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Structure and dynamics @Fcyclodextrin 3-CyD), a prototype host for inclusion compounds of biological
interest, is investigated by means of density-functional based tight-binding molecular dynamics (MD)
simulations. The computational protocol is benchmarked against available experimental data and first-principles
calculations. Solventsolute interactions, including the diffusion into and dwell time of the solvent in the
cavity of 5-CyD, are studied with a hybrid QM/MM method. Comparison of MD simulationg-afyD in

the gas phase and in water shows that the solvent reduces the flexibility of the structure framework, while the
terminal hydroxyl groups become more flexible and are embedded in a network of hydrogen bonds. Our 160
ps MD simulations, provide enough sampling to discuss the dynamics of the water inside the cavity. The
dwell time of the encapsulated water molecule has a wide distribution with a peak at 70 fs. Surprisingly,
despite only the 17% difference between the “top” and “bottom” opening area @-@yD cone, 64% of

the water molecules enter the cavity through the slightly bigger “bottom” aperture.

1. Introduction

Cyclodextrins (CyD) have been extensively studied in the
past decades, both experimentally and theoretiéafiffhey are
starch-derived cyclic oligomers with the main representatives
formed by 6 (fora-CyD), 7 (for 5-CyD), or 8 (for y-CyD)
glucose units. All cyclodextrins have the shape of a truncated °
cone enclosing a hydrophobic cavity. The inner cavity makes
cyclodextrins particularly useful as hosts for inclusion com-
pounds. Ing-CyD, the cavity has “top” and “bottom” orifice
diameters of respectively 6.0 and 6.5 A, and a depth of 7.9 A
(see Figure 19. The cavity is large enough to host many
biologically active molecules, which suggests a principal
application of CyDs as a drug carri€rinclusion phenomena
of cyclodextrins, mostly off-CyD, have been subject of many
studies (for a review see ref 7). A considerable amount of data Ho
has been accumulated on the stability of cyclodextrin complexes 2 o o
in solution and on their thermodynamic and structural proper-
ties14811Gtjll, the inclusion mechanism, which is of utmost o}
importance for applications of CyDs in self-assembling and 0 o OH
nanoreactors systerd$213is not yet fully understood. Most of

the reactions involvingd-CyD as inclusion host take place in ) . . .

. . Figure 1. Structure of the3-CyD including the numbering scheme
aqueous environment. A_hydr(_)pho_blc guest molecule can only used to define the structural parameters. Dihedral angi®s:
be encapsulated by CyD if the interior water mOleCUleS, attached [C20104'C4] i} [C104C4'C3] Q [05C5C606],F [C1C2C3C4]
by hydrogen bonds, are removed. Therefore, interaction betweenr, [c3C4C505]K, [02C2C105]Y, [03C3C4C5]©, [C2C3C4C5],
B-CyD with water is of fundamental importance. X-tayand I1, [CAC505C1]E, [C4AC5C606], [04C4C505],Z, [04CAC5CHE],

neutron diffractio®16 studies show that, on average, about A, [04C1lO5C5],E, [C104C4C5], 7, [040404°04""]. Angles: 0,
[C104C4], a, [040404"], B, [OOH]. See text for detail.
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Sophisticated experimental techniques, such as ultrafast guessuitable to describe a free water molecule. Used with a
dynamics, are currently used to explore the nanocavitieh nonpolarizable force field, they are inappropriate for simulations
this paper, we will try to assist these investigations with density- of condensed water phas¥<€On the other hand,TIP3P partial
functional tight-binding (DFTB) BorrrOppenheimer molecular  charges ¢(H) = +0.417¢e) account for polarization effects in
dynamics simulations of the structure and dynamicg-afyD condensed water phases. Used with the rigid water model, these
and encapsulated water in aqueous solution. charges reproduce many properties of bulk water phsese

Computational chemistry techniques have been widely usedperformance of the UFF flexible water model together with
to study cyclodextrind. Most of these investigations are, slightly modified TIP3P partial charges|(d) = +0.41e) for
however, restricted to semiempirical methtfef8 or empirical bulk water and mixed wateralcohol phases was investigated
force fields?125 The structure and dynamics 8fCyD in water by Zhen et aP! As an additional check for the hybrid UFF/
have been studied to understand its behavior in the condensed IP3P water potential, we determined the self-diffusion coef-
phase?®3! The B-CyD molecule contains 147 atoms. Its ficient of water at ambient conditions, which was not considered
structure (See Figure 1) and, consequently, the size of its cavityby ref 51. The calculated value of 3.3 1075 cnv/s is
depend strongly on the presence of solvent and on the somewhat higher than that in experiment (2:3000~° cn?/
temperature. To account for the finite-temperature effects, s°9), in close agreement with other TIP3P-based force figlds.
molecular dynamics simulations with explicit inclusion of We implemented a QM/MNF subtraction scheme with
solvent molecules are necessary. Up to now, quantum mechan<€lectrostatic embedding in the deMon cdfefor use in
ical (QM) dynamical simulations of cyclodextrins were impos- simulations of polar solutions. The technique is identical to the
sible, either because of the cost or due to a poor description of DFTB/CHARMM implementatio? and allows the electrostatic
weak interactions by many approximate QM methods. As a embedding of the QM part in a field of fixed charges. Our
compromise between a first-principle method and an empirical implementation allows finite clusters as well as periodic
force field, we decided to employ a hybrid QM/MM technigde,  boundary conditions (used in this work). In the implementation
which treats the solvent using molecular mechanics (MM) and of ref 34, an addition scheme was employed to calculate QM/
B-CyD quantum mechanically. To allow simulations approach- MM energies and forces:
ing the nanosecond time scale, while permitting extension to
S-CyD with encapsulated guest molecules and to larger CyDs, E = Equ(S) + Eym(T—S) + Equ-mm
we use density-functional based tight-binding (DFTB) approach S - -
with self-consyistent charge (Sc@g:)and Lor?d(on dis)peegion F=Fou(S) * Fum(T=S) + Fou-wm
(DC)2435 corrections for the QM part. This method provides aG
reliable results for biological and organic molecues’ We Eom_wm = 4 U (R (1)
have shown recently that it is reliable for the calculation of iegm}je(%w R J
structure and energies gfCyD inclusion compound®

This article compares the structure and dynamic8-ayD where T describes the total system and S denotes the subsystem
in the gas phase and in aqueous solution. We establish athat is calculated quantum-mechanically. The QM index indi-
computational protocol that allows simulations of inclusion cates quantities calculated quantum mechanically, MM those
compounds withB-CyD on the nanosecond time scale. We show calculated using molecular mechanics, and-QWM gives the
that the results are consistent with the available experimentalinteraction between the two regions, calculated using the MM
data. For simpler model systems, our results are in close equations, using Mulliken charges determined quantum me-
agreement with predictions from more sophisticated quantum- chanically. As no bonds are broken, the latter contains only
mechanical techniques. Further, we explore properties of the contributions from the Coulomb and van-der-Waals interactions.
cavity of 5-CyD, the structure of the encapsulated water and The charges of the MM region are included in the Hamiltonian

calculate the dwell time of water in the cavity. and polarize the electronic density of the embedded structure.
In the standard formulation of DFTB, the electrostatic term
2. Computational Aspects describing the Coulomb interaction between QM and MM

regions already appears in the total energy and has to be
removed fromEgqm-mw3* to avoid double-counting.

In contrast to ref 34, the deMon implementation employs a
subtraction scheme:

All calculations have been performed with the experimental
version of the deMon code, which is available free of charge
for personal and academic u¥eFor benchmark calculations
of gas-phasg-CyD, gradient-corrected density-functional theory

employing PBE function4? and DZVP basis sétwere used. E = Ey(T) + Equ(S) — Eym(S)
For QM/MM calculations, the QM part has been treated with _ _)MM _ M _»MM
the DFTB methot?“3 including the second-order density F=Fuu(T) + Fou(S) = Fum(S) 2

correction scheme (self-consistent charge, S€@nd the
correction for London dispersion (dispersion correction, B&) To allow calculations employing mechanical and electrostatic
as implemented in deMon (DC-SCC-DFT8)The SCC-DFTB embedding using eqgs 2, we choose to remove the term
method has been thoroughly tested for biological molecules by accounting for the Coulomb interactions between the QM and
Elstner and co-worker¥:4> Hybrid QM/MM calculations ap-  the MM region from the QM total energy and its gradients,
plying SCC-DFTB to systems of biological interest have been and include it inEyw(T). The resulting equations are equivalent
reported earlie?*464" The molecular mechanics part employs those of ref 34 but leave the general appearance of the
Rappgés universal force field (UFFJ® with the solvent partial mechanical embedding subtraction scheme untouched.
charges taken from the TIP3P interaction potential for water In this work, the QM region containg-CyD as solute. The
(g(O) = —0.834,q(H) = 0.417)%° MM region contains all water molecules. Therefore, there are
The UFF forcefield specifies “QEQ” chargé€®n all atoms. no covalent interactions between QM and MM regions. The
For the water molecule, the QEq procedure leads to the partialsolvent influenceg-CyD electronically by polarization of the
charge on hydrogen of-0.353e. These charges would be electron density and mechanically through the Coulomb interac-
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tions between Mulliken charges of the QM region with the TABLE 1: Structural Parameters Calculated for -CyD at
TIP3P charges of the MM water. Van-der-Waals interactions the DC-SCC-DFTB and DFT/PBE Levels of Theory

between solute and solvent, and between solvent molecules, are DC-SCC-DFTB/
treated using the Lennard-Jones potential of UFF, wijtai DC-SCC-DFTB PBE/DZVP MM MD XRDP
Ci2 parameters kept constant during the simulation. Dihedral Angles
We employ periodic boundary conditions (PBC) in the ? 3%70-561 (1)-9 3%‘(‘)-?1 2-9 g’égi; gggii
5|mulat|(_)n. Thel-point approximation is used for the DFTE_S o 534 1 544 2 1847 554 3
electronic structure calculation. The long-range Coulomb in- g 60.8+ 0.8 604+ 2 50+ 8 59+ 3
teractions are treated with the Ewald technique. Evaluation of & 231+8 2244 14 228+ 16 231+ 6
the shorter-range van-der-Waals interactions is restricted to atom‘ﬁy ig?i %1 iégi g %géi ii iggii
pairs satlsfymg _the minimum image convention. In constant- 57 91 0.9 cot » 81118 tot o
volume simulations using a sufficiently large cell, this ap- g 284+ 10 2764 5 250+ 19 285+ 3
proximation leads to an inconsequential constant shift of the o 1894+ 113 190+ 114 203+ 82 198+ 123
potential energies, and has no effect on the geometries.= 104480 106+ 78 99+ 43 1124+ 70
Minimum image convention also eliminates possible disconti- ﬁ 1§gi§ 12%? 1‘7‘1;?92 Sgig
nuities in the potentlalland fo_rces, which may arise in the 173141 1754 2 1694+ 37 176+ 2
presence of long-range interaction cut-offs. All simulations use ; —0.2+14 0+5 4.6+ 19 02+9
a 34.9 A cubic box, containing 1385 water molecules (0.973 g Angles
cm3) and a singlgs-CyD molecule (0.044 g cr). 0 123+17  116.9+09  115+3 118+ 1
During the Borr-Oppenheimer molecular dynamics simula- o 128+3 129+ 3 127+ 9 128+ 2
tions, all trajectories have been carefully heated up, followed Intramolecular Hydrogen Bonds
by 20 ps equilibration run using Berendsen thermé&steith a r(©--0) 293+0.03 293£0.08 295:0.14 2.850

coupling parameter af = 0.1, ..., 1 ps. For the microcanonical  (H0) 1-9:’* (1)-03 2'101& 0.04  3.01+ 2-37
NVE (constant number of particles, volume, and energy) * +05 5643
production run of 0.16 ns, a time step of 0.5 fs was chosen. 2The angles are given in degrees (degydrogen bond distances
The total energy remained constant within 0.001 Hartree during are in éngstrom (A). Experimental X-ray diffraction (XRD) data are
the whole simulation, with no systematic drift. The average included fo;)companson. See Figure 1 for the definitions of structural
temperature during the production run was 303 K. parameters: References 16 and 14.

Technical details for calculation of radial functions and

e e . . . . agree that it has a minimum at~ 0°. The bond angles of the
diffusion coefficients are given in the respective sections.

glycosidic framework are defined by the adjacent oxyger)s (
and by C104C4 (0). All theoretical methods and experiment
agree to within 5 for these quantities.

Cyclodextrin in the Gas PhaseWe optimized the gas-phase ~ Next, we analyzed the intramolecular hydrogen bonds. The
structure of3-CyD as a benchmark for the DC-SCC-DFTB  secondary hydroxyls (02 and O3) can form intramolecular
method. The optimized parameters of theCyD gas-phase  hydrogen bridges which can be classified by following the
structure are compared with a GGA-DFT calculation and with O:+*O and O--H distances and the ©0—H angle ). The
experiment in Table 1. The reported values are the arithmetic O+*O and O--H distances are about 2.93 and 1.95 A,
average between the equivalent distances, angles, and dihedrakespectively, and thg angle is about 4 These values are
in B-CyD (see Figure 1). It is interesting to observe that the consistent with an intramolecular hydrogen bond, as it is
DC-SCC-DFTB optimized structure is in good agreement with expected from the ©-O distance of the X-ray structure, which
experiment (X-ray of crystalling-CyD),14~16 as well as with is approximately 2.85 A. In conclusion, DC-SCC-DFTB de-
GGA-DFT (PBE/DZVP) calculations and recently reported scribes the structure ¢i-CyD well, showing good agreement
parameters obtained at the HF/6-31G(d) |&9dlhe backbone  with higher level methods and with experiment.

3. Results and Discussion

of the 5-CyD structure, represented by theT, Z, I1, A, ©, We have also investigated the change of structure with
andv dihedrals (Figure 1), is well described by the DC-SCC- temperature using gas-phase molecular dynamics simulations
DFTB Hamiltonian with deviations below’8rom the experi- at the MM and DFTB levels. The mean values at ambient

ment. Thed® andW dihedral angles are related to the relative temperature have been compared with the optimized parameters,
position between the different glucose monomers. The DC-SCC-the latter ones referring to the classical structuré =0 K. At
DFTB optimized values for® and W are 232 and 122, room temperature}-CyD is completely distortedn the gas
respectively. Althougl® is in good agreement with experiment, phaseaccording to DFTB method, whereas the UFF forcefield
DC-SCC-DFTB underestimatéE by about 6, in contrast to predicts less distorted structures. Thdihedral angle is 24
Hartree-Fock and GGA-DFT calculations, as well as experi- 16° and 14+ 9° at the DFTB and MM levels, respectively.
ment. The dihedral& and Q show large variations between These values can be compared to the ideal value® dba
different sites, independent of the employed theoretical and completely symmetric structure. The deviation from the mean
experimental methods. These values are defined with respectvalue is evidence of flexibility of thg8-CyD structure in the

to the primary hydroxyls (O6), which can rotate nearly freely. gas phase with respect to twisting of each glucose monomer
No meaningful fixed value can be assigned to these parametersaround the axis formed by G404 atoms. The DFTB potential
The conformation of the secondary hydroxyl is described by energy surface (PES) @f-CyD is flatter than the respective
the K and Y dihedral angles. Their calculated values are very UFF MM PES. At the same time, tleangle, which is related
close to the experimental data, indicating that these groups areto the distortion in the plane perpendicular to the principal axis
almost rigid due to the intramolecular hydrogen bonds. #he along the cone, is about 124t59° and 127.6+ 5° at the DFTB
dihedral angle is related to the adjacent glycosidic oxygens. Thisand MM levels, respectively. These values are very close to
is another important structural parameter as it provides informa- the experimental and optimized angle of 128he standard
tion about the deformation of the cavity. Theory and experiment deviation, given in Table 1, is now taken over all equivalent
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Figure 2. Configurational space taken Ifi*CyD in aqueous solution.
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Figure 3. Root-mean-square deviatiorRMSD>, see eq 1, of the
coordinates between a two snapshots of a MD trajectory (in A) (gas
phase in dashed red line) against simulation tim@n ps). The
simulation in solution is given as black solid line, the DFTB and MM

gas-phase simulation as dashed (red) line and dotted (blue) line,

respectively.

1.2 A. In the gas phase the molecule completely changes its
geometry during the simulation at 300 K, converging to the
value around 2.0 A at the DFTB level of theory. Obviously,
the water surrounding th&CyD acts as a cushion, decreasing
its free motion. Interestingly, this effect cannot be seen in pure
MM calculations using the UFF force field. Obviously, the low-
energy region of the PES for this force field is restricted to the
area close to the experimental structure of the sugar, resulting
in an excessively rigid sugar framework. As a result, UFF is
not able to describe structures that change with temperature or
environment, such a8-CyD. This highlights the potential of
guantum-mechanical methods to describe molecules of biologi-
cal interest, even if no chemical reaction takes place, as QM
methods tend to show a much better transferability than a simple
universal forcefield like UFF. A similar increase in flexibility
could be expected from a more sophisticated classical forcefield.

In Table 1, structural parameters of the optimiz2€yD
(theory) and crystal (experiment) are compared with those of
B-CyD in aqueous solution. The latter ones are the time averages
of the mean values, as discussed above. The mean values for
the backbone structure of the cyclodextrin are not affected by
the dynamics, and do not differ strongly from those of gas-
phase simulation and crystal structure. For the glucose backbone,
represented by thdl, I', ®, and T dihedral angles, the

sites and over several snapshots of the trajectory. The increasgjifferences are smaller thaf.éHowever, the standard deviation

of the standard deviations, especially for thdihedral angle,
indicates a large degree of fluxionality. The molecule recovers
its ideal conformation when quenched to 0 K, as expected.
Cyclodextrin in Aqueous Solution. All computations re-
ported in this section are performed using a hybrid QM/MM

of these values increases byifi aqueous solution at ambient
conditions. The dihedral angles involving the glycosidic oxygens
(04) (&, @, 9, E, A) present much larger differences. The
dihedrals related to the relative positions of the glucose
monomers ¥, ®) are in good agreement. The other dihedral

technique, as described above. The solvent-induced changes il’éng|es 0, E, A) are related to the twisting of one glucose

the 5-CyD structure are visualized in Figure 2, and can be
quantified by the root-mean-square deviations (RMSD) of the

coordinates between two snapshots of a MD trajectory, as

proposed by Lawtrakul et & To account for long-time
dynamical effects of thg-CyD, only heavy atoms are taken

into account, and the time average over the trajectory is taken.

(RMSD=

\/ 07 (1) — T, 0’0 (3)
ke{C,0

Nico

In eq 1, N denotes the number of non-hydrogen atoms of
B-CyD.*® Figure 3 showdRMSDOplotted against simulation

time for 5-CyD in the gas phase and in solution. In solution,
[RMSDUconverges to an asymptotic value of approximately

monomer with respect to the remaining units along the principal
axis of the cone. The difference is much larger, about @&h

an even higher standard deviation20°) and shows that the
cyclodextrin distortions are due to the high flexibility of the
C1-04—C4 bondings. This flexibility allows thg-CyD to
distort in the plane perpendicular to the principal axis along
the cone. The angleg and Q, which already indicate an
appreciable mobility of the primary OH groups in gas phase,
are now even more flexible and follow the direction of
intermolecular hydrogen bridges with nearby waters. Torsions
K and Y, which are related to the orientation of secondary
hydroxyls, present high standard deviation and large differences
compared to the gas-phase results, as expected. The intramo-
lecular O-+O distances increase slightly to 2.95 A, compared
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20 weakly bonded to the primary and secondary OH groups at the
rim of the cavity. The 7.0 water molecules inside of the cavity
are interacting mostly with the glycosidic oxygens. Figure 5
154 illustrates the motion of the water molecules inside of the cavity
= and of thef-CyD structure during the dynamics.
§ 104 As the final structural property, we analyze the formation of
5 hydrogen bonds (HBs) betweBrCyD and water. As suggested
Z by Lawtrakul et al28 we define the criterion for the existence
0.5- of a hydrogen bond between don@)(and acceptorA) that
(i) the D—A distance is less than the value corresponding to
the first minimum of the respective @0 RDF, and (ii) the
0.0 —————T———————

DH—A distance is less than 2.6 A. The-©@ RDF’s, averaged
over equivalent sites @f-CyD, are given in Figure 6 and show
different maxima associated to the oxygens of the primary and
secondary hydroxyls, and to the glycosidic and pyranoid
oxygens. For the primary and secondary hydroxyls, we have
the first minimum at about 4.4 A, which integrate to 7.7 and
to 2.93 A in gas phase. The GH bridges observed in gas phase 6.8 water molecules, respectively. For the glycosidic oxygens,
are broken at aqueous solution because theHDaverage a minimum is found at 3.85 A, integrating to 1.1 water
distance is increased to 3.01 A. Hence, the internal hydrogenmolecules. This minimum is mostly related to the encapsulated
bonds are opened, and intermolecular bridges are favoredwater molecules, and the small number of water molecules
instead. A further indication of the flexibility of the primary reflects the hydrophobicity of the cavity. For the pyranoid
OH groups is theg angle (C-O—H), which is calculated to be  oxygens, a minimum representing 2.4 water molecules is
56 + 43°. These findings demonstrate tia€CyD is extensively observed at 4.0 A.
solvated in the water box. Another indication of structure  Table 2 shows the average number of water molecules
deformation in solution is the dihedral angle, associated to forming hydrogen bonds with the proton acceptor sites of
the O4 glycosidic oxygens. It increases frofh(@as phase) to  3-CyD. In the following, we concentrate on the encapsulated
5°, which is associated with a distortion ¢-CyD along water molecules. First, we determined the number of encapsu-
principal axis of the cone, with a standard deviation abdut 9 lated (“Inner”) waters forming hydrogen bonds. We find what
Figure 4 shows the radial distribution function (RDF) of the 83% and 27% of the HBs of the glycosidic (O4) and pyranoid
centers of mass of water with respect to the center of mass of(O5) oxygens, respectively, are formed with the encapsulated
B-CyD. We find minima at 4.0, 10.9, and 13.8 A. The first waters. More than 92% of the HBs of the primary and secondary
minimum corresponds to the encapsulated water molecules. Thehydroxyls are formed with water molecules of the outer solvent.
two outer minima arise from the first and second solvation shells On average, 36% of the seven encapsulated waters form HBs
of B-CyD, respectively. The position of first minimum in the with the glycosidic oxygens, and 25% with the pyranoid
RDF at around 4.0 A corresponds roughly to the half of the oxygens. It is important to note that the 8% of HBs of the
depth of thes-CyD cavity. Integration over the RDF gives a primary and secondary hydroxyls are formed with the encap-
value of 7.0, which means that, on average, 7 water moleculessulated water molecules. This is only possible because the

0 2 4 6 8 10 12 14 16
r

Figure 4. Radial distribution function for the distance (in Angstrom)
between the centers of mass/®HyD and water molecules.

are inside the cavity. This result is in agreement with X44y,
neutron diffraction>16and empirical force fiel studies, which
all arrived at 7 water molecules. The rim gtCyD cavity

solvateds-CyD at ambient conditions is extremely flexible,
allowing the pyranoid rings to undergo major distortions needed
to form these hydrogen bonds. The total number of HBs formed

corresponds to the range 4.0 and 7.3 A in the RDF, and the with 8-CyD, including encapsulated waters and solvent, is on
outside region lies beyond 7.3 A. The features of the RDF average 30.2, with 3.85 HBs that are due to the water molecules
between 4.0 and 7.3 A are related to water molecules that areinside the cavity. This is in qualitative agreement with the

Figure 5. Configurational space taken by the water molecules encapsulae@€y. For the sake of clarity, only the initial structure @CyD
is shown.
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i o ) o are involved in a robust interlocked network, reducing water
Figure 6. Radial distribution functiormy(r) for H-bond sites in-CyD

and the centers of mass of the water molecules. Full line (black) mobility at the “top” aperture. At the same time, the flexible

represents the glycosidic hydroxyls; the dotted line (green), the primary sugar _backbone allows the “bottom" orifi(_:e to distort, accom-
hydroxyls; the dash dot line (blue), the secondary hydroxyls; and the modating solvent dynamics and increasing water mobility in

dash line (red), the pyranoid oxygens. this area. It seems that the combination of the two factors leads
to a much more pronounced difference in water dynamics than
TABLE 2: Average Number of Hydrogen Bonds and one might expect from the purely geometrical difference of the
Corresponding Oxygen-Oxygen Distances between Water bottom and to
and f-CyD p apertures.
binding av no? 4. Final Remarks
site? sites total inner R(O-++0) (A)

B-CyD in solution has been investigated at a hybrid quantum

02/03 14 111+ 0.89 0.05+0.20 3.180.17 mechanics-molecular mechanics level. The solute was calcu-
04 7 0.24+£0.46  0.20+0.43 3.25+0.17 . .

05 7 052+ 064  0.14+ 036 318+ 0.19 lated using the quantum-mechanical DC-SCC-DFTB method,
06 7 1.33+ 0.96 0.11+0.33 3.19+ 0.16 including a correction for dispersion. The surrounding water
Total 30.17+26.88  3.85+ 10.64 molecules were treated by the Rajgpaniversal force field.

a See Figure 1 for definition of atomic labelsHBs averaged over The simul_ati_on, at the nanosecond_time scale,_ produces results
equivalent atoms. “Inner” means that only water molecules inside of thatare within the error bars of available experiments. The free
the cavity were considered. Standard deviations in the number of 5-CyD molecule exhibits very large finite-temperature distor-
hydrogen bonds are also giverSites O2 and O3 are equivalent. tions from the ideal gas-phase geometry. However, in solution

water molecules act as a cushion, restricting the motion of the
findings of Steiner et al] based on a quasielastic neutron B-CyD to the vicinity of theT = 0 K structure. Distortions of
scattering study g8-CyD, who showed that at room temperature the C104—C4 bond angles are responsible for the high
the inner water molecules undergo an extensive positional flexibility of this molecule. The distortions in the plane
disorder with only 3 water positions fully occupied. perpendicular to the principal axis and twisting around the-O4

It is interesting to note that similar analysis has been 04 axes of each monomer are due primarily to the flexibility
performed for thex-CyD using AMBER force field and Monte  of the C1-04—C4 fragments. The backbone of the glucose
Carlo methods by Georg et#|They found, on average, 5 water monomer remains relatively rigid. Hydrogen bonding analysis
molecules inside the cavity, of which only 2.4 are hydrogen shows that 36% of the encapsulated water molecules are forming
bonded to thex-CyD. Taking into account the relative size of HBs with the glycoside oxygens and 25% with pyranoid
the o- and3-CD, these results are in good relative agreement. oxygens. The dwell time of the encapsulated water molecules

Next, we study the average dwell time of the water molecules peaks at 70 fs but is highly non-Gaussian and can reach the
in the cavity. Further, we examine through which opening the nanosecond time scale. A strong preference was observed for
water enters and leaves the cavity. As mentioned alf»@yD water molecules entering the inner cavity through the slightly
is a truncated cone with the “top” and “bottom” diameters being wider “bottom” aperture. About 64% of the water molecules
6.0 and 6.5 A. These values correspond to apertures of 36.0enter the cavity through this opening, which presents a section
and 42.3 &, respectively. At a first glance, we would expect area only 17% larger than the top side. This surprising dynamical
~17% more water molecules to enter or leave through the 17% feature is important for the understanding of the encapsulation
larger bottom opening. We analyzed the water mobility profile process involving cyclodextrins. The mechanism of inclusion
by calculating the distribution of the dwell period along the in the cyclodextrins should not be proposed solely on the basis
trajectories (see Figure 7). There is a strong peak at 70 fs.of structural parameters but should consider the complex
However, we observe a very wide distribution of the dwell dynamics of the host molecule and the solvent.
times, indicating that many water molecules remain in the cavity  Finally, the DC-SCC-DFTB/MM hybrid method for simulat-
much longer, up to the entire length of simulation (160 ps). ing 8-CyD in solution is shown to be reliable and adequate for

We find that roughly two-thirds (64%) of the water molecules  studies of inclusion processes in solution. Investigation of
entered the cavity through the 17% larger bottom opening. This inclusion compounds using this approach is in progress.
effect may arise due to synergy of two factors. Approximately
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