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The o-, -, and y-cyclodextrin (CyDs) dimers were studied by molecular dynamics (MD) simulations
in water as an explicit solvent. The relative stability of dimers and the involved molecular
interactions were determined. Three possible starting orientations were considered for the
dimers: head-to-head, head-to-tail, and tail-to-tail. MD simulations were performed over a period
of 5 ns to ensure the stability of the system for both the CyD dimers and monomers. The MM-
PBSA methodology was used to obtain the free binding energy of the dimers and to determine the
most stable arrangement for each solvated CyD. In a vacuum, MD simulations provided the head-
to-head orientation as the most stable orientation for the three CyDs, while in aqueous solution
the, the head-to-tail orientation was found to be the most stable for the o-CyD dimer and the tail-

to-tail orientation the most stable for the - and y-CyD dimers.

Introduction

Cyclodextrins (CyDs)! are interesting natural macro-
molecules that are cyclic oligomers of glucose. The most
common CyDs (native) are composed of 6, 7, or 8 glucose
residues linked by o-(1,4) glycosidic bonds,?® and they
are called a-, -, and y-CyD, respectively. These CyDs
generate a toroidal/hollow truncated cone structure* due
to the “C; chair conformation of the sugar units. Their
derivatives have been widely studied®>® because of their
use as hosts in molecular recognition.” The stoichiom-
etries for most of the CyD/substrate inclusion complexes
are 1:189 or 2:1,9713 although some cases of 2:2 stoichi-
ometries have also been detected.* The inclusion com-
pounds composition critically depends on the types of
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CyD and on the physicochemical properties of the in-
volved guest. Many studies have investigated either
isolated CyDs or their 1:1 inclusion complexes by com-
putational techniques.t>16

The formation of 2:1 or 2:2 complexes requires the
association of two CyD units. One of the arrangements
of the CyD molecules within the crystal lattice is the
channel structure.l” These alignments are defined as
“head-to-head” or “head-to-tail” depending on whether
two equal or two different rims are facing each other. The
head-to-head and head-to-tail dimers of 3-CyD have
recently been studied by ab initio and semiempirical
calculations (MNDO/PM3).18 The results from this study
indicate that the head-to-tail dimer is the thermody-
namically most stable dimeric arrangement and that the
hydrogen bonds between glucose units are formed be-
tween the hydrogen of the 2-OH of one glucose and the
oxygen of the 3-OH of the next glucose. Molecular
dynamics (MD) simulations in a vacuum have previously
been used to study the formation of aggregates formed
by two CyDs (hereinafter called dimers).!® The three
possible dimers were studied (Figure 1): the two possible
head-to-head (that formed by facing the two wider rims,
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FIGURE 1. Three starting orientations for the y-CD dimer as an example: head-to-head (HH), head-to-tail (HT), and tail-to-tail

(TT).

the head-to-head, and the one facing the two narrower
rims, the tail-to-tail) and the head-to-tail. The results
showed that head-to-head was the most stable for all a-,
f-, and y-CyD dimers due to the formation of intermo-
lecular hydrogen bonds. A study on the polyrotaxane
formed between poly(ethyleneglycol) and 12 a-CyDs
indicates that the hydrogen bond formation between CyD
units suggest that they assemble in a head-to-head or
tail-to-tail sequence.?® The formation of 3-CyD aggregates
in aqueous solution has been experimentally detected,?*
but the driving force for this aggregation has never been
systematically studied®® although some studies on 2:1
complexes have been done in very limited cases.?® Finally,
the y-CyD/(E)-stilbene complex crystallizes in a channel-
type lattice presenting two distinct inclusion sites, one
where two stilbenes are close in space and another where
only one stilbene can be accommodated.?* This can
quickly be associated with the head-to-head and head-
to-tail orientations for the y-CyDs.

Most of the experimental works with CyDs are carried
out in water. However, it is clear that the effect of water
on the interaction between two CyDs might be very
important. If hydrogen bonds between the hydroxyl
groups of CyDs are the major driving force for holding
the two units together, their interaction with the water
molecules will compete with the intermolecular CyD—
CyD hydrogen bonds, and the stability of the dimers will
be reduced.

In this study, the three possible orientations between
CyD units were studied by molecular dynamics (MD)
simulations: the head-to-head (HH), the head-to-tail
(HT), and the tail-to-tail (TT) (Figure 1). It will be shown
that the hydrogen bonds between the two CyD units
forming the dimer and between each CyD and the solvent
are the main driving force for the dimer formation. The
results from this work indicate that the most stable
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FIGURE 2. One of the possible CyD fragments formed by
three glucose units. Only charges of the glucose “n” are kept
for the RESP program.

orientations are the head-to-tail for the a-CyD dimer and
the tail-to-tail for both the - and y-CyD dimers.

Methods

Atomic Charges. Necessary atomic charges for glucose
atoms were obtained by considering the eight lowest energy
conformations of a fragment formed by three glucose units
(Figure 2) containing methyl groups at each end. These
conformers were fully optimized using the Gaussian 94
program? at the Hartree—Fock level with the STO-3G basis
set. Single-point calculations on each optimized conformer
were performed at the RHF/6-31G* level. The eight resulting
electrostatic potentials were thus used for the two-stage
multiple-conformation RESP?%?7 charge fitting, giving rise to
a single set of charges for glucose atoms (Figure 3). The
charges obtained for the “n” glucose unit were used to build
the CyDs in the MD simulations because they collect the effect
of other adjacent glucose units. Parameters complementary
to those already described in the parm9428 force field were
added for the glycosidic linkage.?®

Molecular Dynamics Simulations. Productive MD simu-
lations were run with a 2.0 fs time step under the isothermal—
isobaric ensemble (298 K and 1 atm.). The all-atom force field
of the AMBER v.5 package,® explicit solvation for water
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FIGURE 3. Chemical structure, atomic numbering, and
charges used for each glucose unit in the MD simulations.

(TIP3P3t model), and periodic boundary conditions were used.3?
Two cutoffs were used for evaluating the Lennard—Jones
interactions (8 and 13 A for the primary and secondary,
respectively). The SHAKE® algorithm was applied over all
covalent bonds involving hydrogen atoms. For all the studied
systems, the energy was initially minimized and the temper-
ature was increased to 300 K at three 50 ps intervals. Once
the systems were equilibrated, 5 ns data collection runs were
performed. Trajectories were saved every 5 ps (1000 snapshots
were collected).

Calculation of Binding Energies. The MM-PBSA meth-
odology®* was applied to estimate the free energies of binding
from the absolute energies in the gas phase (Egass), and the
solvation free energies (AGpg + AGnonpolar) for the CyD dimers
and CyD monomers. This procedure can be summarized as
follows:

AGbinding = AGWater(dimer) -2 [AGwater(monomer)]

The free energies, AGuater, for each species were evaluated
by the following scheme:
AG = Eqas T AGgation — TAS

water — —gas

AG'solvation = AG‘PB + AG'nonpolar

Egas = Einternal (bond, angle, tOFSiOﬂ) + Eelectrostatic + EvdW

The term Egas was calculated with the CARNAL and ANAL
modules in the AMBER 5.0 software suite. The solvation
energy, AGsovation, Was divided into two terms, the electrostatic
contributions, AGpg, and all other contributions, AGnonpolar. The
AGpg term was calculated using the Delphi software package,®®
which numerically solves Poisson—Boltzmann equations and
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calculates the electrostatic energy according to the electrostatic
potential. The AGnonpoiar Was calculated using the MSMS
program,3 which calculates the solvent accessible surface area
(SASA), and the nonpolar contribution was calculated as
0.00542 * SASA + 0.92 kcal/mol. Solute entropies, TAS, were
estimated from normal mode calculations®” using the NMODE
module of AMBER. The rotational, translational, and vibra-
tional entropies were calculated on a Newton—Raphson mini-
mization with a distance-dependent dielectric in the abscence
of solvent.

Results and Discussion

Average Structures and Hydrogen Bond Analy-
sis. CyD dimers were built using the available crystal-
lographic data®83%40 for each monomer as the starting
structure. The three relative orientations in Figure 1
were chosen as starting structures. For each orientation,
a distance of 8 A between the molecular centroids
(calculated with respect to all the glycosidic oxygen
atoms) was initially set. The relative orientation of the
CyD dimers changed along the 5 ns simulation runs. The
arrangement of the monomers in the dimer can be
referred to as perpendicular, parallel, or V geometries,
and they are a consequence of the formation of intermo-
lecular hydrogen bonds between solvent and solute.

Figures 4—6 contain the final structures obtained in
these long simulations for the a-, 8-, and y-CyD dimers,
respectively. These final structures were used as refer-
ences and compared with the snapshots of all the
trajectories. The root-mean-square deviations (rmsd) vary
from 0.4 to 0.8 A. Values were very small for such large
molecules (those for the HH, HT, and TT orientations
are as follows: 0.58, 0.58, and 0.74 for o; 0.57, 0.67, and
0.81 for f3; and 0.45, 0.57, and 0.58 for vy, respectively),
indicating that the final structures can be considered
excellent representatives of the average structures along
the simulation time.

Relative orientations for a- and 5-CyD are not stable
during the MD simulations. Only the HH orientation
clearly keeps the relative position of the two CyD units,
while HT and TT present changes (see Figures 4a and
5a). The HT average structures for the o- and -CyD
dimers adopt a perpendicular arrangement, while the TT
average structures are adopting a V form (that for a-CyD
being more open than that for 5-CyD). The HH average
structure for the $-CyD dimer also tends to adopt a V
form. Contrary to all this, the relative orientations for
the y-CyD dimers seem to be more stable (Figure 6).
Their starting orientations do not present substantial
changes during the simulation runs, although the CyDs
are bent to present more close contacts. The number of
hydroxyl groups present in the y-CyD dimers is larger
than that for the two other CyDs. More intermolecular
CyD—CyD hydrogen bonds can be formed in the case of
y-CyD, and thus the starting geometry can be more easily
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1987, 9, 327.
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J. Am. Chem. Soc. 1984, 106, 7545.
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FIGURE 4. Average structures for the three relative orientations of the a-CD dimer (water molecules have been removed for
clarity): (a) starting at HH, (b) starting at HT, and (c) Starting at TT.

FIGURE 5. Average structures for the three relative orientations of the 3-CD dimer (water molecules have been removed for
clarity): (a) starting at HH, (b) starting at HT, and (c) starting at TT.

FIGURE 6. Average structures for the three relative orientations of the y-CD dimer (water molecules have been removed for
clarity): (a) starting at HH, (b) starting at HT, and (c) starting at TT.

kept. The relative orientation between glucose units
within the same CyD is generally well kept. However,
the analysis of the average structures for the HT and the
TT y-CyD orientations indicates that some glucose units
have rotated until positioning the primary hydroxyls in
the wider rim (upside down), in agreement with the well-

known larger flexibility of y-CyD relative to that of the
two other native CyDs.

The hydrogen bond analysis performed along all of the
5 ns simulation runs for the nine studied CyD dimers is
gathered in Table 1. HH orientations always make much
more solute—solvent hydrogen bonds than HT and TT

J. Org. Chem, Vol. 67, No. 24, 2002 8605
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TABLE 1. Hydrogen Bond Analysis for the Three
Different Dimers (HH, HT, and TT) of the Three Native
CyDs (o, 8, and p)2

a B 4
HH HT TT HH HT TT HH HT TT

CyD—water 390 175 100 180 50 0 1400 165 170
CyD—CyD 730 600 150 810 290 325 940 580 375
CyDintra 900 1050 900 950 1150 1260 1260 1180 1600
prim—prim 0 0159 O 0 271 0 42 190
sec—sec 782 396 26 757 362 0 815 149 8
prim—sec 0 1 7 26 66 2 161 136 287

a Numbers are sums of the number of close contacts between
solute—solvent (CyD—water), solute—solute (CyD—CyD), intramo-
lecular solute (CyD intra), primary—primary hydroxyls (prim—
prim), secondary—secondary hydroxyls (sec—sec), and primary—
secondary hydroxyls (prim—sec) divided by the number of snapshots
of each 5 ns MD simulation (only values >10% were summed).

orientations. This result is in agreement with the larger
facility of the primary hydroxyl groups to form hydrogen
bonds than secondary hydroxyl groups. The analysis of
the CyD—CyD intermolecular hydrogen bonds also con-
firms this fact since all the dimers present more interac-
tions in the HH orientation.

Table 1 also shows that the 3-CyD dimers form fewer
solute—solvent hydrogen bonds, regardless of the orien-
tation considered. The TT orientation for the -CyD
dimer does not even present significant solute—solvent
hydrogen bonds (although a large number of interactions
with occupancy*' smaller than 10% were obtained).
Interestingly, the y-CyD dimer forms many more solute—
solvent hydrogen bonds than a-CyD, while 3-CyD forms
almost no solute—solvent hydrogen bonds. The highest
individual values of solute—solvent hydrogen bonds oc-
cupancies were 44, 19, and 92% for the a-, -, and y-CyD
dimers, respectively. All these results may explain the
well-known fact of the lower solubility of the 3-CyD in
aqueous solution in comparison with that of a- and
y-CyD.*? It has also been described that -CyD has a
large tendency to form aggregates due to unfavorable
interactions with the hydrogen bonded structure of
water.*® On the other hand, it has been experimentally
confirmed that aggregation of y-CyD in solution is mainly
due to favorable hydrogen bonding between CyDs.** The
hydrogen bond analysis presented in Table 1 indicates
that the y-CyD dimer is computed to have the largest
number of intermolecular (CyD—CyD) hydrogen bonds,
in perfect agreement with the experiments.

The number of intramolecular hydrogen bonds is
different for each CyD dimer, and they increase with the
size of the CyD (as expected due to the number of
hydroxyl groups). Interestingly, the TT orientation for
y-CyD presents the larger number of intramolecular
H-bonds due to the large deformation suffered by the
parallel arrangement of the glucose units (Figure 6¢). The
parallel and perfectly arranged initial CyD structures
were deformed along the 5 ns simulation. The severity

(41) Occupancy is defined as the number of snapshots presenting a
hydrogen bond divided by the total number of snapshots in an MD
simulation multiplied by 100, i.e., a percentage.

(42) French, D.; Lewine, M. L.; Pazur, J. H.; Norberg, E. J. Am.
Chem. Soc. 1949, 71, 353.

(43) (a) Coleman, A. W.; Nicolis, I.; Keller, N.; Dalbiez, J. P. J. Incl.
Phenom. Mol. Recogn. Chem. 1992, 13, 139. (b) Szetjli, J. Cyclodextrin
Technology; Kluwer: Dordrecht, 1988.

(44) Szente, L.; Szejtli, J.; Kis, G. L. J. Pharm. Sci. 1998, 87, 778.
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FIGURE 7. Representation of one y-CD structure (water
molecules have been removed for clarity) where three glucose
units are folded toward the interior of the cavity to form
intramolecular O6—H6---0O6 hydrogen bonds.

of this deformation depends on the relative orientation.
The relative spatial arrangement of the glucose units
within each CyD presents considerable changes. This
deformation can be clearly seen in the case of y-CyD,
where primary hydroxyl groups are mostly rotated
toward the interior of the cavity and new O6—H6---0O6
intramolecular hydrogen bonds appear (Figure 7).

The number of hydrogen bonds, formed between all the
possible combinations of hydroxyls on each CyD, was also
analyzed (Table 1). The primary—primary, primary—
secondary, and secondary—secondary hydrogen bonds
were considered.

The HH orientations always present larger numbers
of secondary—secondary hydrogen bonds, in clear agree-
ment with the proposed average geometries. Only in the
case of y-CyD is the number of primary—secondary
hydrogen bonds substantial, although it is much smaller
than the number of primary—primary hydrogen bonds.
The existence of several glucoses turned upside down in
this case exchanges the orientation of primary and
secondary hydroxyls and permits the formation of these
crossed hydrogen bonds.

The HT orientations should not present secondary—
secondary hydrogen bonds if the average orientation was
really an HT orientation. However, since in the average
orientation both CyDs are perpendicular to each other,
the possibility of these secondary—secondary hydrogen
bonds increases. Moreover, in the case of 5-CyD, the
primary—secondary hydrogen bonds are larger than in
the case of o-CyD, suggesting that the average structure
should be slightly less perpendicular and more HT-like
(as it is in Figure 5). The case of y-CyD is again
noteworthy: the number of hydrogen bonds is well spread
among the three possible types, indicating a much larger
mobility for this CyD in comparison with the other two.

The TT orientations present a large number of pri-
mary—primary hydrogen bonds, in agreement with the
proposed average geometries. Only in the case of y-CyD
is the number of primary—secondary hydrogen bonds
large, even larger than the number of primary—primary
hydrogen bonds, and as before this can be attributed to
the turning of the glucoses.

No significant differences were detected between the
03—H3---02 and O2—H2---0O3 intramolecular hydrogen
bonds in any of the systems studied. These results are
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TABLE 2. Contribution of Different Energy Terms and Free Binding Energies (kcal/mol) and Standard Deviations
(std) for the Three Orientations (HH, HT, and TT) of the o-CyD Dimer as Obtained with the MM/PBSA Methodology

dimercomplex CyDisolated
HH (AA) HT (AA) TT (AA) a-CyD (A)

contribution kcal/mol std kcal/mol std kcal/mol std kcal/mol std

Eelect 350.0 11.5 335.1 14.1 354.5 13.1 184.2 9.5

Evaw 4.7 6.3 6.5 8.0 2.8 5.9 145 5.1

Eint 366.4 9.6 367.6 9.6 368.9 8.9 188.9 7.5

Egas 721.1 13.5 709.1 17.1 726.2 14.7 387.6 10.3

AGronpolar 9.1 0.2 9.4 0.3 9.3 0.2 6.3 0.1

AGpp —208.3 8.9 —203.2 11.9 —212.0 11.3 —123.4 6.9

AGgoly —199.3 8.8 —193.8 11.7 —202.7 11.2 —-117.0 6.9

EPs + elect) 141.7 7.7 131.8 7.8 142.5 9.0 60.8 5.2

AGuwater 521.8 10.7 515.3 10.0 523.5 11.4 270.6 7.4

AA — 2A
HH HT TT

AEglect —-18.3 17.7 —33.3 19.4 —13.8 18.8

AEvqw —24.2 9.6 —22.5 10.7 —26.2 9.3

AEint -11.6 13.5 —-10.3 13.8 -9.0 14.2

AEgas —54.1 19.9 —66.1 22.5 —49.0 20.1

AAGnonpolar —-3.6 0.2 -3.3 0.3 —-3.3 0.2

AAGpg 38.4 13.2 43.5 15.4 34.7 15.0

AAGsoly 34.8 13.1 40.3 15.3 31.4 14.9

EP@B + elect) 20.1 10.7 10.2 10.7 20.9 11.7

AAGpinding —-19.3 14.9 —25.8 14.4 —-17.6 15.5

in contradiction with the molecular orbital studies on
maltose and on the B-CyD dimers, which indicate a
preference of O2—H2 for acting as a proton donor.*®
Binding Energies. The binding energies (or dimer-
ization energies) were evaluated with the MM-PBSA
methodology.3* Under this method, binding free energies
(AAGater) are estimated using the trajectories of each
species from the same simulation run. In the previous
section, we have mentioned that in some cases there exist
large conformational deformations. It thus seems neces-
sary to take into account the energy involved in these
conformational changes occurring during the dimer
formation. The binding energies were evaluated using
structures coming from simulation runs on isolated CyD
monomers solvated with water molecules. Obviously, in
our study CyD1lislated @aNd CyD2isoiated represent the same
trajectory. Binding energies are thus computed as follows:

CyDlisoIated + CyD2 < dimer

isolated complex

Tables 2—4 show all the energy contributions for the
different dimers and for isolated CyDs as deduced from
the MM-PBSA analysis, as well as the free binding
energies for each of the o-, -, and y-CyD dimers
considered in this work. Negative final free-energy
values indicate that a stable dimer is expected to be
formed.

Entropy values have been estimated by considering
three structures for each MD trajectory. Vibrational
entropy values for each CyD do not differ, regardless of
the starting orientation, but they always disfavor the free
binding energies (Table 5). The TAS term for the dimer-
ization reaction rises slightly with the number of glucose
units in a CyD. Normal mode calculations are imperfect
estimates for the solute entropies (distorted minimized
structures, harmonic approximation, and calculation on
few structures);*> we consider them here exclusively to

(45) Reyes, C. R.; Kollman, P. A. J. Mol. Biol. 2000, 297, 1145.

give us the magnitude of the entropic contribution.
Normal mode analyses give only qualitative estimates
of the solute entropy.*® The disorder of water molecules
is not considered and will be definitely different for each
dimeric structure.*”*8¢ The number of CyD-water hydro-
gen bonds in Table 1 suggests that the order of water
molecules around the y-CyD dimer will be very high, and
the entropy for the real dimerization process should thus
be largely negative.

There is no agreement with the previous study carried
out in a vacuum where the HH orientation was the
preferred one for the three native CyDs.'® When the
dimers are in aqueous solution, the HT orientation is the
most stable for the a-CyD dimer (—25.8 kcal/mol), while
the TT orientation is preferred for the - and y-CyD
dimers (—15.5 and —11.8 kcal/mol, respectively). In
general, the AEgs contribution always stabilizes the
dimer formation by about 50 kcal/mol, while the AAGsy
destabilizes the process by about 30—70 kcal/mol. The
energy involved in the solvation is controlling the stabil-
ity of the dimers, especially in the case of y-CyD where
the AAGsy is largely positive.

As described before, the most stable structures adopted
in aqueous solution are the perperdincular arrangement
for the o-CyD dimer and the parallel arrangement for
the - and y-CyD dimers. In the case of o-CyD in the HT
orientation, even having the worst solute—solvent inter-
action energy (AAGpg), the solute—solute electrostatic
interaction (AEgec) is S0 strong that it finally makes this
orientation the most stable. Although, strictly speaking,
the 5-CyD dimer should adopt the TT orientation in
water, differences between all three orientations are
small (about 4 kcal/mol), and we can assume that all the
orientations will be equally stable. However, the prefer-
ence for the TT orientation is due to its better solvation
(see AAGgg) in Table 3). The case of y-CyD is slightly

(46) Cheatham, T. E.; Srinivasan, J.; Case, D. A.; Kollman, P. A. J.
Biomol. Struct. Dynam. 1998, 16, 265.
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TABLE 3. Contribution of the Different Energy Terms and Free Binding Energies (kcal/mol) and Standard Deviations
(std) for the Three Orientations (HH, HT, and TT) of the #-CyD Dimer as Obtained with the MM/PBSA Methodology

dimercomplex CyDisolated
HH (AA) HT (AA) TT (AA) B-CyD (A)

contribution kcal/mol std kcal/mol std kcal/mol std kcal/mol std

Eelect 401.2 14.8 400.3 18.0 400.4 14.9 221.4 12.8

Evaw 5.6 7.7 13.8 9.1 8.4 7.0 12.4 4.5

Eint 428.1 10.1 428.6 11.9 432.1 10.1 213.4 7.4

Egas 834.9 16.2 842.7 18.2 840.9 15.9 447.1 13.2

AGronpolar 10.2 0.2 10.7 0.3 10.6 0.3 6.9 0.1

AGpp —237.1 10.4 —243.7 12.3 —246.0 10.8 —143.5 8.8

AGgoly —226.9 10.3 —233.0 12.2 —235.4 10.7 —136.6 8.8

E@®B + elect) 164.1 9.0 156.6 13.6 154.4 9.7 77.9 6.8

AGyater 608.1 10.7 609.7 13.3 605.5 11.4 310.5 8.1

AA — 2A
HH HT TT

AEelect —41.5 23.4 —42.4 25.5 —42.4 23.5

AEvqw —-19.1 10.0 —-10.9 11.1 —-16.2 9.4

AEint 1.3 15.8 1.8 15.5 5.3 13.8

AEgas —-59.3 24.8 —51.5 26.1 —53.3 24.5

AAGnonpolar —-3.6 0.2 -3.1 0.4 —-3.2 0.3

AAGpg 49.9 16.2 43.3 17.5 40.9 16.5

AAGsoly 46.3 16.2 40.2 17.4 37.8 16.5

EP@B + elect) 8.4 13.1 0.9 16.6 —-1.4 13.6

AAGpinding —-13.0 15.7 —-11.3 17.6 —15.5 16.2

TABLE 4. Contribution of the Different Energy Terms and Free Binding Energies (kcal/mol) and Standard Deviations
(std) for the Three Orientations (HH, HT and TT) of the y-CyD Dimer as Obtained with the MM/PBSA Methodology

dimercomplex CyDisolated
HH (AA) HT (AA) TT (AA) y-CyD (A)

contribution kcal/mol std kcal/mol std kcal/mol std kcal/mol std

Eelect 457.2 11.7 461.9 14.6 470.8 16.6 243.5 9.2

Evaw 2.2 7.0 9.8 7.6 -0.3 8.3 17.2 5.6

Eint 478.3 11.0 480.5 114 474.6 11.0 240.4 7.9

Egas 937.7 15.9 952.2 16.0 945.1 15.0 501.1 10.9

AGnonpolar 11.0 0.1 11.2 0.2 111 0.1 7.7 0.1

AGpg —250.5 9.9 —267.3 10.5 —273.3 11.9 —-161.5 6.7

AGsolv —239.6 9.9 —256.2 10.4 —262.3 11.9 —153.8 6.6

EPB + elect) 206.7 8.4 194.6 10.5 197.5 7.7 82.1 5.9

AGuwater 698.2 12.2 696.0 12.3 682.9 9.5 347.3 8.1

AA — 2A
HH HT TT

AEeject —29.8 175 —-25.2 195 -16.3 21.1

AEyaw -32.1 10.6 —-24.5 11.0 —34.6 115

AEint —2.6 15.2 -0.3 15.9 —-6.2 19.9

AEgas —64.5 22.1 -50.0 22.2 —-57.1 21.5

AAGnonpolar —4.4 0.2 —-4.2 0.2 —-4.3 0.2

AAGpg 72.4 13.7 55.6 14.1 49.6 15.2

AAGsgoly 68.0 13.6 51.4 14.0 45.3 15.2

EPB + elect) 42.6 11.9 30.4 134 33.3 114

AAGyinding 3.5 16.8 1.4 16.8 -11.8 14.9

TABLE 5. Entropy Contributions (TAS in kcal/mol) for
the Dimerization Process of the Three Native CyDs
Estimated from Vibrational Analysis Using Three
Structures Distributed along the Trajectory

CyD HH dimer HT dimer TT dimer
o —16.4 —16.3 —16.0
p —19.6 —19.8 —19.2
y —21.6 —22.0 —20.5

different; the worst solvation energy (AAGpg) for the HH
and HT orientations almost compensates the stabilization
coming from the AEgs. In contrast, its TT orientation
presents an intermediate AEy, value and a relatively low

8608 J. Org. Chem., Vol. 67, No. 24, 2002

AAGsq1, Which finally leads to the lowest binding energy
of —11.8 kcal/mol (Table 4).

The free binding energy values largely decrease when
increasing the CyD size (Tables 2—4) within each con-
sidered orientation. The electrostatic interactions are
important for the dimerization process, while solvation
does not favor this process. The estimated free energy
for the dimerization process suggests that it is favorable
except for HH and HT orientations of y-CyD (for these
two systems, such a conclusion may not be drawn). The
HH orientations are those presenting the larger number
of hydrogen bond interactions. These interactions are of
the secondary—secondary type, indicating the larger
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capability of these secondary hydroxyls to form hydrogen
bonds in comparison with the primary ones. Moreover,
only y-CyDs present exceptions to this behavior due to
the larger mobility of the glucose units within the
macrocycle. Larger CyDs having more glucose units, such
as 14 or 26 as those recently discovered,*® will very likely
prefer the monomers in aqueous solution.

Conclusions

Results from MD simulations on the three most prob-
able orientations (HH, HT, and TT) of a-, - and y-CyD
dimers using the AMBER package with parm94 force
field in the presence of explicit water molecules, as a
model for aqueous solution, show a behavior completely
different from that previously described in a vacuum.*®
When solvated, CyD dimers do not maintain the parallel
arrangement along the 5 ns simulations and are not as
stable as they are in a vacuum. Obviously, solute—solvent
interactions are responsible for these differences and also
for the conformational changes observed on the CyD
structures. Average arrangements can be classified as

(47) Bea, 1.; Jaime, C.; Kollman, P. Theor. Chem. Acc. 2002, in press.

(48) Bea, 1.; Cervello, E.; Kollman, P. A.; Jaime, C. Comb. Chem.
High Throughput Screening 2001, 4, 605.

(49) (a) Jacob, J.; Gessler, K.; Hoffmann, D.; Sanbe, H.; Koizumi,
K.; Smith, S. M.; Takaha, T.; Saenger, W. Angew. Chem., Int. Ed. 1998,
37, 606. (b) Saenger, W.; Jacob, J.; Gessler, K.; Steiner, T.; Hoffmann,
D.; Sanbe, H.; Koizumi, K.; Smith, S. M.; Takaha, T. Chem. Rev. 1998,
98, 1787.

JOC Article

parallel, perpendicular, and V forms. The results from
this work are in agreement with those obtained in a
molecular orbital study on -CyD dimers but only in the
sense of predicting which orientation is the most stable,
the HT.'8 However, the MO calculations suggest a very
different geometry for the dimer (parallel).

According to the MM-PBSA analysis, the binding free
energies suggest the HT perpendicular arrangement as
the most stable for the a-CyD dimer and the TT V form
for the - and y-CyD dimers. Binding free energies
decrease (and quickly reach positive values) when in-
creasing numbers of glucose units within the same
orientation, suggesting that large CyDs will likely exist
in the form of monomers. These results forecast difficul-
ties in the preparation of 2:1 host—guest complexes with
large CyDs as hosts.
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