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Abstract. Molecular dynamics (MD) simulations for 
crystalline /~-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 8/3-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 (ct-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 

/%Cyclodextrin (/%CD) is the seven membered species 
in the class of cycloamyloses consisting of 6 to 8 glu- 
cose units linked by c~ (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/%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 1 
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 ~) 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 

1 "short" ( O 2 - H  and O 3 - H  hydroxyls) and "long °' 
(CH2-O 6-H)  side chains 
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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 /?-CD dodecahydrate at 293 K and at 
120 K is threefold. First the interatomic potential 
function as it is used in the G R O M O S  package is 
tested by comparison of the simulated results with 
available high resolution neutron diffraction data of 
/?-CD • 12HzO, as described in the previous paper for 
the e - C D.  6Hz O crystal at 293 K (Koehler etal .  
1987a). / ? - C D - 1 2 H 2 0  contains more water mole- 
cules per glucose than e-CD • 6 H20 ,  most of which 
are disordered. Moreover,  the/%CD molecule is con- 
formationally more regular than e-CD, where the 
torus is distorted by rotation of one glucose. There- 
fore,/%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 //-CD • 1 2 H 2 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. 1987b). 

Methods and computational details 

The experimental data referred to in this paper are the 
neutron diffraction studies of ]%CD • 11 H 2 0  at 293 K 
(Betzel et al. 1984), and of ]~-CD • 11.6H20 at 120 K 
(Zabel et al. 1986). The nomenclature of the various 
glucose and water atoms is given there and in (Koehler 
eta! .  1987a). 

At both temperatures the space group is P21 and 
the number of molecules per unit cell Z = 2. The cell 
dimensions are comparable: 

1) 293 K: a = 2.1261 nm, b = 1.0306 nm, 
c = 1.5123 nm, /~ = 112.3 ° 

2) 120 K: a = 2.1617 nm, b = 1.0026 nm, 
c = 1.4891 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 I. 

The molecular dynamics calculations were carried 
out using the G R O M O S  (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 
c~-CD (Koehler et al. 1987 a) and we discuss here where 
the treatment of /?-CD differs. For  the molecular 
dynamics simulations, "computational boxes" have 
been chosen with dimensions: 

1) 293K:  a =  2.1261nm, 2 b = 2 . 0 6 1 2 n m ,  
2c = 3.0246nm, / / =  112.3 ° 

2) 120K: a = 2.1617nm, 2b = 2.0052nm, 
2 c = 2 . 9 7 8 2 n m ,  /~=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/ / -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 //-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/?-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 
( M 1 - 8 ; 4 - 1 9 p s )  for 293 K, and ( M 1 - 8 ;  5 - 2 0 p s )  
for 120 K. Root mean square differences between ex- 
perimental and averaged MD atomic positions are 
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(rmSpos diff.) g iven  in t e r m s  of  an  e x p r e s s i o n  as de f ined  

in t he  p r e c e d i n g  p a p e r ,  a n d  a q u a n t i t a t i v e  m e a s u r e  for  

the  f lexibi l i ty  o f  the  f l - C D  m o l e c u l e  d u r i n g  the  M D  

s i m u l a t i o n  is the  r o o t  m e a n  s q u a r e  f l u c t u a t i o n  

rmspos.flue as i n t r o d u c e d  in ( K o e h l e r  e t a l .  1987a).  
T h e s e  f l u c t u a t i o n s  c a n  be  c o m p a r e d  w i t h  the  expe r i -  

m e n t a l l y  o b t a i n e d  i s o t r o p i c  t e m p e r a t u r e  f ac to r s  B 

(~2), a l t h o u g h  the i r  p h y s i c a l  m e a n i n g  is s l igh t ly  differ-  

en t  ( K o e h l e r  et al. 1987 a), u s ing  the  f o r m u l a  

rmSpos, flue. ~- [3 Biso/(8 7z2)] 1/2. 

Results and discussion 

Atomic positions and fluctuations 

W h e n  the  a v e r a g e d  M D  s t r u c t u r e  o f  f l - C D  at  r o o m  

t e m p e r a t u r e  ( M  1 -  8; 4 - 1 9  p s )  is c o m p a r e d  to  t he  ex-  

p e r i m e n t a l l y  d e t e r m i n e d  one ,  the  r o o t  m e a n  s q u a r e  

p o s i t i o n a l  d i f fe rence  for  al l  a t o m s  is 0.048 n m  a n d  for  

all  a t o m s  e x c e p t  the  h y d r o g e n s  it  is 0.034 nm.  T h e s e  

d a t a  a re  e n t e r e d  in the  first c o l u m n  o f  Tab l e  1 a w h i c h  

gives  these  d i f ferences  for  the  i n d i v i d u a l  a t o m s  ave r -  

Table 1 a. rms positional differences and simulated fluctuations between various fl-cyclodextrin structures at 293 K and 120 K. The 
experimental structure is denoted by Xox p. 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 fl-cyclodextrin molecule. The values are given in nm. Experimental rms fluctuations have been 
calculated using the formula rmSpos.nuc. = [3. Biso/(8 7C2)] U2, where the isotropic B-factor is denoted by Bi~ o. The ratio between the 
shortest and longest axes of the thermal ellipsoids are given 

Xexv/(MI-8; 15 ps) 

rms Isotropic 
differences rms fluctuations 

Anisotropic ratio between 
shortest and longest axes 
of thermal ellipsoids 

Xoxv/ Xox;/ ( M I ;  15 ps)/ 
( M 1 - 8 ; 1 0 p s )  (M1; 15ps) (M5; 15ps) 

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 1 0.037 0.046 0.037 0.042 0.017 0.021 0.67 0.68 0.53 0.72 0.034 0.046 0.052 0.041 0.039 0.002 
C 2 0.033 0.049 0.038 0.042 0.018 0.019 0.68 0.66 0.66 0.67 0.030 0.048 0.049 0.044 0.039 0.003 
C 3 0.022 0.043 0.036 0.041 0.017 0.019 0.70 0.72 0.69 0.66 0.018 0.043 0.035 0.037 0.033 0.003 
C 4 0.026 0.039 0.035 0.039 0.017 0.019 0.73 0.70 0.72 0.61 0.023 0.039 0.040 0.033 0.034 0.003 
0 4 0.026 0.037 0.036 0.041 0.018 0.020 0.68 0.68 0.59 0.60 0.023 0.037 0.039 0.032 0.035 0.002 
C 5 0.034 0.039 0.037 0.043 0.018 0.020 0.72 0.66 0.65 0.65 0.031 0.039 0.050 0.034 0.042 0.002 
0 5 0.038 0.044 0.039 0.045 0.019 0.022 0.67 0.63 0.66 0.64 0.035 0.043 0.055 0.039 0.044 0.002 

02 0.039 0.067 0.043 0.051 0.021 0.023 0.66 0.60 0.52 0.62 0.035 0.066 0.053 0.062 0.045 0.003 
H z 0.088 0.051 0.046 0.089 0.030 0.025 0.64 0.39 0.71 0.57 0.086 0.050 0.101 0.045 0.081 0.004 

0 3 0.019 0.050 0.044 0.053 0.021 0.024 0.57 0.56 0.59 0.57 0.015 0.050 0.036 0.044 0.040 0.003 
H 3 0.082 0.091 0.046 0.088 0.030 0.031 0.67 0.40 0.69 0.52 0.078 0.090 0.094 0.086 0.073 0.010 

C 6 0.043 0.042 0.045 0.055 0.022 0.023 0.63 0.50 0.63 0.47 0.040 0.041 0.065 0.038 0.059 0.002 
0 6 0.050 0.045 0.058 0.076 0.024 0.027 0.56 0.42 0.51 0.61 0.047 0.045 0.073 0.041 0.079 0.003 
H 6 0.069 0.041 0.054 0.107 0.033 0.027 0.56 0.39 0.71 0.61 0.063 0.041 0.096 0.037 0.116 0.003 

All atoms 
excl. H 0.034 0.046 0.041 0.049 0.019 0.022 0.66 0.62 0.61 0.62 0.031 0.046 0.051 0.041 0.046 0.002 
All atoms 0.048 0.051 0.043 0.062 0.022 0.023 0.65 0.57 0.63 0.61 0.045 0.050 0.064 0.046 0.059 0.004 

Table 1 b. 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 

Xe, p (M1 --8)M D Xex p (M1 --8)M D 

120 K 293 K 120 K 293 K 120 K 293 K 120 K 293 K 

f 1 2 0  K 0.0 0.050 0.046 0.052 0.0 0.070 0.051 0.068 
X~xP ( 293 K 0.031 0.0 0.074 0.034 0.058 0.0 0.091 0.048 

~'120 K 0.034 0.049 0.0 0.066 0.039 0.073 0.0 0.077 
(M1-8)MD ~ 293 K 0.038 0.024 0.052 0.0 0.057 0.039 0.068 0.0 
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Fig. 1 a 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 fl-cyclodextrin at 293 K. The atom numbering is defined in Fig. 1 of the preceding paper (Koehler etal. 1987a). Solid 
line: fluctuation as derived from experimental isotropic B-factors; dashed line: fluctuation obtained from the MD simulation 
(M1-8; 4-19ps); dotted line: difference between the MD averaged structure and the experimental one 

aged over all seven glucose units. The same values for 
an individual a tom in a specific glucose unit are dis- 
played in Fig. I a for the pyranose ring atoms and in 
Fig. 1 b for the side chain atoms (dotted lines). Averag- 
ing over a shorter time period (M 1-8;  4 - 1 4  ps)  gives 
almost  the same values for all atoms, 0.045 nm, except 
hydrogen 0.031 nm. rms posit ional differences of  an 
arbitrarily chosen molecule M 1 and its experimental 
equivalent can be larger, 0.064 rim, 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 
0 2  and 0 3  atoms of the 0 2 ,  0 3  hydroxyl groups 
obtained from the simulation (Table 1 a, Fig. I a, 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 M D  fluctuations. 

For the hydrogen atoms the M D  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 M D  average is taken over the t ra jec tory  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. 1 a, b. This was 
also true for c~-CD. 6 H 2 0  (Koehler etal .  1987a) 
where the e-CD molecule displays slightly smaller rms 
positional fluctuations than #-CD at room tempera- 
ture (0.049 nm compared to 0.062 nm). These data in- 
dicate that the molecular structure of c~-CD is more 
rigid compared to the larger #-CD. 

At low temperature the rms positional differences 
between the experimental and the averaged MD struc- 
ture < M l - 8 ; 5 - 2 0 p s )  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 I ;  5 -2 0  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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Fig. 4. As Fig. 3, but for 120 K 

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 
#-CD molecules. As described in (Koehler et al. 1987 a) 
it is possible to superimpose the centres of mass of two 
#-CD structures before comparing them. When this 
translational fit procedure is applied, the deviation 
from the experimental structure of #-CD is reduced by 
about  0.02 nm, as can be seen by comparing Fig. 3 
(translational fit, 293 K) with Fig. 1 a (no fit, 293 K) 
and comparing Fig. 4 (translational fit, 120 K) and 
Fig. 2a  (no fit, 120 K). For  ~-CD the corresponding 
reduction is about  0.01 nm (Koehler et al. 1987a), 
which reflects the more tight packing of molecules in 
the ~-CD crystal. An impression of the agreement be- 
tween the simulated and the experimental #-CD struc- 
ture can be obtained from Fig. 5. 

Structural differences between #-CD at 120 K and 
293 K are given in Table 1 b. Experimentally the rms 
positional difference between #-CD at t20 K 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 1 b). 

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 I a, b. A value of 1.0 
represents completely isotropic fluctuations. The de- 
gree of anisotropy of the atomic motion that is oh- 
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BCO 293 K NO MO (tHICK) BCD 293 K NO MO (rHICK) 

L~ 

BCD 120 K ND HO (THICK) 
8CO 120 K ~0 MO ,THICK) 

b ~co , 2o  ~ , o  Mo , T . i c ~ ,  ~ o  . 2 °  K No ,~  , , , , c K ,  

Fig. 5aandb. /~-cyclodextrin at 293 K (a) and at 
120 K (b). Thin lines." neutron diffraction structure; 
thick lines." averaged MD structure 

served experimentally is generally well reproduced by 
the simulations. For  the more mobile a toms like O 6 
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 a tom is distributed over 

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 a tom occu- 
pies multiple sites, the M D  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  f luc tua t ions  of  b o n d  angles in 
/%CD are  la rger  a t  r o o m  t e m p e r a t u r e  (5.4 ° and  4.1°), 
t han  at  120 K (2.9 ° and  2.5°), see Table  2a ,  b. The  
angles tha t  con ta in  h y d r o x y l  h y d r o g e n  a t o m s  have  a 
m a j o r  influence u p o n  the dev ia t i on  f rom the exper i -  
men ta l  values  at  r o o m  t e m p e r a t u r e :  exc luding  these 
b o n d  angles,  the dev ia t i on  is only  2.8 ° which  is even 
smal ler  t han  the va lue  of  3.0 ° a t  120 K. 

The  glucose r ing  to r s ion  angles have  rms differ- 
ences of  3.2 ° a t  293 K and  4.7 ° a t  low tempera tu re ,  rms 
f luc tua t ions  are  h igher  at  r o o m  tempera tu re ,  6.3 °, 
c o m p a r e d  to low t e m p e r a t u r e  values,  be ing  3.7 ° on 
average,  see Table  2 b. 

W h e n  the t e m p e r a t u r e  is lowered  f rom 293 K to 
120 K the s imu la t ion  shows the correc t  d i rec t ion  of  
change  for the to r s ion  angles.  All  g lycosidic  b o n d  tor -  
s ion angles have  s imi lar  values  a r o u n d  130 °, Table  2 c. 
The i r  f luc tua t ions  are  h igher  than  those  of  the m o r e  
r igid g lucose  r ing to r s ion  angles;  they are  a b o u t  9 ° at  
293 K and  a b o u t  4.5 ° at  120 K. As for e - C D  (Koehle r  
et al. 1987 a), the va r i a t ion  of  the g lycosid ic  b o n d  tor-  
s ion angles  a long  t h e / 3 - C D  chain  is r e a sona b ly  well 
r e p r o d u c e d  by  the s imula t ion .  

/~-CD to rs ion  angles  involv ing  the glucose r ing 
a t o m s  and  the n o n - h y d r o g e n  a t o m s  in the shor t  side 
chains  are  very s imi lar  in the expe r imen ta l  s t ruc ture  
and  in the ave raged  M D  s t ruc ture  ( M 1 - 8 ;  1 5 p s )  
at  h igh and  low t empera tu re ,  as can be seen f rom 

Table 2 a -  e. 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; 4-19 ps) at 293 K, and (M1-8;  5-20 ps) 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) ~-cyclodextrin, bond-angles 

293 K 

Bond angle 

exp MD 

120 K 

Differ- Fluetua- Bond angle Differ- Fluctua- 
ence tion ence tion 
exp/MD MD exp MD exp/MD MD 

C2-C1-O  4 108.5 114.3 5.8 
C 1-O 5-C 5 114.5 115.0 0.9 
C5 -C6-O  6 112.0 114.4 2.9 
C 2 - 0 2 - H  2 113.6 122.6 13.4 
C 3-O 3 - H 3 112.0 119.9 10.7 
C 6 - O 6 - H  6 106.3 116.1 13.6 
All atoms excl. H 2.8 
All atoms 5.4 

3.9 107.9 113.8 6.0 2.5 
3.4 114.4 114.4 0.6 2.1 
4.9 111.8 113.3 2.8 2.9 
4.5 108.9 110.3 2.3 2.9 
4.5 108.2 110.2 3.0 2.9 
4.5 108.4 108.0 1.2 2.8 
4.0 3.0 2.4 
4.1 2.9 2.5 

b) fl-cyclodextrin glucose ring torsion angles 

293 K 

Torsion angle Differ- 
ence 

exp MD exp/MD 

120 K 

Fluctua- Torsion angle Differ- 
tion ence 
MD exp MD exp/MD 

Fluctua- 
tion 
MD 

C1-C2-C3-C 4 --53.6 --53.6 
0 5-C 1 - C z - C  3 + 56.2 + 56.0 
All 

c) fl-cyclodextrin glucoside bond torsion angles 

293 K 

2.1 6.4 -52.6 --51.4 5.0 
1.1 5.6 +55.5 +55.0 4.6 
3.2 6.3 4.7 

Torsion angle 

exp MD 

120 K 

3.7 
3.4 
3.7 

Fluctua- Torsion angle 
tion 
MD exp MD 

Fluctua- 
tion 
MD 

C32-C42-042-Cl l  + 133.9 + 125.0 
C33-C43-043-C12 + 140.3 + 130.1 
C34-C44-044-C13 + 114.2 + 108.0 
C35-C45-O45-C14 + 130.1 + 125.9 
C36-C46-04.6-C15 + 125.1 + 115.4 
C37 C47-047-C16 +129.4 +119.9 
C31 -C41-04.1-C17 + 118.9 + 114.3 
All C 3 - C 4 - O  4 C1 +127.4 +119.8 

8.3 + 129.8 + 122.9 
7.5 + 143.4 + 131.4 
9.2 + 114.4 + 104.7 
8.0 + 129.6 + 121.0 

10.0 + 125.6 + 119.1 
7.5 + 134.3 + 121.7 
7.8 + 120.3 + 112.7 
8.4 + 128.2 + 119.1 

4.4 
4.4 
5.0 
4.3 
4.4 
4.3 
4.8 
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 ( M 1 - 8 ;  4 - 1 9  ps)  at 293 K, Table 3 a, and ( M 1 - 8 ;  5 - 2 0  ps)  at 120 K, Table 3 b. The last column gives the rms dynamical 
fluctuations of the torsion angles as observed in the simulation 

a) fl-cyclodextrin glucose ring torsion angles involving 

Glucose O 5 - C 1 - C 2 - O  2 
unit 

Torsion angle Fluctua- 
tion 

exp M D  MD 

exocyclicatoms, 293 K 

C 1 - C 2 - C 3 - 0  3 C 4 - C 5 - C 6 - 0  6 

Torsion angle Fluctua- Torsion angle Fluctua- 
tion tion 

exp M D  M D  exp MD  MD 

1 +177.7 +178.8 7.4 
2 + 174.6 + 177.2 7.2 
3 -178 .7  -176 .7  7.9 
4 +180.0 -175 .5  7.5 
5 - 179.7 -179 .7  8.2 
6 - 1 8 0 .0  -179 .4  7.7 
7 - 1 7 9 .4  -175 .2  7.1 
All + 179.2 - 178.6 7.6 

-171 .5  -170 .0  9.4 -174 .2  -166 .7  14.3 
- 174.8 - 170.9 8.1 - 169.1 - 145.6 33.8 
-175 .8  -176.1  7.8 + 57.3 + 56.8 9.2 
-176 .5  -177 .0  7.3 --177.4 -177 .8  44.2 
-176 .6  -178 .7  9.2 + 50.5 + 55.5 11.5 
-174 .8  -174 .8  9.2 + 58.5 + 64.2 8.8 
-174 .8  -179 .5  6.9 + 59.9 + 63.0 9.6 
-175 .0  -175 .3  8.3 +112.2 +118.5 22.9 

Glucose C 1 - C 2 - 0 2 - H  2 
unit 

Torsion angle Fluctua- 
tion 

exp M D  MD 

C 2 - C 3 - 0 3 - H  3 C 5 - C 6 - 0 6 - H  6 

Torsion angle Fluctua- Torsion angle Fluctua- 
tion tion 

exp M D  MD  exp M D  MD 

1 +119.1 +157.1 32.1 
2 +155.7 +154.3 13.4 
3 + 131.8 + 127.3 245.9 
4 - 46.7 - 42.7 118.8 
5 - 37.8 +168.5 125.9 
6 +177.8 -123 .0  185.5 
7 + 99.9 +114.0 48.8 
All + 85.7 -177 .8  135.5 

+176.1 -149 .8  57.1 - 82.6 - 69.9 84.5 
+161.2 +173.3 15.4 + 61.7 + 50.5 163.6 
+153.4 +161.9 18.5 -177 .8  +179.3 24.7 
+177.6 -100.1  51.3 + 98.4 +125.0 171.4 
+153.8 - 97.1 74.3 + 67.8 + 71.1 27.8 
+166.7 +173.6 47.7 + 89.0 + 92.0 16.4 
+ 58.4 -141.1  82.9 + 61.8 +118.7 111.4 
+149.6 -151 .3  54.9 - 34.6 - 73.3 105.1 

b) fl-cyclodextrin glucose ring torsion angles involving 

Glucose O 5 - C 1 - C 2 - O  z 
unit 

Torsion angle Fluctua- 
tion 

exp M D  MD 

exocyclic arms, 120 K 

C 1 C z - C 3 - O  3 C 4 - C 5 - C 6 - 0  6 

Torsion angle Fluctua- Torsion angle Fluctua- 
tion tion 

exp M D  M D  exp MD  M D  

1 --175.9 +175.9 5.2 
2 +170.9 +177.2 4.4 
3 +178.9 --174.4 4.1 
4 -178 .9  +176.7 4.6 
5 +178.5 --175.8 4.6 
6 + 179.7 - 178.9 4.6 
7 +177.4 -168 .2  4.4 
All +178.6 -179 .4  4.6 

--176.1 --163.2 4.6 --172.1 -163 .4  5.3 
--171.0 --173.0 4.6 + 52.2 + 59.6 4.8 
--174.4 --174.1 4.4 + 55.2 + 58.9 5.5 
-176 .4  -170 .7  4.5 -177 .2  --158.4 5.5 
-176 .6  --175.8 4.1 + 46.0 + 55.5 5.1 
--173.5 --173.2 4.8 + 54.8 + 60.5 4.4 
--175.9 --173.4 4.9 + 55.6 + 67.5 6.2 
--174.9 --171.9 4.6 + 90.6 +100.0 5.3 

Glucose C 1 - C 2 - 0 2 - H  2 
unit 

Torsion angle Fluctua- 
tion 

exp MD M D  

C 2 - C  3 - 0  3 - H  3 C 5 - C 6 - 0 6 - H  6 

Torsion angle Fluctua- Torsion angle 
tion 

exp M D  M D  exp MD  

Fluctua- 
tion 
MD 

1 - -  40.5 -- 19.4 10.8 
2 +156.7 +167.3 6.7 
3 + 122.1 + 89.0 9.0 
4 - 46.2 -- 26.3 8.5 
5 --164.2 --172.8 7.7 
6 -- 37.7 -- 16.0 9.8 
7 + 91.6 + 58.8 8.8 
All - 39.7 - 39.9 8.8 

+179.1 -121 .4  13.4 -- 71.4 -- 82.7 
+ 53.8 -- 29.1 9.3 + 70.5 + 70.0 
+152.1 +157.6 13.4 +178.1 -174 .3  
+177.8 -- 56.2 26.1 + 79.5 + 73.5 
+ 42.5 + 43.5 8.1 + 64.4 + 59.5 
+171.1 +179.6 8.0 + 88.7 + 82.6 
+ 63.2 -- 21.4 9.9 +166.2 +174.6 
+119.9 -- 81.1 13.9 - 20.6 -- 20.9 

8.0 
8.0 
7.3 
7.8 
7.6 
7,2 
7.6 
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 
C 4 - C 5 - C 6 - O 6  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 C 5 - C 6 - O 6 - H 6  
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 
C 1 - C 2 - O 2 - H 2  torsion angles which show much 
larger fluctuations than angles C 2-  C 3-  O 3-  H 3. 

At low temperature the mobility decreases sub- 
stantially, as can be seen from the C 1 - C 2 - O 2 - H 2 ,  
C 2 - C 3 - O 3 - H 3  and C 5 - C 6 - O 6 - H 6  fluctua- 
tions. Here the groups involving 03  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 C 4 - C 5 - C 6 - O 6 ,  C 1 - C 2 - O 2 - H 2 ,  
C 2 - C 3 - O 3 - H 3 ,  C 5 - C 6 - O 6 - H 6  at 293 K and 
C 2 - C 3 - O 3 - H 3  at 120 K. This is based on 120 ° 
rotational transitions which are observed for just these 
torsion angles. For the eight fl-CD molecules over a 
period of 15 ps the following number of 120 ° transi- 
tions have been observed: C 4 - C 5 - C 6 - O 6 ,  293 K: 
10 transitions, 120 K; none; C1 - C 2 - O 2 - H 2 ,  293 K: 
60 transitions, 120 K: none; C 2 - C 3 - O 3 - H 3 , 2 9 3  K: 
75 transitions, 120 K: 4 transitions; C 5 - C 6 - O 6 - H 6 ,  
293 K: 57 transitions, 120 K: none. 

a distance o- or 2 o- from the reference position that is 
constructed using the actual MD coordinates of the 
three reference atoms. For the distance o- 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 a 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 4 a 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 ° (H 32), 13.4 ° (H 22) 
and 18.5 ° (H33). 

At low temperature, alternative sites have been ob- 
served experimentally for the two fl-CD hydrogen 
atoms HO24 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 ~ OW7 ~ OW2 ---, 024). 

Position and mobility of water molecules 

Occupancy factors of glucose atom sites 

The neutron diffraction work at 293 K shows that one 
0 6  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 Cl l ,  C21 and C31. Sec- 
ond, we probe for each MD time frame (structure) 
whether a specified atom, say atom HO21, lies within 

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: Wl (0.15 nm) 
and W4 (0.08 rim). In Fig. 6 b 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 WI, 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 a or 2 cr around the locally defined experimental atom site. The value of cr is chosen 
equal to (3- B,~o/8 ~2)1/2 

a) at 293 K 

Name exp MD Name exp MD Name 
of site of site of site 

exp MD 

2~ ~ 2G a 2a  

HO21A 0.66 0.39 0.91 OWl 1.00 0.25 0.69 OW6 0.88 0.08 0.32 
HO21B 0.34 0.00 0.23 HW1A 0.50 0.18 0.59 HW6A 0.87 0.03 0.26 
HO31A 0.58 0.45 0.66 HW1B 0.60 0.15 0.45 HW6B 0.95 0.07 0.41 
HO31B 0.30 0.20 0.33 HWIC 0.49 0.16 0.42 

HW1D 0.34 0.01 0.19 OW7 0.78 0.09 0.35 
HW7A 0.83 0.1 l 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 
HO32B 0.38 0.00 0.02 HW2C 0.49 0.03 0.14 
HO62A 0.53 0.43 0.69 
HO62B 0.43 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 
HO23B 0.54 0.21 0.49 HW3A2 0.37 0.05 0.42 
HO33A 0.61 0.80 0.99 HW3A3 0.46 0.09 0.42 
HO33B 0.37 0.00 0.27 HW3A4 0.35 0.04 0.25 
HO24A 0.43 0.38 0.59 
HO24B 0.53 0.21 0.26 OW3B 0.28 0.13 0.38 
HO34A 0.46 0.16 0.31 HW3B1 0.22 0.01 0.16 
HO34B 0.56 0.51 0.82 HW3B2 0.41 0.01 0.17 
HO25A 0.58 0.11 0.38 
HO25B 0.42 0.59 0.85 OW4 1.00 0.14 0.55 
HO35A 0.57 0.22 0.66 HW4A 0.58 0.06 0.35 
HO35B 0.44 0.33 0.58 HW4B 0.49 0.16 0.81 
HO26A 0.52 0.34 0.51 HW4C 0.80 0.03 0.20 
HO26B 0.48 0.29 0.61 
HO36A 0.42 0.60 0.85 OW5A 0.70 0.22 0.52 
HO36B 0.59 0.09 0.13 OW5B 0.13 0.02 0.14 
HO27A 0.58 0.35 0.78 OW5C 0.20 0.01 0.10 
HO27B 0.34 0.05 0.49 HW5A 0.60 0.23 0.68 
HO37A 0.46 0.09 0.11 HW5B 0.51 0.21 0.65 
HO37B 0.47 0.44 0.68 HW5C 0.47 0.02 0.15 
HO67A 0.33 0.37 0.47 HW5D 0.21 0.03 0.20 
HO67B 0.62 0.36 0.51 HW5E 0.22 0.09 0.62 

OW8 0.53 0.00 0.02 
HW8A 0.52 0.01 0.07 
HW8B 0.61 0.01 0.05 

OW9 0.72 0.04 0.26 
HW9A 0.63 0.03 0.18 
HW9B 0.75 0.03 0.28 

OWl0 0.81 0.04 0.26 
HWIOA 0.81 0.08 0.55 
HW10B 0.82 0.03 0.30 

OW12 0.89 0.02 0.20 
HW12A 1.00 0.04 0.34 
HW12B 0.84 0.07 0.59 

OW13 0.68 0.01 0.10 
HW13A 0.66 0.02 0.16 
HW13B 0.68 0.04 0.3l 

OW14 0.62 0.02 0.12 
HWI4A 0.64 0.01 0.06 
HW14B 0.61 0.01 0.12 

b) at 120 K 

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). On ly  three sites (W1, W 2  and  W4) are fully 
occupied. Therefore, it is no t  surpr is ing that  the s imu-  
la t ion  displays a large overall  rms pos i t iona l  f luctua- 
t ion  for the water  a toms of 0.10 nm. The value derived 
from the crysta l lographic  B-factors is 0.05 nm.  As was 
discussed for the glucose hydrogen  atoms, the discrep- 
ancy be tween these values is expla ined by the occur- 
rence of a l ternat ive  sites which are accessible for one 
atom. The crysta l lographic  ref inement  procedure  
treats different sites that  are par t ia l ly  occupied by one 
a tom separately with a B-factor for each site, whereas 
the M D  values in Fig. 6 are t ime-averaged over the 
trajectories of ind iv idua l  atoms,  irrespective of the dif- 
ferent sites that  are visited by one atom. Only  when a 

water  molecule is no t  diffused from one site to ano ther  
in the s imula t ion  its t ime-averaged pos i t ion  can be 
compared  to the exper imenta l  one. On ly  water W l  has 
a s imulated mobi l i ty  (0.040 nm) that  is comparab le  to 
the exper imenta l  value (0.044 nm). The exper imental  
pos i t ion  of this water  molecule is nicely reproduced 
within  0.03 nm. F o r  all other  water molecules their 
diffusion does no t  allow a direct compar i son  of t ime- 
averaged and  exper imenta l  posit ions.  F igure  6 a shows 
how far the ind iv idua l  water molecules in the 8 sym- 
metric  uni ts  have been moved  away from their ini t ial  
(experimental)  posi t ions du r ing  the equi l ib ra t ion  peri- 
od of the M D  simulat ion.  In  cont ras t  with the low 
tempera ture  result, the d i s t r ibu t ion  for mos t  water  
molecules is very wide; in one asymmetr ic  un i t  a water 
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molecule may stay within 0.05 nm, whereas in another  siderably. Only W8 has an occupancy below 10%, 
it may  move by several Angstroms. which is also reflected in the neutron crystal structure 

Because of the diffusion that is observed for the analysis where this water displays the lowest occupan- 
water molecules in the simulation process, we decided cy. Apart  from an overall normalization factor, the 
to perform a local occupancy factor analysis for the distribution of a tom density over the various available 
experimentally observed water sites, just  as has been sites as obtained from the simulation is comparable  to 
done for the alternative sites of the glucose hydrogen the distribution resulting from the crystallographic re- 
atoms. Here, a complication is the choice of the three finement. I t  would be interesting to calculate structure 
reference a toms that  define the local coordinate frame factors directly from the M D  atomic trajectories and 
in which the local occupancy is calculated. For  each to compare  them to the observed ones. 
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 Hydrogen bond network 
factors are low in the distance range 1 o-, see Table 4 a, 
because the o--values are only 0.053 nm on average for Another way to describe the structure of/?-CD and the 
both hydrogen and oxygen atoms. If  the occupancy is water molecules in the crystal is to determine the 
measured with a radius of 2o- ~ 0.1 nm around the hydrogen-bond network. This turns out to be partly 
experimental site, the occupancy factors increase con- stable and part ly dynamic, giving rise to the phenome- 
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Fig. 6 a  a n d  b. Distribution of the distance 
(in nm) between the MD time-averaged posi- 
tion and the experimental position for corre- 
sponding water molecules in the 8 asymmet- 
ric units. The distribution is given for each of 
the 12 water molecules present per asymmet- 
ric unit a at 293 K; b at 120 K 

non of flip-flop hydrogen bonds. This will be discussed 
in the following paper (Koehler et al. 1987 b). 

C o n c l u s i o n s  

Crystalline /~-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 8/?-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. 

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 fl-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 fl-CD crystal contains twice as 
many water molecules per CD molecule compared to 
the e-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. 1987a). 

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 rim) 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. 
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