25 nm and an-
gle D-H...A)> 135"

The most important result is that hydrogen bonds,
which have a high occurrency in the MD trajectory,
have also been located experimentally. Bonds with
lower populations, which exist only for shorter peri-

w

2
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|
i
|
|

ods, are not described in the experimental paper. This
is because diffraction methods display the most stable
configuration of a crystal structure, and populations of
atoms below 20% are not seen. On the other hand
molecular dynamics shows a variety of structures
which the molecule can adopt during the simulation
period and gives a quantitative estimate for their per-
centage of occurrence®. Let us look more closely at
some details.

a) The five intramolecular hydrogen bonds between
02 and O3 hydroxyl groups of adjacent glucose units
within the same a-CD molecule are reproduced as well
as the fact that there is no O25... 036 interaction.
The O24-H24 ... 035 bond has an unusual experi-
mental geometry and does not satisfy the hydrogen
bond criterion applied here. In agreement, the MD
simulation yields a much lower occurrence (percent-
age in Table 7a) than for the other four hydrogen
bonds of that type. Also its orientation can be reversed
in flip-flop mode to O35-H35 ... O24. This reversion
is also seen in MD for the pair of hydrogen bonds
026-H26...031 and O31-H31... 0262

b) All seven intermolecular glucose—glucose hydro-
gen bonds are reproduced with the highest percentage
in MD. There are 11 additional bonds in MD with
occurrency > 3%.

¢) The six glucose — water hydrogen bonds exist in
both experimental and MD data, see Table 7b. In MD
there are some more such interactions with lower per-

1 A more detailed analysis of this subject will be given in our
following paper about flip-flop hydrogen bonding
2 See Footnote !

Fig. 5. Hydrogen bonds of a-cyclodextrin - 6H,0,
form I, at 293 K, neutron diffraction structure.
Dashed and solid lines indicate hydrogen bonds,
their arrow points towards the acceptor atom, double
arrows display hydrogen bonds existing in both
directions



centages, for example O24-H?24 ... OWB with about
19%.

d) Concerning the water — glucose hydrogen bonds
given in Table 7¢, the highest occupied MD interac-
tions are also seen in the neutron diffraction analysis.
There are several hydrogen bonds in the 27% to 41%
population range which were not observed experimen-
tally, as are several of the hydrogen bonds between
WA, WB and the O4 atoms, which, however, are only
present in the <10% range. In general, the experimen-
tal water — glucose hydrogen bonds are simulated by
MD, but not all of them are of highest population. MD
predicts an OW3-HW2 ... O56 bond with 41% oc-
currency, which also might explain the MD shift of
water W3; the OW3-HW2 ... 066 bond with poor
experimental geometry has a low occurrency of 2.7%.
Neutron diffraction distinguishes between an O61A
site with 92% occupancy and an O 61 B site with only
8% (Klar et al. 1980). Our MD simulation was carried
out with the O61A coordinates. The experimental
OW3-HW2...061 bond leads to the B site, in MD
it prefers the A site with an occurrency of 11.4%, and
the O61B site is not reproduced.

e¢) The three strongest water — water hydrogen bonds
in the MD study represent the corresponding experi-
mentally detected interactions. Table 7d suggests that
besides the experimental WA—H ... WB interaction, in
the MD simulation the two included water molecules
WA and WB form all kinds of possible hydrogen
bonds with each other, although at low occurrency
< 10.5%, including interactions of the disordered flip-
flop type, O—(1/2H)...{(1/2H)-O.
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Conclusions

The neutron diffraction structure of «-CD - 6H,0,
form I and the averaged Molecular Dynamics struc-
ture (M 1-16; 5-15ps) for 16 a-CD + 96 H,O mole-
cules simulated for a period of 15 ps at T=293 K are
very similar. The «-CD atoms have on average only
been displaced by about 0.025 nm, four waters by
about 0.03 nm, and water W3 and water WA by
0.12 nm. Fluctuations calculated from experimental
B-values and from the MD simulation agree in most
cases.

The average of the root mean square positional
differences between experimental and MD structures
is less than or of the order of the experimentally ob-
tained rms fluctuations (0.03 nm ring-atoms, 0.04 nm
side-chains), and for the water molecules it is about
0.07 nm. The main characteristics are well reproduced
like the twisted glucose unit 5 with a glucosidic bond
torsion angle of about 158° (exp. 170°) instead of 120°
and the hydrogen bond from O65 to the included
water WA with occurrency of 91%. The five intra-
molecular hydrogen bonds between O2 and O3
hydroxyl groups of adjacent glucose units and the
large O25...036 distance observed experimentally
are also found in the MD simulation, i.e. the a-CD
molecule has the tendency to remain in the “col-
lapsed” form typical for the water inclusion complex
and does not prefer the “round, relaxed” structure ob-
served in inclusion complexes with guest molecules
other than water. This is in agreement with earlier
suggestions concerning the mechanism of inclusion
formation (Saenger 1980).
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o026 034 (M 1-16; 5-15ps>
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Atoms with multiple sites like O61A and O61B as
obtained from neutron diffraction refinement show
large MD-fluctuations, which means, that the crystal-
lographic disorder phenomenon is explained by a high
mobility of the corresponding atom in the MD simula-
tion.

In general, hydrogen bonds with occurrency above
50% in the MD study are also observed experimental-
ly. A striking example where all geometrically possible
hydrogen bonds between two water molecules are
present in the MD simulation, is found with the two
included waters WA and WB. They interact also with
glucose O4 oxygen atoms at a low percentage
(< 10%), which, if really occurring, could not be seen
experimentally.

Finally, we conclude that the experimental proper-
ties of the a-CD - 6 H,O crystal are well reproduced by
the force field that is used in the MD simulation pre-
sented here. It could well be that the experimental data
obtained with “hedgehog”, a 100-counter-diffrac-
tometer, are not good enough to really provide for a
reliable basis for this MD study because the reliability
factor for the refinement was only 11%. Therefore,
new neutron diffraction data have to be collected in
order to find out whether the hydrogen bonds simulat-
ed with lower occupancy really have a physical mean-
ing.
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