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Abstract Molecular dynamics simulations were performed
on four large ring cyclodextrins (LR-CDs), CD14, CD21,
CD26 and CD28, both in gas phase and in water solution.
Four different force fields (parm94, parm99, glycam2000a
and MM3*) were used to examine their dependence with the
results. The differences were not significant when parm99
and glycam2000a were used. Parm94 and MM3* results dif-
fer considerably due to inadequate bending parameters
(parm94) or due to a strong stabilization by the intramolec-
ular hydrogen bonds between hydroxyl groups. Simulations
in the gas phase show that the CDs are elongated and twisted,
and that cavities typical for the native CDs (CDn, n = 6, 7, 8)
are not present. Simulations in water solution produced aver-
age structures that do not correspond to the conformations in
the crystalline state. The LR-CDs are highly flexible and this
could favor the formation of inclusion complexes through the
intermediation of some other molecules that could fit to the
smaller and more specific cavities they have.

Keywords Cyclodextrins · Molecular dynamics ·
Conformational analysis · Force field dependence

1 Introduction

There has been an increasing interest during the last decade
in the large-ring cyclodextrins (hereinafter named as LR-
CDs) [1,2] and their physicochemical properties [3–5], in
spite of existing difficulties in their synthesis [6–8], isola-
tion and purification [9–11]. Although LR-CDs were firstly
prepared by French et al. [12], the publication of the crystal
structure for the CDs composed by 9 [13], 10 [14–16], 14 [14,
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15], and 26 [17,18] glucose units has been clearly determi-
nant for a better understanding of these molecules. The X-ray
structures showed new structural motifs, and it became re-
ally evident that they are structurally very different from the
native CDs (those composed of 6, 7 and 8 glucose units).
More recently the thermal and structural characterization of
δ-CD, ε-CD and ι-CD have been carried out [19], and ref-
erences to CDs with more than 60 [20] and several hundred
[21] glucose units have been made. Much larger CDs, even
with more than 100 glucoses in the ring, have been prepared
by the action of disproportionating enzyme on amylase [21]
but crystallographic structures of such large CDs have not
been reported so far. The crystal structure determinations de-
scribe the geometrical properties and characteristics of two
large CDs. However, ‘their solution and inclusion properties
have yet to be elucidated’ [1,2].

The complexation properties of LR-CDs have started to
be studied. The inclusion complexes of CDs of up to 17 glu-
cose units with several benzoates, salicylate, ibuprofen anion
and 1-adamantane carboxylate have been studied and their
formation constants have been determined [22]. Association
constants for those CDs having more than ten glucoses are
usually small (<40 M−1). However, the LR-CDs with 21–33
glucose units form stable inclusion complexes with iodine in
aqueous solution as demonstrated by isothermal titration cal-
orimetry (formation constants of about 1–7×103 M−1) [23],
and δ-CD has demonstrated to form a stable 1:1 complex
with C70 that allows its solubilization in water [24]. More
recently, η-CD (12 glucoses) has been proved to be effective
in the partial separation of carbon nanotubes [25].

The structural features of the native and the LR-CDs,
mainly X-ray structural analyses, have been surveyed and
computational studies have also been quoted [2,14,26–28].
A review [29] was especially devoted to the applications of
molecular modeling techniques to the study of the static and
the dynamical features of CDs, as well as their participation
in host–guest complexation. However, it is mainly centered
in native CDs. Macrocycles containing 14, 18, 24 and 48
glucose units were studied by molecular dynamics simula-
tions either in vacuum or in water solution, but with rather
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short simulation times (<100 ps) [30,31]. The circularized
three-turn single helical structure proposed for CD21 from
small-angle X-ray scattering was shown, with rather short
MD simulations (100 ps), to persist in water at 300 K [28].
Molecular dynamics simulations (with lengths of 100–400 ps)
using a DFT/ab initio-derived empirical force field, AMB99C
[32,33], were used in studies of the molecular properties of
the CDs containing 10 and 21 glucoses. More recently, a
study on CDs with degree of polymerization of 26, 30, 55,
70, 85 and 100, using much longer molecular dynamics (MD)
simulations (5 ns for all except the one of 26 for which the
MD was 10 ns), has been published [34].

Since a growing experimental activity on the LR-CDs can
be deduced from the literature, it is worth devoting efforts
to study these promising macrocycles using computational
methodologies once these have proved its goodness for study-
ing the native CDs. We present in this paper results from
long MD simulations (5 ns) of the LR-CDs with 14, 21, 26
and 28 glucose units as isolated molecules (gas phase) and in
water solution, using four different force fields. The degree of
polymerization of most of the CDs studied is a multiple of 7
because the change in 13C - NMR chemical shifts of the large
CDs above CD10, especially for the 13C1 and 13C4 signals,
presents an oscillation with a periodicity of approximately
six or seven. (See Fig. 4 of Ref. [2]. A careful look at this fig-
ure suggests 7 as the most probable periodicity.) In addition,
and as reference structures, the native CDs were also studied
at the same conditions of the simulation experiments.

Circular dynamics are usually named using greek let-
ters as prefixes. For a better understanding, hereinafter the
nomenclature used will be based on that used for the cyclo-
amyloses: a number added after CD designates the number of
units in the macrocycle, e.g., CD6 designates α-CyD, while
CD26 is the cyclodextrin with 26 glucose residues. Figure 1
displays a schematic representation of a cyclodextrin frag-
ment with the numbering of the atoms, as well as examples
for cis and trans orientations of neighboring glucose units.

2 Computational details

The computations with the MM3* force field [35]1 were
performed within Macromodel [36], while those with the
parm94 [37], parm99 [38] and glycam2000a [39] force fields
were carried out with the AMBER program (version 5 with
parm94 and version 7 with the rest; modules LEaP, SANDER
and CARNAL were used, respectively, for the preparation of
the input data, the minimization and the MD simulation steps,
and for the analysis of the MD trajectories) [40]. Atomic
charges used for the glucose unit in the AMBER computations
were those previously published [41]. In the MD simulations
with parm94 force field, one additional bending parameter
was used, not present in the original force field parameter file:
OS–CT–OS, k0 = 80.0 kcal/mol, φ0 = 126.0◦. The AMBER
MD simulations were always run with a cut-off of 8.0 Å for

1 MM3* is a modified and adapted version of Allinger’s MM3 force
field

the non-bonded interactions. For simulations in water, the
“solvateBox” command of LEaP has been used to create a
rectangular parallelepiped solvent box around the CD with
buffer distances of 10.0 Å between the walls of the box and
the closest atoms of the solute (TIP3P [42] water molecules
and periodical boundary conditions at the walls were used).
The dimensions of the periodic TIP3P water boxes and the
number of water molecules were, respectively: CD6 (30.1,
29.1, 23.7 Å; 1,959), CD7 (31.3, 30.5, 24.3 Å; 2,208), CD8
(33.1, 33.7, 24.2 Å; 2,577), CD14 (43.4, 39.5, 31.9 Å; 1,470),
CD21 (55.4, 46.7, 33.8 Å; 2,321), CD26 (46.9, 41.2, 34.1 Å;
1,694), CD28 (50.0, 42.6, 34.9 Å; 1,964). The SHAKE option
was used for constraining bonds involving hydrogen atoms.
Starting geometries were taken from crystal structures when
available (CD14: CCDC100656, [14] CD26: CCDC115146
[17]), otherwise molecular graphics was used for building
the initial geometries (CD21 was constructed by adding half
CD14 to another unit of CD14, while CD28 was built by add-
ing two new glucose units in the linear part of CD26). In all
cases, the structures were fully minimized, with the steepest-
descent minimization scheme, prior to their use for the MD
runs, eliminating as much as possible the influence of the
starting geometry quality on the computed results. The sys-
tems were heated from 0 to 300 K in 20 ps, and equilibrated
for 30 ps. The productive runs were executed with a time-
step of 1.0 fs at constant temperature and pressure (1 bar).
The simulation time was 5.0 ns for both gas phase and water
solution. Samplings were taken each 1 ps.

Information about structural variations during the simu-
lations was obtained from analysis of rms deviation from the
last structure.

3 Results and discussion

3.1 Relative conformation of glucose units
and nomenclature

All glucose units in small CDs (from CD5 to CD9) present
a syn relative arrangement between them. However, the X-
ray structures for the CD10 and CD14 already show some
anti arrangements and also a new structural motif, the kink
arrangement. In this motif, neighbor glucoses are in a clinal
(or gauche) disposition (Fig. 2).

A nomenclature is proposed for designating the confor-
mation of the macroring in LR-CDs based on two nomencla-
tures used for cycloalkanes (using the torsional angles signs
[43] and the nomenclature of Dale [44]). A character ( s, a, +
or −) is assigned to each relative position of a pair of glucoses
depending on the value of a virtual dihedral angle (called flip
and defined by O3(n) · · · C4(n) · · · C1(n + 1) · · · O2(n + 1),
Fig. 3). The ranges for the different portions were decided
after the analyses of the results from the MDs were com-
pleted.

All glucoses are in principle equivalent by symmetry. The
IUPAC rule for chiral molecules (i.e. as many R as possi-
ble at the beginning) will be followed and the name should
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Fig. 1 Schematic representation for a CD fragment showing the atomic numbering. Each individual glucose unit is designated by a number “n”.
Atoms are identified by a letter and a number that indicates its position in the glucose

Fig. 2 Relative conformations of neighbor glucoses: a syn; b anti; c kink
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Fig. 3 Definition of the relative orientation for a pair of glucose units as derived from the flip dihedral angle (O3(n) · · · C4(n) · · · C1(n +
1) · · · O2(n + 1))

start by that glucose residue having the largest number of s
arrangement at the beginning of the name. When two or more
names fulfill this requirement, the one with the a, + or − (in
this order) as near as possible to the starting position, should
be used. Since, this nomenclature produces long names (as
many letters separated by comma as glucose units form the
CD), whenever several identical characters are found, they
are replaced by a number. As an example, the X-ray confor-
mation of the CD10, (s, s, s, s, a, s, s, s, s, a), will be trans-
formed into the (4s, a, 4s, a).

3.2 Number of conformers registered in the course
of the molecular dynamics simulation

The analysis of the rms deviations from the last structure reg-
istered for each CD served to check and confirm the dyna-
mism of the structural variations of the CDs (see Fig. 4 as an
example). The outcome from the analysis indicates that con-
formational changes indeed take place. The most significant
changes of the molecular shape were monitored because the
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Fig. 4 Variation of the rms (Å ) along the MD simulation (parm94) of
the CD21 in gas phase. Two plateaus are observed: from 0 to 1.5 ns and
from 2 to 5 ns

skeletal C1–C2–C3–C4–O4 atoms were used for this anal-
ysis. Besides, the number of atoms used for estimating the
rms is different in each CD (5×N, N=number of glucoses).
Consequently, different criteria have to be used in each CD
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for deciding when two structures are different (different pla-
teaus)2. One average structure for each plateau was obtained
with the CARNAL module of the AMBER program. For the
sake of clarity in their representation, all averaged structures
were energy minimized. Then they automatically become
“not averaged”, but rather we arrive at one of the representa-
tive structures of the set.

3.3 Starting conformations

Figure 5 depicts the starting structures used for the large CDs.
A ribbon shows the shape created by the C4–O4–C1 skele-
ton and the glucoses are shown in colors accordingly to their
relative conformation with the (n+1) glucose (see Fig. 3).

3.4 Conformational analysis with the parm94 force field

The native CDs were also studied with this force field, and
their structures always remained at the all-s conformations.

The rms analysis of the gas phase simulations for CD14
indicates that two main structures (at 0.3 and 3.0 ns) are pres-
ent, both having the shape of the number eight, producing
two pseudocavities encircled by seven glucoses each. Both
structures have the same nomenclature (i.e. they are the same)
and present large number of kink arrangements, and a pair of
anti arrangement (Fig. 6a). Two conformations were found
in water solution (Fig. 6b, c). They are more unfolded, com-
pared to the starting geometry (the two chains of the macror-
ing do not cross as in the gas phase simulation), and differ in
the conformation of the residues 9 and 11 ( s in one and + in
the other). The more unfolded geometry of the 3.0 ns confor-
mation is due to the increased number of kink arrangements.

The simulations for CD21 in the gas phase rendered two
structures (at 1.0 and 4.0 ns). The structure at 1.0 ns presents
a folded macroring but it stretches during the simulation and
appears almost completely extended at 4.0 ns. Crossings of
chains and loops are not present. The elongation of the 4.0 ns
structure can be associated with the increased number of con-
secutive glucoses adopting a − conformation (red in color).
In contrast, only one conformation is present in water solu-
tion that closely resembles the starting structure.

Only two conformations were found in the gas phase
simulation of CD26. The structure at 0.5 ns already presents
important deviations from the initial geometry, due to the
emergence of more kink arrangements. The macroring is
completely extended at 4.0 ns, although the presence of a
small loop of approximately six glucoses is observed at the
extreme right side. Only one conformation is found in water
solution which resembles the starting geometry. It seems that
the water molecules play a decisive role for preserving the
LR-CD conformation with this force field.

2 The rms was computed considering only five atoms (C1-C2-C3-
C4-O4) from each glucose. Structures were considered equal if their
rms differ less than 0.015*5*(number of glucoses)

The simulations for CD28 in gas phase present three
conformations (at 1.0, 2.0 and 4.0 ns, Fig. 9a–9c, respec-
tively). The structure at 1.0 ns still maintains the two turns of
the helix of the initial structure, although slight deviations are
indeed present. The presence of kink glucoses is enhanced.
Clearly, the structure becomes more extended with advanc-
ing the simulation. However (and this is valid also for the
2.0 and 4.0 ns snapshots), two loops are still observed. The
difference between the latter two structures and the one at
1.0 ns remains in the ribbons that interconnect the two loops.
These fragments are folded in the 1.0 ns structure (two glu-
coses have a + conformation), while they are extended in the
other two structures (glucoses with a − conformation). As
in the case of CD26, no significant deviations from the start-
ing structure were found in the simulation of CD28 in water
solution. The two structures (at 0.05 and 3.0 ns, Fig. 9d, e,
respectively) have the same nomenclature and appear more
disordered than the initial geometry and display more folded-
over-itself fragments of the macroring, with larger number of
kink glucoses.

3.5 Conformational analysis with the parm99 force field

As in the case of parm94, only one prevailing conformation is
present in the three studied native CDs (CD6, CD7 and CD8).
However, a deeper analysis of snapshots from the MD trajec-
tory displays a slight bending of two diametrically opposed
glucoses towards the interior of the cavity, loosing the pure
truncated cone shape, and producing geometry in the form of
an ellipse. The glucose units do not adopt a kink arrangement
and the structures retain the crystalline conformation [8s].

The structure of CD14 during the gas phase simulation
remains folded without significant deviations from the start-
ing crystal geometry. However, the analysis of the rms indi-
cates large movements of the macroring in water solution.
The fluctuation of the rms is such that no clear definition
of different structures could be done. This behavior is gen-
eral for all the studied CDs with this force field. Figure 10
shows the rms fluctuation of CD14 in gas phase and in water
solution, as an example.

To understand what happens in this system, the descrip-
tion of some snapshots we think are representative will be
given. The geometry of the molecule remains similar to the
initial structure at the beginning of the simulation, with a ten-
dency for increasing the participation of kink arrangements.
Lately, the structure begins to unfold (0.38 ns, Fig. 11a) and
the presence of the +,−,+ sequence for three neighbor glu-
coses makes the central glucose to hinder the cavity entrance.
Shortly later (0.68 ns, Fig. 11b), the +,−,+ arrangement disap-
pears and a more extended cavity results, due to pairs of glu-
coses that adopt − arrangements. The cavity keeps this shape
until the sequence −,+,− is again generated (2.2 ns), and one
glucose unit blocks the entrance to the cavity. Finally, a struc-
ture similar to the starting one reappears (3.4 ns, Fig. 11c).
In summary, tendencies for closure and opening of the cav-
ity and its entrance were noticed. These result from changes
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CD14 CD21 CD26 CD28

Fig. 5 Starting conformations: CD14 [6s, a, 6s, a]; CD21 [3s, 3a, −, s, +, −, 2s, 3−, s, −, 2s, a, −]; CD26 [12s, a, 12s, a]; CD28 [12s, a,
11s, −, 2s, a]

Fig. 6 Conformations obtained in the simulations of CD14 with parm94; a gas phase 3.0 ns [2s, 3−, a, −, 2s, 3−, a, −]; b water 0.5 ns
[2s, 3−, +, −, 2s, −, s, −, +, −]; c water 3.5 ns [2s, 3−, +, −, s, +, −, +, −, +, −]

Fig. 7 Conformations obtained in the simulations of CD21 with parm94: a gas phase 1.0 ns [2s, −, s,−, s,+,−, s,+, 2−, s, 2a,−, s,−, s, a,−];
b gas phase 4.0 ns [s, 2−, s, +, −, s, a, 6−, s, −, s, a, s, −]; c water [s, −, s, 2−, +, −, s, +, −, s, 4−, s, −, s, 3−]

of the conformations of neighbor glucoses in a manner that
the geometry of the macroring at the end of the simulation is
similar to the starting crystal state geometry.

Only one conformation is obtained in the gas phase sim-
ulation of CD21 (Fig. 12a). Two loops of about six glucoses
each and one larger loop positioned above the other two are
present. It looks like the bigger loop covers the two smaller
loops as a lid cover. As in the case of CD14, the confor-
mational variations during the simulation of CD21 in water
solution were examined by analyzing several snapshots. The
structure undergoes variation along the simulation, adopting
a shape from a rather square form (0.43 ns) to a more elon-
gated geometry that results from an increase of the number of
glucoses in conformation − (2.5 ns, Fig. 12b). It seems, how-
ever, that this geometry is not stable enough, and the structure
at 2.8 ns is very similar to the 0.43 ns geometry (Fig. 12c).
Finally, four loops are formed at 3.9 ns (Fig. 12d). Three
of these loops are clearly defined by the neighborhood of
three glucoses in − relative arrangement that point inward
the cavity.

The CD26 does not present significant variations from
the starting X-ray coordinates in the gas phase simulations.
The initial loops are still kept although, as a whole, the struc-
ture is slightly more disordered. As in the two previous cases,

the macroring experiences a tendency to unfold in water. The
two helix turns present in the starting geometry can still be
recognized in the structure at 2.15 ns (Fig. 13a). The structure
at 3.45 ns becomes more elongated. (Fig. 13b). The stretch is
due to the sequence of glucoses with prevailing − arrange-
ment. The overall shape of the macroring remains almost the
same until the end of the simulation (4.95 ns, Fig. 13c). The
conformation of CD26 in aqueous solution presents a cav-
ity with an elongated shape. Therefore, only in the case of
an additional agent (external), like the crystal field packing
forces, or a complexing molecule that can provoke a confor-
mational change of CD26 in water solution, can we attain a
structure that presents a double antiparallel helix as observed
in the crystal state.

Two conformations can be distinguished from the simu-
lation of CD28 in gas phase. Both are very similar to the start-
ing structure. The CD28 also presents a tendency to unfold in
water solution, although to a lesser extent than CD26 does.
The two turns of the antiparallel helix of the starting struc-
ture still can be seen at 3.0 ns, although an increase in the
number of glucoses in s arrangements is observed (Fig. 14a).
The structure unfolds at 3.9 ns (Fig. 14b). A loop is present in
one part of the structure, while a lobe composed of a set of −
arrangements is also formed. The macroring retains the loop
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Fig. 8 Conformations obtained in the simulations of CD26 with parm94: a gas phase 0.5 ns [3s, −, 2s, −, s, −, a, 2s, a, 2s, a, −, s, −, s, −, s, +,
−, s, a]; b gas phase 4.0 ns [2s, a, s, a, s, 3−, s, 2−, +, −, s, a, s, 2−, a, −, s, 4−]; c water [2s, −, s, −, 2s, −, +, −, +, s, 2−, s, 2−, s, −, 2s,
−, s, as, −]

Fig. 9 Conformations obtained in the simulations of CD28 with parm94: a gas phase 1.0 ns [2s, −, 2s, −, 2s, −, 2s, +, s, 2−, +, −, 2s, −, s, 2−,
s, +, s, 2−]; b gas phase 2.0 ns [3s, −, s, −, s, 2−, +, −, 2s, −, s, 2−, s, −, s, 2−, +, s, −, 2s, −]; c gas phase 4.0 ns [2s, 2−, s, 2−, s, −, s,
2−, +, −, 2s, −, s, 2−, s, −, s, 2−, +, s, −]; d water 0.05 ns [2s, −, 2s, −, s, −, 2s, −, s, 2+, −, s, −, s, −, s, −, 2s, −, s, a, s,−]; e water
3.0 ns [2s, −, 2s, −, s, −, 2s, −, s, 2+, −, s, −, s, −, s, −, 2s, −, s, a, s,−]
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Fig. 10 Fluctuation of rms (Å) for the simulations of CD14: a gas phase; b in water solution

Fig. 11 Conformations obtained in the simulations of CD14 with parm99 in water solution: a 0.38 ns [3s, 2−, +, −, 2s, −, s, −, a, −]; b 0.68 ns
[2s, a, −, s, −, s, −, s, +, −, s, 2−]; c) 3.4 ns [3s, a, −, 2s, −, 2s, a, −, s, −]



Structural dynamics of some large-ring cyclodextrins 91

Fig. 12 Conformations obtained in the simulations of CD21 with parm99: a gas phase [5s, a, 2s, a, −, 4s, a, 4s, 2−]; b water solution
2.5 ns [2s, 3−, s, 2−, a, −, 2s, 4−, s, 4−]; c water solution 2.8 ns [2s, 3−, s, 4−, s, −, a, −, s, −, s, 4−]; d water solution 3.9 ns
[5s, 3−, s, 3−, 2s, 4−, s, −, a]

Fig. 13 Conformations obtained in the simulations of CD26 with parm99 in water solution: a 2.15 ns [7s, −, s, a, −, 4s, −, 2s, −, s, −, s, a, 3−];
b 3.45 ns [5s, a, −, 2s, −, s, −, s, −, 4s, a, s, 4−, s, −]; c 4.95 ns [7s, a, −, 2s, 2−, 2s, −, 2s, +, s, 4−, s, −]

Fig. 14 Conformations obtained in the simulations of CD28 with parm99 in water solution: a 3.06 ns [5s, a, 3s, −, s, −, s, −, 2s, −, s, a, 5s,
−, 2s, −]; b 3.91 ns [4s, −, s, +, 2s, −, s, +, −, 2s, −, 2s, −, 2s, a, −, s, −, s, 2−]; c fragment representing two different spatial arrangements
of the lobe (green at 3.9 ns and red at 4.65 ns)

until the end of the simulation. Meanwhile the lobe slightly
changes its position in space (Fig. 14c). The geometry at the
end of the simulation closely resembles that at 3.9 ns.

3.6 Conformational analysis with glycam2000a force field

Parm94 and parm99 force fields are mostly oriented to
applications on proteins, while glycam2000a is a force field
specifically developed for applications on oligosaccharides
and glycoproteins. This parametrization has developed spe-
cific parameters for the anomeric carbon atom C1 and for the
glycosidic oxygen O4. The need to define new parameters for
these atoms emerged from the observation that the lengths of
bonds C1–O1 and C1–O4 vary with the configuration of the
pyranose ring [39]. Thus, in order to arrive at more adequate
modeling of these bonds and to better reproduce vibrational
frequencies, it appeared necessary, in analogy with MM3 and
MM4, to consider also cross-terms of the type stretch-torsion.
However, such cross-terms had never been included in the set
of potential energy functions used in AMBER. An alterna-
tive approach is to define new atom types specific for each

Fig. 15 Structure of the CD6 at 0.43 ns in aqueous solution with the
glycam2000a force field [3s, −, +, −]

anomer, that has the advantage of being mathematically sim-
pler and, accordingly, computationally faster.

MD runs for the native CDs were performed only in
water solution. In contrast with the results previously ob-
tained, they are now more flexible and glucoses with − and
+ relative arrangements were detected. Figure 15 displays, as
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an example, the geometry of CD6 at 0.43 ns. The macroring
lost the well-known shape of a truncated cone and contains
the sequence −,+,− that places one glucose residue blocking
the cavity entrance.

Two different conformations of CD14 were distinguished
in the gas phase simulations (Fig. 16). One of them is present
during the first 1.25 ns simulation, while the other charac-
terizes the remaining time until the end of the simulation.
Unfolding from the starting geometry characterizes the two
forms, with more pronounced variation in the second confor-
mation that contains more glucoses in kink arrangement.

The deviation from the starting structure is not apprecia-
ble during about one half of the simulation in water, although
greater number of kink glucoses is present. More important
changes appear at 1.7 ns. The structure acquires the shape of
number eight (Fig. 16c) with two subunits of six glucoses
each. Undergoing small variations, this structure remains
until the end of the simulation.

The simulation of CD21 in the gas phase required to be
expanded from the original 4.0 ns to 7.0 ns due to a significant
change in the rms curve at about 5.0 ns. Two conformations
were detected (the first exists in the ranges 0–4.3 ns and 5.4–
7.0 ns, and the second in the range 4.3–5.4 ns, Fig. 17a, b,
respectively). Both structures are similar and contain three
consecutive curls of approximately six glucoses each. Larger
number of kink glucoses are present in the second structure.

The simulation of CD21 in water solution follows the
previous behavior: continuous conformational changes with-
out defined conformations. The deviations from the start-
ing geometry start at 0.33 ns where quite open geometry is
observed containing three curls (Fig. 17c). The structure at
2.0 ns presents the curls more elongated, as a result of the
increase of glucoses in + and − conformations (Fig. 17d).
With very small changes the molecule remains in this con-
formation until the end of the simulation (Fig. 17e).

The rms analysis yielded three different conformations
from the gas phase simulations of CD26. Again similarities
between the three structures are present. All have three con-
secutive loops that form a left-handed single helix (Fig. 18a).
This finding is in accordance with the study of Kitamura and
collaborators [45] which describes CD26 in solution to have
a circular single helix.

In water solution, CD26 lost the crystal conformation (as
with parm99). One of the loops disappeared at 1.1 ns, and a
curl was formed in its place (Fig. 18b). CD26 keeps chang-
ing slowly and the structure at 2.7 ns is more stretched as a
consequence of the presence of more glucoses in a − rela-
tive arrangement (Fig. 18c). Finally, the structure at 4.3 ns is
practically the same as the previous one, and thus it seems
that this structure is preferentially retained in the simulation
(Fig. 18d).

Three conformations were detected in the gas phase of
CD28. Two loops are present in the three cases. The size and
the location of the loops vary from one to the other structure.
Figure 19a shows the overlap of two structures and dem-
onstrates that the molecule remains basically with the same
shape.

As in all pre1ceding cases, the rms analysis of the simu-
lations in water for CD28 does not allow to determine clear
conformations. What is the most representative is that the
structure lost one of the loops at 0.7 ns, and step by step
increased the number of kink glucoses (Fig. 19b). The struc-
ture has stretched at 3.3 ns and, as in the other cases the elon-
gation is accompanied by an increase of consecutive glucoses
with − relative arrangement (Fig. 19c). Finally, this structure
is preserved during the rest of the simulation.

3.7 Conformational analysis with MM3* force field

The MM3 force field is one of the most extensively used for
computing structures of organic molecules. Although it is not
included into the AMBER package, many molecular model-
ing systems contain this force field. The MD simulations of
CD14, CD21, CD26 and CD28 were also performed using
the Macromodel software package.

The analysis of the rms indicated that only one single
conformation was obtained for all cases. CD14 remained
unchanged along the simulation. CD26 and CD28 kept the
shape, although some more kink glucoses were present in the
conformation observed. Finally, CD21 was the one suffering
from larger changes originating from the presence of several
glucoses in − relative arrangement.

3.8 Analysis of the shape

The conformations discussed earlier were characterized also
with their radius of gyration (Rgyr) and asphericity (ASP)
[46]. The program DRAGON [47] was used to estimate the
descriptors of the shape. The following approach was used:
(1) the average structure was computed for each conforma-
tion, (2) the resulting structure was minimized with 50 iter-
ations and (3) due to limitations for the number of atoms in
the program, only the fragment C1–O4–C4 was used in each
case.

Table 1 contains the results obtained in all the gas phase
simulations. Most of the Rgyr values increase from CD6
to CD28, except for CD28 with parm94, in which case the
value is smaller than for CD26. This fact indicates that CD28
is more compact than CD26 (due to the loops, CD28 does
not have a totally extended shape). The comparison with the
experimentally available values for native CDs suggests that
the computed data are always smaller than the experimental
ones, probably due to the fact of considering only the C1–O4–
C4 fragment. This tendency is followed also by the LR-CDs.
It is worth to mention here that the Rgyr for CD21 and CD26
with parm94 largely exceeds the corresponding experimen-
tal values. It can be concluded that these conformations do
not correspond to the experimental conformations. The com-
puted Rgyr with the other force fields are larger for CD21 and
smaller for CD26. We have to make a note here that when
parm99 and MM3* are used, the number of conformers cov-
ered is much smaller than with the other force fields. Parm99
and glycam2000a produce values for Rgyr reasonably near to
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Fig. 16 Conformations obtained in the simulations of CD14 with glycam2000a: a gas phase 0.7 ns [6s, a, −, 3s, −, 2s]; b gas phase 4.0 ns
[6s, +, −, 2s, 2−, 2s]; c water solution 1.7–4.0 ns [7s, −, s, +, −, 2s, −]

Fig. 17 Conformations obtained in the simulations of CD21 with glycam2000a: a gas phase 2.0 ns [9s, −, 3s, −, 5s, a, −]; b gas phase
4.5 ns [9s, 2−, 2s, 2−, 4s, a, −]; c water solution 0.33 ns [3s, 3−, s, −, a, 2s, −, s, 2−, 2s, 4−]; d water solution 2.0 ns [3s, 3−, 2s, +,
s, 5−, 2s, 2−, s, −]; e water solution 3.9 ns [3s, −, s, −, s, −, +, 5−, 3s, −, s, −, s]

Fig. 18 Conformations obtained in the simulations of CD26 with glycam2000a: a gas phase [25s, a]; b water solution 1.1 ns [9s, a, −,
2s, −, 2s, −, 5s, +, s, 2−]; c water solution 2.7 ns [5s, 2−, s, −, s, +, −, s, 2−, 2s, 2−, 4s, a, 2−]; d water solution 4.3 ns [5s, 3−, s, +,
s, 2−, 3s, 2−, 4s, a, 3−]

the experimental ones in all cases except for CD21 (probably
due to the selected starting geometry). The ASP values of the
native CDs are 0.2–0.3. Thus, the skeleton C1–O4–C4 can be
described as a cylinder. No clear tendencies are estimated for
the larger CDs, but in general the value of this descriptor is
smaller than the corresponding value in the small CDs. Thus,
their C1–O4–C4 skeleton is more spherical. The values of
ASP tend to 1 for most of the LR-CDs when parm94 is used.

The results from the same analysis for the simulations
in water solution are presented in Table 2. Different num-
bers of values are given for each CD, depending on the graph
obtained in rms analysis. The radius of gyration increases
from CD6 to CD21 with parm94, but from this value further
remains a constant value about 17.6. These trends indicate
that the size of the macromolecule increases with the number
of residues, but at the same time the compactness of the struc-
tures (the CDs tend to fold over themselves) also increases.
Other force fields do not follow this trend. For example, CD26
and CD28, which tend to fold with glycam2000a, have val-
ues for the Rgyr and ASP which increase from one to another
structure. Finally, the computed Rgyr of CD21 and CD26 is

usually larger than the corresponding experimental value, and
thus, from the structural point of view, none of the computed
structures correctly represents the experimental conforma-
tion.

3.9 Evaluation of the force fields

The stretching parameters do not vary noticeably between
the force fields and will not be discussed here. However,
differences exist between AMBER and MM3* (under Mac-
romodel) programs in the equations used for evaluating the
bending contribution. Although significant differences are
not observed for the values of most of the reference angles, the
most significant variations are in the values of the reference
angle for the O1–C1–O4 fragment. This reference angle is
similar in MM3* (108.6◦) and in glycam2000a (110.7◦), but
extremely low and high values characterize parm99 (101.0◦)
and parm94 (126.0◦), respectively. Moreover, the correspond-
ing force constants (kσ ) also vary significantly from one
force field to another (80.0, 160.0 and 110.7 kcal/mol rad2 for
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Fig. 19 Conformations obtained in the simulations of CD28 with glycam2000a: a gas phase [7s, −, 2s, −, 3s, a, 2−, 2s, −, +, 6s, a, ]; b water
solution 0.67 ns [8s, a, −, s, −, s, −, s, −, 7s, a, 2s, 2−]; c water solution 3.29 ns [4s, −, 2s, a, 2−, 3s, 5−, s, −, s, −, +, 5−]

Table 1 Shape descriptors for the average structures of CD6, CD7, CD8, CD14, CD21, CD26 and CD28 obtained in gas phase

CD6 CD7 CD8 CD14 CD21 CD26 CD28

RGyr (Å)
Exp.a 6.0 6.7 7.3 – 11.5 19.6 –
Parm94 4.2 6.7 6.2 12.8 23.3 31.4 28.3
Parm99 4.2 5.4 6.3 9.1 13.2 16.6 18.3
Glycam 2000a 4.3 5.5 6.5 9.2 13.0 15.9 17.0
MM3* – – – 10.4 15.5 17.5 18.9

ASP
Parm94 0.2 0.2 0.3 0.7 0.9 0.9 0.7
Parm99 0.2 0.2 0.2 0.1 0.1 0.2 0.2
Glycam 2000a 0.2 0.2 0.2 0.1 0.1 0.1 0.1
MM3* – – – 0.2 0.2 0.1 0.1

aDetermined by small angle X-ray scattering at 25◦C [45]

parm94, parm99 and glycam2000a, respectively, and 0.54
mdyn/rad2 for MM3*). The energy cost to vary slightly the
value of this angle in MM3* is lesser than in the other three
force fields, and this results from the utilization of different
functions in this force field. In summary, the deformation of
angle O1–C1–O4 with the parameters used in parm94 re-
quires less energy and the equilibrium value of the angle
exceeds the reference values for this angle in the other force
fields. The effect of these different bending parameters on the
final average structure obtained for LR-CDs was dramatic.
A new additional simulation with parm94 was performed
on CD21 (as an example). The stretched average structure
obtained in the gas phase simulation was used as a starting
point and the parm99 bending parameters for the O1–C1–O4
angle were used. The macrocycle folds during the simula-
tion. Figure 20 displays the structure obtained at the end of
this simulation. Thus, despite obtaining positive results with
parm94 in the modeling of small CDs, this force field does
not model the LR-CDs correctly.

More important differences between force fields are found
in the torsional parameters. We will focus mostly on the tor-
sional parameters for the rotations about the glycosidic bonds
(C1–O4–C4) which actually determine the conformational
behavior of the CDs. We have to note firstly that the dihe-
dral O1–C1–O4–C4 was not parameterized within parm94,
and rather generic values were used for this parameter (X–
CT–OS–X; N = 3, Vn/2 = 1.15, γ = 0, n = 3). The
differences between force fields in equations and parameters
for estimating the torsional contribution to the total energy
are important, and we evaluated the profiles for the rotation
energies around bonds C1–O4 and O4–C4 (Fig. 21) taking
into account all dihedral angles that contribute.

Figure 21a shows the profiles for the rotation around
bond C1–O4. The torsional profiles of parm94 and MM3*
are similar: both are symmetrical and display three energy
maxima and three minima. In contrast, those of parm99 and
glycam2000a are not symmetrical: (1) the maximum is at
about −90◦ with glycam2000a, while it is at about −120◦ for
parm99; (2) parm99 presents energy minima at about −50◦,
60◦ and 160◦, while glycam2000a has the energy minima
around −10◦, 110◦ and −150◦.

Figure 21b shows the profile for the rotation around the
O4–C4 bond. Very similar curves characterize this rotation
with parm94, parm99 and MM3*, while glycam2000a devi-
ates significantly (one energy maximum at 0◦ and one single
energy minimum at 180◦ are present). It becomes evident
from these differences why the number of tilted glucoses in
the MD simulations in gas phase is smaller with glycam2000a
than with parm99. Interestingly, in water solution the behav-
ior of this force field is reversed. Thus it is reasonable to
conclude that the non-bonded interactions between the sol-
vent and the solute are strong enough as to over-balance the
energy cost for variations of this angle.

We have to remind that the molecules studied have large
number of hydroxyls that form many intramolecular hydro-
gen bonds. Besides, hydrogen bonds exist also between the
solute and the solvent molecules. The formation of these
hydrogen bonds will be examined, although in a qualitative
sense. This analysis could provide the basis to explain the
different behavior observed between the simulations in gas
phase and in solution using the glycam2000a force field.

Let us take CD14 as an example. The total hydrogen bond
population per residue for CD14 in gas phase is 3.2 hydrogen
bonds in average (all intramolecular), while the same quantity



Structural dynamics of some large-ring cyclodextrins 95

Table 2 Shape descriptors for the average structures of CD6, CD7, CD8, CD14, CD21, CD26 and CD28 obtained in water solution

Time of existence of each structure is given in parenthesis (in ps)

in water solution is 14.1 (1.9 intramolecular hydrogen bonds
and 12.2 hydrogen bonds with the solvent). It is reasonable to
assume that this extra stabilization from hydrogen bonding in
solution is good enough to compensate the energy expendi-
ture for passing the barrier of 6.0 kcal/mol glucose observed
for the rotations about bonds O4–C4.

4 Conclusions

The results of the conformational study of the CDs with de-
gree of polymerization of 14, 21, 26 and 28 vary significantly
depending on the force field used.

The observed tendency of parm94 to stretch the molecule
(extended conformation) in gas phase is due to the bending
parameters used for angle O1–C1–O4. This force field was
not producing structures capable of explaining the existing
experimental data.

On the other hand, the gas phase simulation with MM3*
and parm99 force fields yields structures that maintain a con-
formation which is very similar to the initial conformation.

The reason is enhanced energy stabilization from intramo-
lecular hydrogen bonding.

Although a much more extended region of the potential
energy hypersurface was explored with parm99 in water solu-
tion, the radius of gyration exceeds the experimental values.
It is thus hardly believable that these structures could explain
the experimental data. The observed fluctuations in the com-
puted radius of gyration and asphericity may indicate not
converged simulations (not long enough).

Finally, it has been concluded that the higher flexibility
of the computed CDs, when glycam2000a is used, is due to
the hydrogen bond interactions between the solvent and the
solute. In contrast, in the gas phase simulations with gly-
cam2000a structures were found which better correlate with
the experimental data (see as an example the structure of
CD26 which presents a sequence of three consecutive loops
that form left-oriented helix with close-to-the-experimental
radius of gyration). At the same time, the simulations of
CD21 with glycam2000a did not afford structures that corre-
late with the experimental data, suggesting the starting geom-
etry as being responsible for the failure. Although MD can
be seen as a tool for conformational search, it can overcome
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Fig. 20 Effect of using two different O1–C1–O4 bending parameters in the parm94 force field over the structure of CD21: a starting structure;
b average structure when the O1–C1–O4 bending parameters of parm99 are used
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Fig. 21 Energy profiles (kcal/mol) corresponding to the rotation around bonds (dark blue=parm94; light blue= parm99; red=glycam2000a;
yellow=mm3*): a C1–O4; b O4–C4

only low energy barriers, and thus the initial geometry can
significantly influence the results.

The simulations performed in this work are too short and
insufficient to simulate what it is observed at the NMR time
scale (one signal for each type of carbon). However, we have
enough information to conclude that LR-CDs are continu-
ously changing the macroring shape. Since all glucoses are
identical, all should average in the NMR time scale. More-
over, each one of the glucoses can occupy any position in the
macroring, thus they will finally appear equivalent. There is a
fast exchange among all glucoses that averages the chemical
shifts for each carbon atom.
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