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Abstract. Molecular dynamics (MD) simulations for
crystalline f-cyclodextrin dodecahydrate (-CD) at
two different temperatures, 293 K and 120 K, have
been performed using the GROMOS program pack-
age. The calculated structural properties are compared
to those obtained from neutron diffraction studies of
this system at the quoted temperatures. The simula-
tion was carried out over a period of 20 ps on four unit
cells containing 8 -CD molecules and 96 water mole-
cules, whereby all atoms were allowed to move.

At room temperature, the experimental positions
of the (non-hydrogen) glucose atoms are reproduced
within 0.034 nm, a value which is smaller than the
experimental (0.041 nm) or simulated (0.049 nm) over-
all root mean square (rms) positional fluctuation. The
corresponding numbers for the low temperature study
are 0.046 nm, 0.019 nm and 0.022 nm. At both temper-
atures the experimentally observed degree of anisotro-
py of the atomic motions is also found in the simula-
tions.

The comparison of a variety of structural proper-
ties leads to the conclusion that the molecular model
and force field used are able to simulate the cyclodex-
trin system very well. Experimentally observed differ-
ences in properties as a function of number of glucose
units in the CD molecule (¢-CD, 6 versus -CD, 7) and
as a function of temperature are qualitatively repro-
duced by the simulations.

Key words: -cyclodextrin dodecahydrate, molecular
dynamics simulation, hydrogen bonds, empirical force
field, water molecule diffusion, positional disorder

Introduction
p-Cyclodextrin (-CD) is the seven membered species
in the class of cycloamyloses consisting of 6 to 8 glu-

cose units linked by « (1 —4) glucosidic bonds. The

* To whom offprint requests should be sent

central cavity of this torus shaped molecule has a di-
ameter of about 0.6 to 0.64 nm and is able to include
various organic and inorganic guest molecules. There-
fore cyclodextrins and their inclusion compounds
have found applications as molecular capsules in the
pharmaceutical, agricultural and food industries. In
research they have been used as models to study inter-
molecular interactions and enzymatic reaction mecha-
nisms (Saenger 1980; Van Etten et al. 1967; Tutt and
Schwartz 1970; Bender and Komiyama 1978; Szejtli
1982; Atwood et al. 1984) and they are promising ma-
terials in gelinclusion-chromatography (Szejtli et al.
1978).

Two high resolution neutron diffraction studies of
crystalline f-CD dodecahydrate have been performed,
one at 293 K (Betzel et al. 1984), and the other at
120 K, well below a phase transition occurring at
227 K (Zabel et al. 1986). The crystals have identical
space groups and, because of temperature effects,
slightly different cell dimensions. The main difference
lies in the observed hydroxyl and hydroxymethylene *
and water molecule positions: at low temperature al-
most all positions are fully occupied, whereas at room
temperature there are many partially occupied atomic
sites, especially for water molecules. The latter form
extended flip-flop hydrogen bond networks with each
other and with the hydroxyl groups of the sugar mole-
cules (Saenger et al. 1982), most of which do not exist
at low temperature.

The flip-flop hydrogen bonds are of the form
O-H ... H-O with the hydrogen atoms so close to-
gether (~ 1 A) that they can only alternatively be pres-
ent, and their occupation is, in fact, close to 0.5. This
indicates that we observe an average over two states
O-H...O and O...H-O which are in dynamic
equilibrium in the room temperature crystals. Below
the phase transition temperature of 227 K, these

{ “short” (O2-H and O3-H hydroxyls) and
(CH,—-0 6—H) side chains

“long”
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flip-flop hydrogen bonds freeze in one or the other
state so that extended networks of O—H ... O hydro-
gen bonds are formed where all the hydrogen
bonds point in the same direction (homodromic)
O-H...O-H...O—H.... This scheme indicates the
dominating influence of the cooperative effect which is
due to the charge polarization of the O—H group
when it is involved in hydrogen bonding (Betzel et al.
1984).

The purpose of this molecular dynamics study of
crystalline S-CD dodecahydrate at 293K and at
120K is threefold. First the interatomic potential
function as it is used in the GROMOS package is
tested by comparison of the simulated results with
available high resolution neutron diffraction data of
f-CD - 12H,0, as described in the previous paper for
the «-CD - 6H,0 crystal at 293 K (Koehler et al.
1987a). B-CD - 12H,0O contains more water mole-
cules per glucose than «-CD - 6H,0, most of which
are disordered. Moreover, the §-CD molecule is con-
formationally more regular than «-CD, where the
torus is distorted by rotation of one glucose. There-
fore, p-CD forms another sensitive test case for com-
puter simulation studies. Second, it will be examined
how well the potential function, which is an effective
force field developed for application at room tempera-
ture, functions at 120 K. Third, it is a challenge to find
out whether the dynamic flip-flop hydrogen bond phe-
nomenon observed in f-CD - 12H,0 can be repro-
duced in the obtained MD trajectories; all results con-
cerning this subject will be discussed in the following
paper (Koehler et al. 1987D).

Methods and computational details

The experimental data referred to in this paper are the
neutron diffraction studies of -CD - 11 H,0 at 293 K
(Betzel et al. 1984), and of -CD - 11.6 H,0O at 120K
(Zabel et al. 1986). The nomenclature of the various
glucose and water atoms is given there and in (Koehler
et al. 1987 a).

At both temperatures the space group is P2; and
the number of molecules per unit cell Z = 2. The cell
dimensions are comparable:

1) 293K: a =2.1261 nm, b = 1.0306 nm,
¢=1.5123nm, f = 112.3°

2) 120K: a = 21617 nm, b = 1.0026 nm,
¢ = 14891 nm, § = 112.52°.

The R-values from the full-matrix least-squares refine-
ment are R = 6.8% (293 K) and R =4.9% (120 K).

The 11 + 0.5 crystal water molecules were found to
be distributed over 16 oxygen and 37 hydrogen posi-
tions at room temperature (12 oxygen and 26 hydro-
gen positions at 120 K), implying that some sites have
occupancy factors less than 1.

The molecular dynamics calculations were carried
out using the GROMOS (Groningen Molecular Simu-
lation Library) program package. The molecular
model, the force field, the algorithm and computa-
tional details were given in the preceding paper on
o-CD (Koehler et al. 1987 a) and we discuss here where
the treatment of B-CD differs. For the molecular
dynamics simulations, “computational boxes” have
been chosen with dimensions:

1) 293K: a=21261nm, 2b = 2.0612 nm,
2¢=3.0246 nm, f=112.3°
2) 120K: a=21617nm, 2b = 2.0052 nm,

2¢=29782nm, f=112.52°.

All atoms of the cyclodextrin and the water molecules
have been treated explicitly, with the exception of hy-
drogen atoms covalently bound to carbon atoms.
They are combined with the latter, as described by
Koehler et al. (1987 a). For each -CD molecule twelve
water molecules have been selected in both the room
and low temperature MD simulation studies to model
the experimental multiple water sites. This is close to
the 11.6 water molecules found in the 120 K neutron
study and to the 11.0 water molecules in the 293 K
analysis where, as outlined in Zabel et al. (1986), some
of the more spurious water sites were probably not
seen in the Fermi density maps. The initial water sites
were selected according to occupancy and hydrogen
bonding. Application of the symmetry transforma-
tions led to boxes containing 8 f-CD molecules (784
atoms) and 8 x 12 water molecules (288 atoms).

With these 1072 atoms at their experimental posi-
tions, an energy minimization was performed over 20
steps in which all f-CD and water molecules were
allowed to move. The molecular dynamics simulation
was carried out in periods ranging from 0 to 19 pico-
seconds (ps) for 293 K and from 0 to 20 ps for 120 K.
Periodic boundary conditions were applied, and the
volume was held constant. The starting velocities for
all atoms were chosen from a Boltzmann distribution
at 293 K (120 K), and the equations of motion were
integrated with time steps of At = 0.002 ps.

Although all the eight §-CD molecules had identi-
cal geometries at the beginning of the simulation, they
experienced different development during the MD-
simulation, because their atoms had different Boltz-
mann distribution velocities. The eight molecules fol-
low individual trajectories. These indicate the flexi-
bility of the molecules at certain temperatures.

In order to compare the obtained molecular dy-
namics structures of f-CD with the experimental one,
they were averaged over the last 15 ps of the MD run
and over all eight molecules (M), referred to as
{M1-8;4-19ps) for 293 K, and (M 1-8; 5-20ps>
for 120 K. Root mean square differences between ex-
perimental and averaged MD atomic positions are



(rms s qier.) given in terms of an expression as defined
in the preceding paper, and a quantitative measure for
the flexibility of the f-CD molecule during the MD
simulation is the root mean square fluctuation
IMS 05, rue. @S introduced in (Koehler et al. 1937a).
These fluctuations can be compared with the experi-
mentally obtained isotropic temperature factors B
(A2), although their physical meaning is slightly differ-
ent (Koehler et al. 1987 a), using the formula

I'Inspos.fluc. = [3 Biso/(g 77:2)]1/2 ‘
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Results and discussion
Atomic positions and fluctuations

When the averaged MD structure of §-CD at room
temperature (M 1-8; 4—19 ps) is compared to the ex-
perimentally determined one, the root mean square
positional difference for all atoms is 0.048 nm and for
all atoms except the hydrogens it is 0.034 nm. These
data are entered in the first column of Table 1 a which
gives these differences for the individual atoms aver-

Table 1a. rms positional differences and simulated fluctuations between various S-cyclodextrin structures at 293 K and 120 K. The

experimental structure is denoted by X

exp”

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

or more of the 8 molecules in the computational box and the time span over which is averaged is given in picoseconds. The mean
is over the 7 glucose units of the S-cyclodextrin molecule. The values are given in nm. Experimental rms fluctuations have been

calculated using the formula rms . ¢y,
shortest and longest axes of the thermal ellipsoids are given

= [3- B, /(8 n})]'/?, where the isotropic B-factor is denoted by B,,,. The ratio between the

X oxp/{M1-8;15ps) X/ Xexp {M1;15psy/
{M1-8;10psy {(M1;15ps)> {M5;15ps>
rms Isotropic Anisotropic ratio between
differences rms fluctuations shortest and longest axes
of thermal ellipsoids
293K 120K 293K 120K 293K 120K 293K 120K 293K 120K 293K 120K
exp/ exp/ exp MD exp MD exp MD exp MD exp/ exp/ exp/ exp/ exp/ exp/
MD MD MD MD MD MD MD MD
C, 0.037 0.046 0.037 0.042 0.017 0021 067 068 0.53 0.72 0.034 0.046 0.052 0041  0.039 0.002
C, 0.033 0.049 0.038 0.042 0.018 0019 068 066 0.66 0.67 0.030 0.048 0.049 0044 0039 0.003
C, 0.022 0.043 0036 0041 0017 0019 070 072 0.69 0.66 0.018 0.043  0.035 0.037 0.033 0.003
C, 0.026 0.039 0.035 0.039 0.017 0019 073 070 0.72 0.61 0.023 0.039  0.040 0.033 0034 0.003
0O, 0.026 0.037 0.036 0.041 0.018 0020 068 068 0.59 0.60 0.023 0.037 0.039 0.032 0.035 0.002
C; 0.034 0.039 0.037 0.043 0018 0020 072 0.66 0.65 0.65 0.031 0.039  0.050 0.034  0.042 0.002
O, 0.038 0.044 0.039 0.045 0019 0022 067 0.63 0.66 0.64 0.035 0.043  0.055 0.039 0.044 0.002
0, 0.039 0.067 0.043 0.051 0021 0023 0.66 0.60 0.52 0.62 0.035 0.066 0.053 0.062  0.045 0.003
H, 0.088 0.051 0.046 0.089 0.030 0.025 0.64 039 0.71 0.57 0.086 0.050 0.101 0.045 0.081 0.004
0, 0.019 0.050 0.044 0.053 0021 0024 057 056 0.59 0.57 0.015 0.050 0.036 0044 0.040 0.003
H, 0.082 0.091 0.046 0.088 0.030 0.031 0.67 040 0.69 0.52 0.078 0.090 0.094 008  0.073 0.010
Cs 0.043 0.042 0.045 0.055 0.022 0023 063 050 0.63 047 0.040 0.041 0.065 0.038  0.059 0.002
O4 0.050 0.045 0058 0.076 0024 0.027 056 042 0.51 061 0.047 0.045 0073 0041  0.079 0.003
H, 0.069 0.041 0.054 0.107 0.033 0027 056 039 071 0.61 0.063 0.041 0.096 0037 0116 0.003
All atoms
excl. H 0.034 0.046 0.041 0.049 0.019 0022 066 062 0.61 0.62 0.031 0046 0.051 0041 0046 0.002
Allatoms 0.048 0.051 0.043 0062 0022 0.023 0.65 0.57 0.63 0.61 0.045 0.050 0.064 0.046 0.059 0.004

Table 1b. rms positional differences between experimental and simulated structures at 293 and 120 K. The MD time average is over
the final 15 ps of each simulation. The rms differences in the lower left triangle of the table have been obtained after superposition
of the centers of mass of the structures. The upper right triangles contain values obtained without any fitting

All atoms excluding H-atoms All atoms
X exp {M1-8>up X exp {M1-8>up
120K 293 K 120K 293 K 120 K 293 K 120K 293 K
¥ 120K 0.0 0.050 0.046 0.052 0.0 0.070 0.051 0.068
exp 293 K 0.031 0.0 0.074 0.034 0.058 0.0 0.091 0.048
(M1-8> 120K 0.034 0.049 0.0 0.066 0.039 0.073 0.0 0.077
MD ) 293K 0.038 0.024 0.052 0.0 0.057 0.039 0.068 0.0
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RMS FLUCTUATION AND DIFFERENCE (nm} OF THE [ -CD GLUCOSE RING ATOMS, 293K
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RMS FLUCTUATION AND DIFFERENCE (nm) OF THE B—CD GLUCOSE SIDE - CHAIN ATOMS, 293 K
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Fig. 1a and b. rms positional fluctuations and differences (in nm) of main chain atoms (a) and side-chain atoms (b) in the 7 glucose
units of f-cyclodextrin at 293 K. The atom numbering is defined in Fig. 1 of the preceding paper (Koehler et al. 1987a). Solid
line: fluctuation as derived from experimental isotropic B-factors; dashed line: fluctuation obtained from the MD simulation
(M1-8;4—19 ps); dotted line: difference between the MD averaged structure and the experimental one

aged over all seven glucose units. The same values for
an individual atom in a specific glucose unit are dis-
played in Fig. 1a for the pyranose ring atoms and in
Fig. 1D for the side chain atoms (dotted lines). Averag-
ing over a shorter time period <M 1-8; 414 ps) gives
almost the same values for all atoms, 0.045 nm, except
hydrogen 0.031 nm. rms positional differences of an
arbitrarily chosen molecule M 1 and its experimental
equivalent can be larger, 0.064 nm, as well as the differ-
ence between two molecules, M 1 and M 5, which is in
this case about 0.059 nm. These data demonstrate the
different behaviour of individual molecules during the
simulation.

rms fluctuations for pyranose ring atoms and the
O2 and O3 atoms of the O2, O3 hydroxyl groups
obtained from the simulation (Table 1a, Fig. 1a,b
(dashed lines)) are slightly higher than the correspond-
ing experimental fluctuations as derived from isotro-
pic B-factors (Table 1 a and Fig. 1 a, b (solid lines)). The
C6 and O 6 atoms and the hydrogen atoms show even
larger MD fluctuations.

For the hydrogen atoms the MD fluctuations are
twice as large as the experimental ones. This is to be
expected since the crystallographic refinement proce-
dure adheres B-factors or fluctuations to atomic sites,
whereas the MD average is taken over the trajectory of
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an individual atom, not a site. When the refinement
procedure generates more than one site (with occu-
pancy lower than 1) for an atom, the corresponding
B-factors should therefore be smaller than the MD
values which are summed over all sites that are acces-
sible to an individual atom.

Most of the rms positional differences are smaller
than the experimentally derived fluctuations especially
for the non-hydrogen atoms. This means, that the av-
eraged MD structure and the experimental structure
are very close to each other, see Fig. 1a,b. This was
also true for «-CD -6H,O (Koechler ctal. 1987a)
where the «-CD molecule displays slightly smaller rms
positional fluctuations than f-CD at room tempera-
ture {(0.049 nm compared to 0.062 nm). These data in-
dicate that the molecular structure of ¢-CD is more
rigid compared to the larger §-CD.

) T O I T
1234567

1 1
1234567
06

glucose units

cé glucose atoms

H6

At low temperature the rms positional differences
between the experimental and the averaged MD struc-
ture (M1-8;5-20ps> become somewhat larger
{(0.051 nm all atoms; 0.046 nm excluding hydrogens,
Table 1 a, Fig. 2 a, b (dotted lines). The simulation peri-
od was long enough to let the molecule relax, because
the values for (M 1-8; 5~15 ps) are almost identical
(0.050 nm; 0.046 nm, Table 1 a). The difference between
experiment and (M 1; 5—-20 ps) is smaller (0.046 nm)
compared to the room temperature result, and there is
almost no geometrical difference between two mole-
cules (0.004 nm).

rms fluctuations obtained from the simulation are
very close to those derived from experimental temper-
ature factors, see Table 1 a, Fig. 2 a, b (dashed and solid
lines). Their values are half as large as their room tem-
perature analogs, which illustrates that the mobility of
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RMS FLUCTUATION AND DIFFERENCE (nm) OF THE B— CD GLUCOSE RING ATOMS, 293K
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Fig. 3. As Fig. 1a, but the difference between the MD averaged structure and the experimental one is plotted (dotted line) after the

centres of mass of both structures have been superimposed
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the molecules is more limited at lower temperatures.
The similarity of experimental and MD fluctuations
shows that MD can account for the difference in mo-
lecular flexibility at 293 K and 120 K. This is remark-
able because the force field is an affective empirical
potential, which was designed to model chemical sys-
tems at room temperature.

At low temperature the rms positional deviation of
the MD averaged atomic positions with respect to the
experimental ones is larger than both the experimental
and the simulated atomic fluctuations. The larger
deviation is partly due to displacements of complete
B-CD molecules. As described in (Koehler et al. 1987 a)
it is possible to superimpose the centres of mass of two
B-CD structures before comparing them. When this
translational fit procedure is applied, the deviation
from the experimental structure of f-CD is reduced by
about 0.02 nm, as can be seen by comparing Fig. 3
(translational fit, 293 K) with Fig. 1a (no fit, 293 K)
and comparing Fig. 4 (translational fit, 120 K) and
Fig. 2a (no fit, 120 K). For a-CD the corresponding
reduction is about 0.01 nm (Kochler et al. 1987a),
which reflects the more tight packing of molecules in
the a-CD crystal. An impression of the agreement be-
tween the simulated and the experimental 5-CD struc-
ture can be obtained from Fig. 5.

1234567

1234567 1234567 glucose unts
04 Cs 05 glucose atoms

Structural differences between f-CD at 120 K and
293 K are given in Table 1b. Experimentally the rms
positional difference between -CD at 120K and
293 K is 0.070 nm when averaged over all atoms and
0.050 nm for the non-hydrogen atoms. The two MD
average structures at these temperatures differ by
0.077 nm (all atoms) and 0.066 nm (no H-atoms).

These values show that MD can account for the
size of the structural differences at 120 K and 293 K.
We note that the deviation of the MD structures from
the experimental ones at corresponding temperatures
is smaller than the structural difference as a function of
temperature both for experiment and simulation. This
picture is not changed when the translational fit proce-
dure is applied before comparing various structures
(lower-left part of Table 1b).

Anisotropic atomic motion

Ratios between shortest and longest axes of thermal
ellipsoids have been calculated from experimentally
obtained anisotropic B-factors and from the (aniso-
tropic) MD-fluctuations, see Table 1 a, b. A value of 1.0
represents completely isotropic fluctuations. The de-
gree of anisotropy of the atomic motion that is ob-
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BCO 293 X NO MD {(THICK}

BCO 293 K ND MO (THICKD

BCD 293 K ND MD (THICK)

BCO 293 K ND MD (THICK}

BCD 120 K ND MD (THICK)

b B8CO 120 X ND MD (THICK)

served experimentally is generally well reproduced by
the simulations. For the more mobile atoms like O6
and the hydrogen atoms at room temperature, the sim-
ulation shows a larger than average anisotropy. This
can be understood from the occurrence of multiple
sites for these atoms. When an atom is distributed over

BCO 120 K ND

BCD 120 K ND MD « THIEK)

Fig. Saand b. f-cyclodextrin at 293K (a) and at
120K (b). Thin lines: neutron diffraction structure;
thick lines: averaged MD structure

MD (THICK}

two sites, the atomic positional fluctuation along the
line connecting the two sites will be much larger than
in the directions perpendicular to it. If an atom occu-
pies multiple sites, the MD anisotropy, which covers
all sites, will in general be larger than the experimental
anisotropy of each of the sites.
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Bond angles and torsion angles

rms differences and fluctuations of bond angles in
B-CD are larger at room temperature (5.4° and 4.1°),
than at 120K (2.9° and 2.5°), see Table 2a,b. The
angles that contain hydroxyl hydrogen atoms have a
major influence upon the deviation from the experi-
mental values at room temperature: excluding these
bond angles, the deviation is only 2.8° which is even
smaller than the value of 3.0° at 120 K.

The glucose ring torsion angles have rms differ-
ences of 3.2° at 293 K and 4.7° at low temperature. rms
fluctuations are higher at room temperature, 6.3°,
compared to low temperature values, being 3.7° on
average, see Table 2b.

When the temperature is lowered from 293 K to
120 K the simulation shows the correct direction of
change for the torsion angles. All glycosidic bond tor-
sion angles have similar values around 130°, Table 2 c.
Their fluctuations are higher than those of the more
rigid glucose ring torsion angles; they are about 9° at
293 K and about 4.5° at 120 K. As for a-CD (Kochler
et al. 1987 a), the variation of the glycosidic bond tor-
sion angles along the 5-CD chain is reasonably well
reproduced by the simulation.

B-CD torsion angles involving the glucose ring
atoms and the non-hydrogen atoms in the short side
chains are very similar in the experimental structure
and in the averaged MD structure {(M1-8; 15 ps)
at high and low temperature, as can be seen from

Table 2 a—c¢. Bond- and torsion angles (in degrees), averaged over the corresponding angles in the 7 glucose units for the experimental
structure and for the MD structure ((M1-8;4—19ps> at 293 K, and {(M1-8; 5-20ps) at 120 K, are given in the first two columns.
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) B-cyclodextrin, bond-angles

293K 120K
Bond angle Differ- Fluctua- Bond angle Differ- Fluctua-
ence tion ence tion
exp MD exp/MD MD exp MD exp/MD  MD
C,-C,-0, 108.5 1143 5.8 39 107.9 113.8 6.0 2.5
C,-05-C; 114.5 115.0 0.9 34 1144 1144 0.6 2.1
C;—Cs—0Oq 112.0 1144 29 49 111.8 113.3 2.8 2.9
C,-0,-H, 113.6 122.6 134 4.5 108.9 110.3 2.3 2.9
C;-0;-H, 112.0 119.9 10.7 45 108.2 110.2 3.0 2.9
Ce—0s—Hg 106.3 116.1 13.6 4.5 108.4 108.0 1.2 2.8
All atoms excl. H 2.8 4.0 3.0 2.4
All atoms 5.4 4.1 29 25
b) B-cyclodextrin glucose ring torsion angles
293K 120K
Torsion angle Differ- Fluctua- Torsion angle Differ- Fluctua-
ence tion ence tion
exp MD exp/MD  MD exp MD exp/MD MD
C,-C,-C;-C, —536 —353.6 2.1 6.4 —52.6 —51.4 5.0 3.7
0,-C,-C,-C; +56.2 +56.0 11 5.6 +55.5 +55.0 4.6 34
All 32 6.3 47 3.7
¢) B-cyclodextrin glucoside bond torsion angles
293K 120K
Torsion angle Fluctua- Torsion angle Fluctua-
tion tion
exp MD MD exp MD MD
C,,—Cyy,—04-Cyy +1339 +125.0 83 +129.8 +122.9 44
33— Ca3—043-Cy, +140.3 +130.1 7.5 +1434 +1314 4.4
34— Ca4—04.-Cy5 +1142 +108.0 9.2 +1144 +104.7 50
35— Cy5—045—Cyy +130.1 +1259 8.0 +129.6 +121.0 43
36— Ca6—046—Cy5 +125.1 +1154 10.0 +125.6 +119.1 44
C;,-C;—047-Cyg +129.4 +119.9 7.5 +134.3 +121.7 43
31—-C41~0,,-Cy5 +118.9 +114.3 7.8 +120.3 +112.7 4.8
All C,;-C,-0,-C, +1274 +119.8 8.4 +128.2 +119.1 4.5
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Table 3 a, b. Glucose ring side-chain torsion angles (in degrees) in the 7 glucose units for the experimental structure and from the MD
simulation {(M1-8;4—19ps) at 293 K, Table 3 a, and (M 1-8; 5-20ps) at 120 K, Table 3 b. The last column gives the rms dynamical
fluctuations of the torsion angles as observed in the simulation

a) B-cyclodextrin glucose ring torsion angles involving exocyclic atoms, 293 K

Glucose 0,-C,-C,-0, C,-C,-C;-04 C,—Cs—C¢-0Oqg
unit
Torsion angle Fluctua- Torsion angle Fluctua- Torsion angle Fluctua-
tion tion tion
exp MD MD exp MD MD exp MD MD
1 +177.7 +178.8 7.4 —171.5 —170.0 9.4 —1742 —166.7 14.3
2 +174.6 +1772 7.2 —174.8 —170.9 8.1 —169.1 —145.6 338
3 —178.7 —176.7 7.9 —175.8 —176.1 7.8 + 573 + 56.8 9.2
4 +180.0 —1755 7.5 —~176.5 —177.0 7.3 —177.4 -177.8 442
5 —179.7 —179.7 8.2 —176.6 —178.7 9.2 + 505 + 555 11.5
6 —180.0 —179.4 7.7 —174.8 —174.8 9.2 + 585 + 64.2 8.8
7 —1794 —1752 7.1 —174.8 —179.5 6.9 + 599 + 63.0 9.6
All +179.2 —178.6 7.6 —175.0 —1753 8.3 +1122 +1185 229
Glucose Cl—CZAOz—H2 C,-C;-0,-H; Cs—Ce—0O4-Hg
unit
Torsion angle Fluctua- Torsion angle Fluctua- Torsion angle Fluctua-
tion tion tion
exp MD MD exp MD MD exp MD MD
1 +119.1 +1574 3241 +176.1 —149.8 574 — 826 — 699 84.5
2 +155.7 +154.3 13.4 +161.2 +173.3 15.4 + 61.7 + 505 163.6
3 +131.8 +127.3 2459 +1534 +161.9 18.5 —177.8 +179.3 24.7
4 — 46.7 — 427 118.8 +177.6 —100.1 51.3 + 98.4 +125.0 171.4
5 -~ 378 +168.5 1259 +153.8 — 971 74.3 + 678 + 711 27.8
6 +177.8 —123.0 185.5 +166.7 +173.6 47.7 + 89.0 + 920 16.4
7 + 999 +114.0 48.8 + 584 —1411 829 + 61.8 +118.7 111.4
All + 857 —177.8 1355 +149.6 —1513 54.9 — 3406 — 733 105.1
b) B-cyclodextrin glucose ring torsion angles involving exocyclic atms, 120 K
Glucose 04,-C,-C,-0, C,-C,-C5-0,4 C,-Cs—C4-04
unit
Torsion angle Fluctua- Torsion angle Fluctua- Torsion angle Fluctua-
tion tion tion
exp MD MD exp MD MD exp MD MD
1 —~175.9 +1759 52 —176.1 —163.2 4.6 —1721 —163.4 53
2 +170.9 +177.2 44 —-171.0 —173.0 4.6 + 522 + 59.6 4.3
3 +1789 —1744 4.1 —1744 —1741 44 + 552 + 589 5.5
4 —~1789 +176.7 4.6 —176.4 —170.7 4.5 —-1772 —158.4 55
5 +178.5 —1758 4.6 —176.6 —175.8 41 + 46.0 + 555 5.1
6 +179.7 —178.9 4.6 —173.5 —1732 4.8 + 54.8 + 60.5 4.4
7 +177.4 —168.2 4.4 —1759 —1734 4.9 + 55.6 + 675 6.2
All +178.6 —179.4 4.6 —1749 —171.9 4.6 + 90.6 +100.0 5.3
Glucose C,-C,-0O,-H, C,-C4;-05-H; Cs—Ce—O4—Hg
unit
Torsion angle Fluctua- Torsion angle Fluctua- Torsion angle Fluctua-
tion tion tion
exp MD MD exp MD MD exp MD MD
1 -~ 405 — 194 10.8 +179.1 —121.4 134 - 714 — 827 8.0
2 +156.7 +167.3 6.7 + 538 — 291 9.3 + 705 + 700 8.0
3 +122.1 + 89.0 9.0 +152.1 +157.6 13.4 +178.1 ~174.3 7.3
4 — 46.2 — 263 8.5 +177.8 — 562 26.1 + 79.5 + 735 7.8
5 —164.2 —172.8 7.7 + 425 + 435 8.1 + 644 + 595 7.6
6 - 377 —~ 16.0 9.8 +1711 +179.6 8.0 + 887 + 82,6 7.2
7 + 916 + 58.8 8.8 + 632 — 214 9.9 +166.2 +174.6 7.6
All - 397 — 399 8.8 +119.9 — 811 13.9 — 206 — 209 7.6
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Table 3a, b. Their fluctuations are about 8° at
293 K and about 4.6° at 120 K. The torsion angles
C4-C5-C6-06 show larger differences and larger
fluctuations: about 23° difference at 293 K and about
5.3° at 120 K. Especially glucose units 4 and 2 show
high fluctuation values at room temperature (44.2°
and 33.8°). The same trend is also reflected in large
fluctuations for the torsion angles C5-C6-06-H6
of these two glucoses, 171.4° and 163.6°, Table 3a,
which means that these atomic groups are extremely
flexible at room temperature. This is also true for the
C1-C2-02-H2 torsion angles which show much
larger fluctuations than angles C2—-C3-0O3-H3.

At low temperature the mobility decreases sub-
stantially, as can be seen from the C1-C2-02-H2,
C2-C3-03-H3 and C5-C6-06-H6 fluctua-
tions. Here the groups involving O3 tend to show
the largest flexibility. The torsion angles obtained
from the MD averaged structure differ more signifi-
cantly from those observed in the experimental
structure for C4-C5-C6-06, C1-C2-02-H2,
C2-C3-03-H3, C5-C6—-06-H6 at 293 K and
C2-C3-03~-H3 at 120 K. This is based on 120°
rotational transitions which are observed for just these
torsion angles. For the eight §-CD molecules over a
period of 15 ps the following number of 120° transi-
tions have been observed: C4-C5-C6-06, 293 K:
10 transitions, 120 K; none; C1-C2-02-H2,293 K:
60 transitions, 120 X.:none; C2-C3-03-H3,293 K:
75 transitions, 120 K: 4 transitions; C5-C6-06-H6,
293 K: 57 transitions, 120 K: none.

Occupancy factors of glicose atom sites

The neutron diffraction work at 293 K shows that one
06 hydroxyl group and 16 hydrogen atoms occupy
two alternative sites. These are listed together with
their experimental occupancy factors in Table 4. In
order to compare simulation with experiment, the
electron density map should be calculated directly
from the MD atom trajectories, as in (van Gunsteren
et al. 1983). However, both electron densities were cal-
culated in the crystal coordinate system, and difficul-
ties arose by overall translocations of the molecules in
the unit cell.

Here we use a different approach to eliminate the
effects of overall translations of the molecules in the
calculation of the MD occupancy of specific atomic
sites. First, the position of the reference experimental
site is expressed with respect to the experimental posi-
tions of three reference glucose atoms. E.g. the posi-
tion of site HO21A is determined with respect to the
positions of reference atoms C11, C21 and C31. Sec-
ond, we probe for each MD time frame (structure)
whether a specified atom, say atom HO 21, lies within

a distance o or 2 ¢ from the reference position that is
constructed using the actual MD coordinates of the
three reference atoms. For the distance ¢ we have cho-
sen the experimental rms fluctuation derived from the
B-factor of a site. The occupancy factor that is deter-
mined in this way (Table 4) measures the occupancy
relative to the positions of the three reference atoms,
i.e. the occupancy with respect to a local coordinate
system.

Applying the stringent criterion of only 1¢ devia-
tion, a non-zero occupancy is observed for 84% of the
glucose hydrogen atom sites. For 62% of the hydrogen
atoms the relative occupancy of the two alternative
sites is qualitatively reproduced by the simulation.
The results of Table 4a match with those shown in
Table 3a; the hydrogen atoms that show a strong
preference for a single site, like HO32A (occupancy
=92%), HO22A (occupancy = 83%), and HO33A
(occupancy = 80%) exhibit the smallest torsion angle
fluctuations in Table 3 a, viz. 15.4° (H32), 13.4° (H22)
and 18.5° (H33).

At low temperature, alternative sites have been ob-
served experimentally for the two B-CD hydrogen
atoms HO?24 and HO35 (Zabel et al. 1986) which are
part of a 4-membered flip-flop ring. The low tempera-
ture MD simulation only populates one of the alter-
native sites (Table 4 b) corresponding to one homodro-
mic arrangement in the 4-membered hydrogen bond
ring (024 - 035 5> OW7 > OW2 - 024).

Position and mobility of water molecules

At low temperature, the refinement of the crystal struc-
ture using neutron diffraction data shows that all 12
water oxygen sites are fully occupied except for OW 8,
which has an occupancy of 64%. The majority (83%)
of the hydrogen atom sites are fully occupied, indicat-
ing that the water structure is rather stable. This pic-
ture also emerges from the simulation. The simulated
and experimental rms positional fluctuations of the
water atoms are comparable. Half of the water sites are
reproduced within 0.03 nm, 80% within 0.06 nm. Only
two water molecules have substantially moved away
from their initial experimental positions: W1 (0.15 nm)
and W4 (0.08 nm). In Fig. 6b the deviations of the
time-averaged MD water positions from the experi-
mental ones is shown for the individual water oxygen
atoms. The distributions do not show much spread,
that is, the water molecules in the different asymmetric
units show very similar behaviour. Summarizing we
conclude that with the exception of water W1, the
position and mobility of the water molecules are well
reproduced by the simulation at 120 K.

At room temperature, the crystallographic refine-
ment yields 16 oxygen and 37 hydrogen sites which are
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Table 4a, b. The names and experimental occupancy factors have been taken from (a) Betzel et al. 1984 and (b) Zabel et al. 1986.
MD occupancy factors are calculated using a radius ¢ or 2 ¢ around the locally defined experimental atom site. The value of ¢ is chosen

equal to (3-B,,/8 n?)1?

a) at 293 K

Name exp MD Name exp MD Name exp MD

of site of site of site

o 20 g 20 a 20

HO21A 0.66 0.39 0.91 oW1 1.00 0.25 0.69 OwW6 0.88 0.08 0.32

HO21B 0.34 0.00 0.23 HWI1A 0.50 0.18 0.59 HW6A 0.87 0.03 0.26

HO31A 0.58 0.45 0.66 HWIB 0.60 0.15 0.45 HW6B 0.95 0.07 0.41

HO31B 0.30 0.20 0.33 HWI1C 0.49 0.16 0.42

HW1D 0.34 0.01 0.19 OowW7 0.78 0.09 0.35

HW7A 0.83 0.11 0.65

HO22A 0.60 0.83 1.00 ow2 1.00 0.25 0.68 HW7B 0.80 0.13 0.37

HO22B 0.37 0.00 0.62 HW2A 0.99 0.40 0.88

HO32A 0.65 0.92 1.00 HW2B 0.44 0.14 0.48 ows 0.53 0.00 0.02

HO32B 0.38 0.00 0.02 HW2C 0.49 0.03 0.14 HWS8A 0.52 0.01 0.07

HO62A 0.53 0.43 0.69 HWEB 0.61 0.01 0.05

HO62B 043 0.00 0.04 OW3A 0.71 0.04 0.24

HO23A 0.48 0.22 0.61 HW3A1 0.12 0.01 0.07 Oowo 0.72 0.04 0.26

HO23B 0.54 0.21 0.49 HW3A2 0.37 0.05 042 HWO9A 0.63 0.03 0.18

HO33A 0.61 0.80 0.99 HW3A3 0.46 0.09 0.42 HWO9B 0.75 0.03 0.28

HO33B 0.37 0.00 0.27 HW3A4 0.35 0.04 0.25

HO24A 043 0.38 0.59 Oowi0 0.81 0.04 0.26

HO24B 0.53 0.21 0.26 OW3B 0.28 0.13 0.38 HWI10A 0.81 0.08 0.55

HO34A 0.46 0.16 0.31 HW3B1 0.22 0.01 0.16 HW10B 0.82 0.03 0.30

HO34B 0.56 0.51 0.82 HW3B2 0.41 0.01 0.17

HO25A 0.58 0.11 0.38 Oow12 0.89 0.02 0.20

HO25B 0.42 0.59 0.85 ow4 1.00 0.14 0.55 HW12A 1.00 0.04 0.34

HO35A 0.57 0.22 0.66 HW4A 0.58 0.06 0.35 HW12B 0.84 0.07 0.59

HO35B 0.44 0.33 0.58 HW4B 0.49 0.16 0.81

HO26A 0.52 0.34 0.51 HWA4C 0.80 0.03 0.20 Oow13 0.68 0.01 0.10

HO26B 0.48 0.29 0.61 HW13A 0.66 0.02 0.16

HO36A 042 0.60 0.85 OWS5A 0.70 022 0.52 HW13B 0.68 0.04 0.31

HO36B 0.59 0.09 0.13 OWS5B 0.13 0.02 0.14

HO27A 0.58 0.35 0.78 OWwWsC 0.20 0.01 0.10 owi4 0.62 0.02 0.12

HO27B 0.34 0.05 0.49 HW3A 0.60 0.23 0.68 HW14A 0.64 0.01 0.06

HO37A 0.46 0.09 0.11 HWS5B 0.51 0.21 0.65 HW14B 0.61 0.01 0.12

HO37B 0.47 0.44 0.68 HWs5C 0.47 0.02 0.15

HO67A 0.33 0.37 0.47 HWSD 0.21 0.03 0.20 b) at 120 K

HO67B 0.62 0.36 0.51 HWSE 0.22 0.09 0.62 HO24A 0.49 0.00 0.00
HO24B 0.49 0.64 0.99
HO35A 0.49 0.00 0.00
HO35B 0.48 0.87 1.00

occupied by 11+ 0.5 water molecules (Betzel et al.
1984). Only three sites (W1, W2 and W4) are fully
occupied. Therefore, it is not surprising that the simu-
lation displays a large overall rms positional fluctua-
tion for the water atoms of 0.10 nm. The value derived
from the crystallographic B-factors is 0.05 nm. As was
discussed for the glucose hydrogen atoms, the discrep-
ancy between these values is explained by the occur-
rence of alternative sites which are accessible for one
atom. The crystallographic refinement procedure
treats different sites that are partially occupied by one
atom separately with a B-factor for each site, whereas
the MD values in Fig. 6 are time-averaged over the
trajectories of individual atoms, irrespective of the dif-
ferent sites that are visited by one atom. Only when a

water molecule is not diffused from one site to another
in the simulation its time-averaged position can be
compared to the experimental one. Only water W1 has
a simulated mobility (0.040 nm) that is comparable to
the experimental value (0.044 nm). The experimental
position of this water molecule is nicely reproduced
within 0.03 nm. For all other water molecules their
diffusion does not allow a direct comparison of time-
averaged and experimental positions. Figure 6 a shows
how far the individual water molecules in the 8 sym-
metric units have been moved away from their initial
{experimental) positions during the equilibration peri-
od of the MD simulation. In contrast with the low
temperature result, the distribution for most water
molecules is very wide; in one asymmetric unit a water
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molecule may stay within 0.05 nm, whereas in another
it may move by several Angstroms.

Because of the diffusion that is observed for the
water molecules in the simulation process, we decided
to perform a local occupancy factor analysis for the
experimentally observed water sites, just as has been
done for the alternative sites of the glucose hydrogen
atoms. Here, a complication is the choice of the three
reference atoms that define the local coordinate frame
in which the local occupancy is calculated. For each
water site the three non-hydrogen glucose atoms that
are closest to it in the experimental structure have been
taken as reference atoms. The calculated occupancy
factors are low in the distance range 1 o, see Table 4 a,
because the g-values are only 0.053 nm on average for
both hydrogen and oxygen atoms. If the occupancy is
measured with a radius of 2¢ &~ 0.1 nm around the
experimental site, the occupancy factors increase con-

siderably. Only W8 has an occupancy below 10%,
which is also reflected in the neutron crystal structure
analysis where this water displays the lowest occupan-
cy. Apart from an overall normalization factor, the
distribution of atom density over the various available
sites as obtained from the simulation is comparable to
the distribution resulting from the crystallographic re-
finement. It would be interesting to calculate structure
factors directly from the MD atomic trajectories and
to compare them to the observed ones.

Hydrogen bond network

Another way to describe the structure of f-CD and the
water molecules in the crystal is to determine the
hydrogen-bond network. This turns out to be partly
stable and partly dynamic, giving rise to the phenome-
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non of flip-flop hydrogen bonds. This will be discussed
in the following paper (Kochler et al. 1987b).

Conclusions

Crystalline p-cyclodextrin dodecahydrate has been
simulated at two different temperatures, 293 K and
120 K over a period of about 20 ps, using the molecu-
lar dynamics (MD) technique. Atomic coordinates
derived from neutron diffraction studies (Betzel et al.
1984; Zabel et al. 1986) were used as initial positions.
The system that is simulated consists of four unit cells
containing & f-CD molecules and 96 water molecules.
Crystalline periodic boundary conditions are applied.
A period of 4 to 5 ps turned out to be long enough to
reach a satisfactory degree of equilibrium. Analysis is
performed for the final 15 ps of each MD simulation.

= -
|rexp' MDI/I"m

Statistics is enhanced by averaging over the 8 asym-
metric units.

At room temperature, the experimental positions
of the (non-hydrogen) glucose atoms are reproduced
within 0.034 nm. This value is smaller than the root
mean square (rms) atomic fluctuation of 0.041 nm as
derived from the crystallographic B-factors. The simu-
lation shows an overall rms atomic fluctuation of
0.049 nm, slightly larger than the experimental value.
At low temperature the experimental positions are re-
produced within 0.046 nm. This value is larger than
the rms atomic fluctuation of 0.019 nm (experiment) or
0.022 nm (MD). Both experiment and simulation show
a reduction by a factor 2 of the atomic mobility when
lowering the temperature from 293 K to 120 K. The
larger deviation of the atomic positions from the ex-
perimental ones at low temperature might be due to
the fact that the empirical interatomic potential func-
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tion has been designed as an effective force field at
room temperature.

In the average values of bond angles and torsion
angles the slight changes that are experimentally ob-
served when reducing the temperature, are qualitative-
ly reproduced by the simulation. Also the variation of
corresponding torsion angles along the cyclic chain of
7 glucose units in -CD is qualitatively mirrored in the
simulations. At both temperatures the degree of an-
isotropy in the atomic motions that is observed experi-
mentally is also found in the simulations.

At room temperature, the neutron diffraction re-
finement yields alternative sites for 17 glucose atoms,
one O 6 oxygen and 16 hydroxyl hydrogens. For two
thirds of the atoms the relative occupancy of the alter-
native sites is qualitatively reproduced in the simula-
tion. Although the B-CD crystal contains twice as
many water molecules per CD molecule compared to
the ¢-CD crystal and also shows more atomic disor-
der, the agreement with the experimental data for the
glucose atoms is of the same quality in both studies
(Koehler et al. 1987 a).

At low temperature, for 10 out of 12 water mole-
cules the simulated positions lie within 0.06 nm from
the crystallographic positions. Only water W1 is con-
sistently shifted away from its experimental position
by 0.15 nm in all 8 asymmetric units. The simulated
rms atomic fluctuations of the water molecules
(0.03 nm) are slightly smaller than the experimental
ones (0.04 nm). At room temperature, only one water
molecule (W1) remains in a relatively fixed position
close to the experimental one. The other water mole-
cules show various degrees of diffusion through the
crystal. Apart from an overall normalization factor,
the simulated occupation of the water sites is compa-
rable to the distribution observed in the crystal struc-
ture.

Acknowledgements. We thank H. J. C. Berendsen for stimulating
discussions, and H. T. Jonkman for continuing support concern-
ing our calculations on the VAX-computer of the Dept. of Chem-
istry of the University of Groningen.

This work has been funded by the German Federal Minister
for Research and Technology (BMFT) under the contract num-
ber FKZ: 03-B72A07-9, by Fonds der Chemischen Industrie,
and by a fellowship to J. E. H. K. obtained by Nachwuchs-
férderung des Landes Berlin.

References

Atwood JL, Davies JED, MacNicol DD (1984) Inclusion com-
pounds, vols 2, 3. Academic Press, New York

Bender ML, Komiyama M (1978) Cyclodextrin chemistry.
Springer, Berlin Heidelberg New York

Betzel C, Saenger W, Hingerty BE, Brown GM (1984) Circular
and flip-flop hydrogen bonding in pB-cyclodextrin un-
decahydrate: a neutron diffraction study. J Am Chem Soc
106: 75457556

Etten RL van, Sebastian JF, Clowes GA, Bender ML (1967)
Acceleration of phenyl ester cleavage by cycloamyloses. A
model for enzymatic specificity. J Am Chem Soc
89:3242-3253

Gunsteren WF van, Berendsen HIC, Hermans J, Hol WGJ,
Postma JPM (1983) Computer simulation of the dynamics of
hydrated protein crystals and its comparison with X-ray
data. Proc Natl Acad Sci USA 80:4315-4319

Koehler JEH, Saenger W, Gunsteren WF van (1987a) A molecu-
lar dynamics simulation of crystalline a-cyclodextrin hexahy-
drate. Eur Biophys J 15:197-210

Koehler JEH, Saenger W, Gunsteren WF van (1987b) Molecu-
lar dynamics simulation of §-CD. The flip-flop hydrogen
bonding (in preparation)

Saenger W (1980) Cyclodextrin inclusion compounds in research
and industry. Angew Chem (Int Ed Engl) 19:344-362

Saenger W, Betzel C, Hingerty BE, Brown GM (1982) Flip-flop
hydrogen bonding in a partially disordered system. Nature
296:581-583

Szejtli J (1982) Cyclodextrins and their inclusion complexes.
Akademiai Kiado, Budapest

Szejtli J, Fenyvesi E, Zsadon B (1978) Cyclodextrinpolymere.
Stiarke 30:127-131

Tutt DE, Schwartz MA (1970) Model catalysts which simulate
penicillinase. V. The cycloheptaamylose — catalyzed hydro-
lysis of penicillins. J Am Chem Soc 93: 767-771

Zabel V, Saenger W, Mason SA (1986) A neutron diffraction
study of the hydrogen bonding in f-cyclodextrin un-
decahydrate at 120 K: from dynamic flip-flops to static
homodromic chains. J Am Chem Soc 108:3664—-3673



