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Graphical Abstract:
solubility isotherms and hydrated molecular docking of CUR/HP-y-CD
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Abstract: In this study, we investigated curcumin (CUR) &dity profiles and
hydration/desolvation effects of this substancemidated withy-cyclodextrin {-CD) and
hydroxypropyly-cyclodextrin (HPy-CD) excipients. The CUR/HI-CD complex was found
to be more stable in solution with the highest appiastability constant for CUR/HRCD
(Kc = 1.58*1d M™) as the more soluble form in distilled water. Tihesilico calculations,
including molecular docking, Monte Carlo (MC), amsblecular dynamics (MD) simulations,
indicated that water molecules play an importalg o host-guest complexation mediating the
CUR binding to cyclodextrins via hydrogen bond fations. The CUR hydration/desolvation
effects contributed to the complex formation byateng the CUR binding affinity to both
CDs. The CUR/HR~CD complex after the CUR hydration was determingth a minimal
Gibbs free energy of binding\Guing = —9.93 kcal*mot') due to the major hydrophobic (vdW)
forces. Overall, the results of this study can aidevelopment of cyclodextrin-based drug
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delivery vectors, signifying the importance of wat@olecules during the formulation

processes.

Keywords: curcumin, cyclodextrins, complex stability, hydrat molecular docking,

hydrogen bonds, Monte Carlo, molecular dynamicsukitions, free energy calculations

1. Introduction

Curcumin (CUR) is a natural chemical produced hyea@lants of the ginger family, and it is
used as a dietary herbal supplement or a foodinglagent (Volate et al., 2005; Baumann et
al., 2009). This substance has also been foun@gegss antiviral and anticancer properties,
which were intensively characterized over the Ffast decades (Nagabhushan and Bhide,
1992; Prasad and Tyagi, 2015). The CUR compourdsgsntially insoluble at physiological
pH and, since it is very unstable, it undergoeapadrhydrolytic degradation (Tonnesen et al.,
2002). Various attempts have been made to prodaterswsoluble and more stable CUR by
formulating it with different excipients, includindpydrophilic cyclodextrins (CDs) to
minimize its hydrolysis and high decomposition r@fadav et al., 2009; Marcolino et al.,
2011).

CDs have a wide range of biomedical applicationdields such as pharmacy, chemistry,
biotechnology, and medicine. They are oligosacdearproduced by bacteria from starch via
its enzymatic degradation and typically exist astpre hexameriar-, heptameric- and
octamericy-CD forms and their derivatives (Zidovetzki and ltam, 2007). CDs have a
hydrophilic outer surface, and a less polar butarmigrophilic (amphiphilic) central cavity
leading to a CD inclusion complexation with diffetedrug-like substances through the
electrostatic, van der Waals (vdW), hydrophobi@rge-transfer, and H-bonding interactions.
The CD-drug complex formation usually contributesatretardation of the degradation rate
during solvation process (Tonnesen et al., 200Bjs Tomplexation process mainly depends
on the interaction of the guest molecule with CDd ¢he difference in the interactions of
bound water and water with the bulk solvent. Thanefstudies on molecular recognition and
binding require careful consideration of solverieets.

The solvated drug molecules interact with watefergethey bind to CDs with a subsequent
release of water molecules to the bulk waters ireags solution. This so-called “desolvation
process” is usually unfavorable during the chang&ibbs free energy of bindind\Gping)

and described as a “desolvation” penalty (Baldw&i®10). However, some water molecules
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are not displaced, and they might mediate the GRrdomplexation via altering binding site
topography followed by the increase in overall Imgdaffinity.

To tackle this issue, different quantitative andhldative approaches have been established
and applied to assess the energy contribution edpliy the presence or displacement of
water molecules, such as the hydrated ligand mtaeclocking (Forli and Olson, 2012). In
particular, the AutoDock method was recently redist® evaluate the solvation and
desolvation phenomena via including explicit dispkible waters during molecular docking
procedure to improve overall docking precision awbring function without excessive
computational needs (Forli and Olson, 2012). Orother hand, to the best of our knowledge,
there is no report on the hydration effect of CUdmplexed with cyclodextrins so far.
Therefore, in the present study, we have invesidjdhe solubility profiles and the CUR
hydration/desolvation process contribution to th&RC complexation withy-CD and

hydroxypropyly-CD (HP+-CD) using combined experimental and computatite@iniques.

2. Materials and Methods

2.1. Materials

CUR was purchased from Sigma-Aldrich GmbH (Steimh@m Albuch, Germany). The
CURAK-CD and CUR/HP~CD complexes as pure forms (98% purity) were preghas per
the following protocols: 45 g of-CD and 5 g of CUR were weighed and suspended mi25
distilled water with a mortar and a pestle. Sinlat g of HPy-CD and 44 mg of CUR were
weighed and suspended in 1.5 ml of 96% ethanolveer@ homogenized as above. After
complete homogenization, the suspension was dna@cuo under ambient conditions for

three days. Finally, the dried complexes were puted in the mortar.

2.2. Quantification of curcumin

The CUR concentrations were determined by UV/Viecsmphotometry using an Agilent
8453 spectroscopy system (Agilent Technologies,apedt, Hungary). The samples were
diluted with a 50 vol% ethanol-water mixture tolgian absorbance recordable at the 430 nm
range. All CUR measurements were performed witlamyt interference from CDs presented

in the complex.

2.3. Solubility studies and determination of stability constants
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The solubility method was carried out accordingh® Higuchi & Connors method (Higuchi
and Connors, 1965). Solubilities were measureddalyng an excess amount of curcumin to
distilled water containing different amounts ofieais kinds of cyclodextrins. The suspension
formed was equilibrated under continuous agitat@mn24 h at 25 + 3.0 °C and then filtered
through a 0.4%m nominal pore size PVDF filter to yield a clearaumin solution. The
apparent stability constant {Kfor a CUR-CD complexes was obtained from the eslopthe
phase-solubility diagram according to the followetgation:
_ slope (1)

© " S,(1-slope)

where 3is the saturation concentration of CUR in the salweithout cyclodextrin. The data

are represented as means * S.D. of three indepeexiggriments.

2.4. Molecular docking and semi-empirical calcuas

The 3D coordinates of the curcumin structure weteiaved from the PubChem database
(Figure 1[A]). Since no 3D structure for HPED was available, the molecule was
constructed from the-CD (PDB ID: 1P2G) crystal structure (Pinotsis ket 2003) with the
PyMol v.1.2 software (Figure 1 [B]). Prior to moldar docking and semi-empirical
calculations, the all-simulated structures were imized with the GTKDynamo v.1.8.1
software (Bachega et al., 2013) using the conjugaaelient method with 200 maximum
iterations and a threshold tolerance gradient df A. The host and guest structure
preparations for molecular docking included the t&ger partial charge assignment
(Gasteiger et al., 1980) and rotatable bonds defimi Rigid-flexible standard and hydrated
molecular docking were applied to the center of tyelodextrin structure. AutoDock
v.4.2.5.1 (Goodsell et al., 1996; Forli et al., 2Dintegrated into the PyMol AutoDock/Vina
plugin (Seeliger and Groot, 2010) was used in thdys The grid spacing of 0.375 A, with a
dimension size of 60 A from x, y, and z, was usedreate the grid maps. In order to increase
a conformational sampling of the drug, a numbegesfetic algorithm dockings (ga_run) were
set to 100. Docking output results were represebtedhe approximation function as the
estimated Gibbs free energy of bindingGging). The calculated octanol/water partition
(ClogP) coefficient for curcumin using the weightddorithm with electrolyte concentration
of 0.1 mol/dni and its aqueous solubility (ClogS) were determibgdthe Marwin Sketch

v.14.7.14.0 tool. The single-point calculations & simulated structures using the Austin
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Model 1 (AM1) method (Dewar et al., 1985; Rochaakt 2006) were performed using
GTKDynamo v.1.8.1 software (Bachega et al., 2013).

2.5. Atomistic molecular dynamics (MD) simulations

The docking poses of CUR produced by AutoDock v12(Goodsell et al., 1996; Forli et
al., 2015) were used as an initial structure sletdbr MD simulations. All classical MD
simulations were performed using a GPU-acceleratagion of Desmond 2015.4 code
(Bowers et al., 2006). The OPLS 2005 force fieldr{Bs et al., 2005) was used to calculate the
interactions between atoms. The long-range eldatiognteraction calculations were set up
by using the particle-mesh Ewald (PME) method (Essmet al., 1995). The short-range van
der Waals (vdW) and Coulomb interactions were @efiby a cut-off radius of 9.0 A. A Nose-
Hoover thermostat (Hoover et al., 1985) and Maryohias-Klein method (Martyna et al.,
1994) were used to maintain the system at the bamperature of 310 K and the pressure of
1.01325 bars. A time step of 2.0 fs was used dutegMD simulations. The systems were
minimized using 2000 iterations, and a convergeéhashold of 1 kcal*mat*A ™. To perform
the structural relaxation, all the systems were ilibgated using default algorithms
implemented in the Desmond software. Finally, 1G0 atomistic MD trajectories were

produced for each of the analyzed systems.

2.6. Monte Carlo simulations

All Monte Carlo (MC) simulations implemented in REDBETA code (Meiler et al., 2006) were
employed in order to generate different systemagitformers for the standard and hydrated
variants of CUR bound tg-CD and HPy-CD. The trajectory frames as obtained by the MC
protocol were subjected to conformational clusterio be used further for the Molecular
Mechanics with Generalized Born and Surface Ardaafion (MM-GBSA) energy analysis
(Gohlke et al., 2004).

2.7. MM-GBSA calculations

The MM-GBSA method (Gohlke et al., 2004) was applie estimate the free energies of
binding AGuwm-cesa) for the CUR-CD complexes. The Prime module in 8@hrddinger
package (Schrodinger Release 2014-2: Prime, veB®nwas used to calculate th&ym-
cesa values. The VSGB 2.0 solvation model (Li et a12) was used to simulate the implicit

solvation for the analyzed systems. W@uu.cesa Values were determined by subtracting the

5



162
163

164

165

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

total individual free energies of cyclodextrinGcp) and CUR AGcyr) from the complex
free energyAGcompiey s depicted according to the following equation:
AGMM -GBSA — AG - (AGCD + AG(:UR) (2)

complex
or re-written as a sum of the energetic terms:

A(BMM -GBA = A(BCouI + A(3cov + A(3H —bond + AG + A(Bsolv + A(Bvdw (3)

lipo

where AG.,,,AG,,, Gy _yong /AG; ACg,, @aNd AG,,,, are Columb, covalent, hydrogen-bond,

Coul cov?

lipophilic, GB electrostatic solvation and vdW egies, respectively.

3. Results and Discussion

Molecular modelling techniques, such as moleculackahg, have been proven useful in
predicting the binding modes and interaction pesfibf drug-like molecules complexed with
different target structures including CDs (Ansdriak, 2012; Kar et al., 2013; Ahsan et al.,
2015; Shityakov et al., 2016). In the standard laydrated molecular docking experiments,
the enol form of CUR, that is more energeticallgb$t in the solid phase (Manolova et al.,
2014) because of intramolecular hydrogen bondires whosen as tHggand. Whiley-CD
and HPy-CD were selected to be the excipient macromolscul@king into account the
flexibility of CUR and CD, different conformationahriants for the complexes are possible.
By adding the ligand molecule to the CDs, ldicking conformation instances for each
CUR/CD pair were generated.

The conformation of a guest compound can deperahgly on the presence of solvent
molecules participating in the binding and mediatwf the interactions between different
ligand substitutes and the receptor (Forli and @Is2012). For this reason, studies of
molecular complexation involving cyclodextrins r@gucareful consideration of the solvent
effects. Nonetheless, the formation of the CUR/Ginplex takes place primarily in the
aqueous phase, and is followed by the drying stefeluambient conditions. Even then, the
complex still contains approximately 6.9% residualter, established by the Karl Fischer
titration method.

In an aqueous environment, €D cavity with the largest volume (427)&n comparison
to other CDs (174 Afor a-CD and 262 A for p-CD) is occupied with water molecules; and
most or all of these water molecules are excludesh fthe cavity upon binding with a guest
compound.This mildly lipophilic cavity, which contains abo@ weakly-held and easily

displaced water molecules with higher enthalpy ttien bulk waters (Tabushi et al., 1978;



192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

Tanhuanpéa et al., 2001). Also, because of thendtbdvalency of this binding site, a water
molecule can “invert” a receptor's hydrogen bondeator region into a donor (Forli and
Olson, 2012). The cavity is further stabilized hiramolecular H-bonds between the adjacent
primary and secondary hydroxyl groupg/#€D and hydroxypropyl groups in HRED.

Water molecules were attached to CUR before dodiingydrating all polar groups capable
of hydrogen bond interactions. This is importarfbimation inde novo or early stages of
drug design, to optimize the ligands to best fé@ binding site. As already mentioned in the
literature,y-CD, and its derivative can be topologically ddsed as torus-shaped molecules
with the larger and the smaller entries, wherehymroxyl groups are exposed to the solvent
(Munro et al., 2004). Previous studies (Szejtly98,9Uekama et al., 1998; Ma et al., 2000;
Zhao et al., 2002) have verified that the ligandeunoale is usually inserted into CDs via the
larger outer rim opening (0.85 nm) instead of thaker (0.75 nm) one. In fact, our docking
simulations demonstrate a similar scenario wher& @lds inserted into the binding cavity of
the amphiphilic CDs from the larger interface irttbthe standard and hydrated variants. The
water molecules remained in the vicinity of theesutim, and some of them were deeply
submerged into the cyclodextrin binding cavitygenaicting with the enolic hydroxyl group of
CUR via H-bonds (Figure 2 and 3).

Based on the above observation of the CUR dockasg® only the complex structure with
predicted the lowesAGying Value in the binding region was considered as ¢ipedbcking
result. The results are listed in Table 1 for staddand hydrated molecular dockings. CUR
was found to bind strongly to CDs exceeding thedéimon-binder energyreshold (non-
binders <-6.0 kcal*mol* < binders), where this threshold for various drikg-imolecules in
other AutoDock experiments has been determinedy@&tuov et al., 2012; Shityakov et al.,
2014). The CUR hydration improves its binding affinto both cyclodextrins, this was
confirmed by a minimal predicted Gibbs free eneof\binding AGping) Values. The CUR
hydration/desolvation effects contributed to thenptex formation by elevating the CUR
binding affinity to both CDs. The CUR/HRCD complex after the CUR hydration was
determined with a minimal Gibbs free energy of bBigd(AGying = —9.93 kcal*mot?) and Ky

of 0.05 uM. The thermodynamic equilibrium constgitg) for all of the docking poses were
calculated from thé\Gping Values as follows: K= exp([AGping*1000]/[R*T]), where R (gas
constant) is 1.98 cal*(mol*Kyand T (room temperature) is 298.15 Kelvin (Shityakbal.,
2012).



224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

The increase in CUR binding affinity to CDs aftgdhation might be explained by the higher
number of intermolecular H-bonds formed betweenhibst and the guest: 4 for CURZD
and 2 for CUR/HP~CD without ligand hydration (Figure 2 [A] and 3])Aand 8 for CURY-

CD and 4 for CUR/HR-CD with ligand hydration (Figure 2 [B] and 3 [B]Jhus, the CUR
hydrated docking to CDs illustrates the capabditéthe new hydration method to predict the
position of weakly bound water molecules; and wekeal them in accordance with
experimental findings, improving the docking acayra

The minimal predictedGping and Ky values indicated that very lipophilic CUR (logP3:28)
compound (Pawar et al., 2012) with very low caltedawater solubility (0.01 — 0.06 mg*ml

1) appeared to be the strongest binder toyHED in both variants of molecular docking. As a
result of the higher hydrophobicity potential (CGRog —5.30) defined for this modified
cyclodextrin than for its parental pristine form¢@P =-14.17).

Following this, the top-docked poses of CUR weralyared for whether the pose was still the
likely bound pose and there are 99 other possibgt-guest configurations. Since, there are
several commonly occurring docked poses formednduiie clustering with the root-mean-
square-deviation (RMSD) cut-off value of 2.0 A, tmest popular pose was present multiple
times for the standard and hydrated docking sinarat Additionally, when the guest
interacts with water before it binds to the hdsgnt those water molecules must be displaced
to be further released into the bulk of the wataxdecules in the solution (Furuki et al.,
1993). The change InGping in this process is often unfavorable and consideéoele the
“desolvation” penalty (Furuki et al., 1993). Thetaetenination of water to be displaced or
bridged is the balance between its energetic darttan to ligand-receptor binding and the
ability to stabilize a ligand pose through its dgsement (Forli and Olson, 2012). Following
this rule, during the hydrated complexation of CWkh they-CD and HPy-CD molecules
most of the water molecules were displaced becalubegh water free energ\WGwat = —0.2
kcal*mol™) and only few were stronghAGua: = —0.62 kcal*mol") or weakly AGya = —0.36
kcal*mol™®) attached via H-bonds to the inclusion complexb{@a2). Clearly, the CUR
inclusion in the CD cavity cannot lead to the dasgiment of all water molecules presented in
it. The more closely a guest can be fitted in tH2 &nding site, the greater will be the
number of water molecules released into the bufkisT the combination of these two effects,
such as CUR inclusion and water displacement, itspée equilibrium formation constants
for CD formulated drugs in solution.
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Quantitation of CUR was also determined from tHelsibty isotherms of the CUR/CD and
CUR/HP+v-CD complexes in a distilled water. The solubiliipgrams for all complexes were
non-linear Cauchy—Lorentz distribution for C4RZD and showed second-order polynomial
(quadratic) curve fitting for CUR/HKP-CD (Figure 4 [A, B]). The CUR concentration in
CUR/HPv-CD was about 60-fold greater than that €D complex due to improved
agueous solubility. The CUR/HRED solution was supersaturated when the concemtrat
HP-+-CD was higher than 11.6 mM. The CYRZD precipitate formation was started at 1.9
mM of y-CD disturbing the CUR release probably by bindimgts free fraction. The plateau
section of the curve suggested that the precipiadif the complex was finally attained. An
estimate of Kconstant was calculated using the analytical detedimit as highest possible
S value (9 = 2.37 uM) showing the increase in apparent stgidr CUR/HP+-CD (K. =
1.58*10" M™) in contrast with the CUR/CD complex (k = 1.02*1G M™). Observations
from previous complexation studies on curcumina@f® suggested that the bulky moieties
of the two phenyl groups of CUR fit better to thgdery-CD thatp-CD cavity, where the K
values of CUR in HPB-CD and HPy-CD was reported to be more than 5.0*M" and
16*10* M, respectively (Tonnesen et al., 2002).

To compare our experimental and theoretical reswiscalculated the reference binding ratio
(BRef) to determine the complexation strength, whichased on the relative content of CUR

in they-CD (C,_.,) or in HP¥-CD (C,;_, o, ) complex, molecular weight of the complex

constituents and degree of substitutionf¢r HP+-CD using the following equation:

— Cip-y-co (MW + MWp_,-cp +N IMW.,) (4)
CV‘CD (MWHP-V-CD + MWHP—y—CD)

BR,,

whereMWcur, MWep, andMW,s are the molecular weights of curcumyaCD, HP+-CD and
hydroxypropyl residuesin reality, the HP-CD structure is randomly substituted having
hydroxypropyl substituents at all positions of painy (C6 position) and secondary (C2 and
C3 position) interface. To simplify the molecularciting procedure, all hydroxyl groups (n =
24) of they-CD molecule were substituted for the hydroxyprogrigups in the case of HP-
CD model. Alternatively, the theoretical bindindgioa(BR) was simply defined as theGying
ratio between the binding affinities of the CYRID and CUR/HP~CD complexes as:

BR = Ac-:'CUR/ HP-y-CD (5)

AG y-CD

As shown in Figures 3 and 4 , the CUR positioroigghly detected to be docked in the center

of the CD structures using 1:1 complex stoichiometvhere the binding cavity is located.
9
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This stoichiometry was confirmed via a good cotiefabetween the experimental data and
the 1:1 binding isotherm for the CUR/CD complexeledge et al., 2009). However, the
formation of inclusion complexes with 1:2 (guestt)ostoichiometry is possible for
CUR/HP+v-CD as it was observed in the CUR absorption spesitrg UV-Vis spectroscopy
(Hegge et al., 2009). The theoretical molecularkdag results were in good agreement with
the experimentally derived data judging by the th&cal binding ratio for the standard (BR =
1.15) and hydrated (BR = 1.29) molecular dockingomparison with the reference (B
1.37).

Furthermore, the three monomers (CYFCD and HPy-CD) and four inclusion complexes,
including those with the hydrated ligand were mizieal using the conjugate gradient
approach in order to perform the single-point AMdlcalation on the assessment of their
relative chemical stability. The AM1 energies offecies and the energy differenade)
between the inclusion complexes and their constitoenomers are reported in Table 3. The
relative stabilities of CUR/CDs inclusion complexesre measured by evaluating thak,
which can be addressed as the stabilizing energgmaplexation. Hence, the |IoAE values,
the more stable the inclusion complex. The energfiedl the complexes were lower than the
energies of their two constituents except for CURH-CD, indicating that the association of
CUR and CDs had formed mainly quite stable com@ex®@mong the four inclusion
complexes, the more hydrated CYRID complex was found with the lowest energy term
(AE =-191.55kcal*mol™) due to the numerous stabilizing CD intramolectdabonds and
less excessive water displacement effect.

Additionally, in order to study the effect of théd€ on the CUR conformational change that
can be adapted into the cavity, as well as théliwence on the binding property, the CUR/CD
complexes were subjected to M€ simulations implemented in the ROSETTA code (kfei

et al., 2006), and 100 ns MD simulations with the1M&BSA approach in evaluating binding
affinity. In classical MD simulations, the confortimaal changes of compounds and proteins
are connected in time. These simulations mimic diggamical behavior of the studied
systems, from which time-dependent values of conédional and thermodynamic properties
can be estimated. Series of atomic coordinateg¢taaies) are output in the result by using
Newton’s equations of motion. However, in MC simigdas, each conformation can be
determined only on its predecessor. The MC protpeedicts conformations randomly and
employs energetic criteria to detect whether orta@onfirm the new conformation.

10
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To approximate the MD simulations in a more or lesaistic way, all the hydroxyl groups
were substituted with hydroxypropyl residues in tase of modified cyclodextrin models.
Since the biophysical and biological behaviors ebenpound often depend mainly upon the
conformations that it can adopt, the time-dependenfigurations (translations and rotations)
of the CUR into the-CD and HPy-CD were studied and clearly monitored (Supplentgnta
material 1 and 2) based on the MD trajectory frgnmeswvhich the CD heavy atoms were
aligned with respect to the starting structure.sehanalyses are feasible to illustrate the level
of the conformational changes and movements ofCti® into the different environments
from the starting point. The efficiency of this ié@n can be enhanced by clustering the
different configurations of the CUR that group ttge the similar conformations, from
which the representative conformers can be sele€tezlrelatively straightforward clustering
method is the RMSD parameter between pairs of cordbons (sometimes referred to as
distance analysis). The CUR spatial arrangements wet establishing non-bonded forces
with the CDs atoms and the water molecules intccthaty. The strong binding of CUR into
the HPy-CD provides a high level of shape complementar whe hydrophobic pocket of
the HPy-CD.

The relative structural stability of the CUR in tH®+-CD cavity is dependent upon internal
and non-covalent forces between the modified CD@U& atoms. The CUR molecule in the
HP--CD complex incurs a higher entropic penalty coradaio CUR in the-CD complex.
The free energy difference is considered to beghlyimportant factor in the thermodynamic
concept and it would appear to be necessary fonatihg the averagAGying Values between
the CUR and CDs based on the MC and MD traject@yés. The energetic analysis reveals
that the highest CD binding affinity to CUR belortgsHP+-CD after ligand hydration with
the AGum-cesa Value of —=86.38 kcal*mdl and theAGping value of —71.4 kcal*mal. This was
due to strong hydrophobic (vdW) forces causing@eatese in the CUR hydration followed by
excessive desolvation effects increasing waterlattsnent (Figure 5 and 6 [A-D]). On the
other hand, the hydration/desolvation effect of @WBD characterized by less water
displacement and high ligand hydration was moren@uaced. However, the hydrophobic
(vdW) forces in CUR/-CD were less prominent.

Furthermore, the relative free energies of binddgR to the hydrated and dehydrated CDs
by the MD simulations were estimated to be —69.6@mol™ and -46.44 kcal*mdl,
respectively. The same systems (CUR bound to hsdidehydrated-CD and HPy-CD)

were examined by the MC simulations, providing feeergy differences of -51.90 kcal*mol
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! and -49.41 kcal*mdl, respectively. Both simulation methods were alleatcurately

determine the effects of the combinatorial explasid implicit solvent models of the cavity
that were being used in the energy calculations. Sthbility of the CUR was a consequence
of the hydrophobic effect in the pocket of the CE®m which the contribution of the
entropic term could be considered. The vdW foroesveen the CURy-CD and HPy-CD
systems were calculated to be —27.59 kcal*hahd -40.57 kcal*mdl, respectively. The
vdW interactions of CUR$-CD and HPy-CD in the presence of explicit water molecules
showed the average energies to be —24.37 kca*rantl —37.03 kcal*mdl. The observed
differences in the non-covalent energies for thaieitly hydrated and dehydrated pockets of
the CDs were expected due to the water-mediatedo@dnic forces. These results obtained
through the MD simulations, obviously were in asfattory qualitative agreement with those
calculated through the MC method. However, thetikedafree energy value was highly
sensitive to the configurations of the CD complexesd for the above calculations. This was
because, the conformations of the molecules wetarsa by different simulation methods
(MC and MD) in each case. This was considered ta beajor drawback of the force-field
methods. In principle, free energy is a very difficvalue to estimate for flexible systems,
such as the CDs used in the current study, whietesmany closely separated minima.
Related thermodynamic terms, such as entropy amtilpanolar free energy, were also
difficult to estimate, due to the poor samplinggwoed by these simulations.

4. Conclusions

Molecular docking, MC, and MD simulations were penfied in this study to investigate the
CUR hydration/desolvation effects for its complesiat with y-CD and HPy-CD. The
calculations indicate that water molecules playrnaportant role in host-guest complexation,
mediating the binding of ligands with their targeta hydrogen bond formations. The CUR
hydration increases its binding affinity to both €0vhich is confirmed by thAGynq and
AGum-cesa values. Although the CUR/CD complex affinities wegignificantly improved
after the CUR hydration, as newly formed hydrogends are responsible for the stability of
the inclusion complexes, hydrophobic (vdW) forcasQUR/HPy-CD are dominant over
hydration/desolvation effects. In addition, the QHR-y-CD complex was found to be more
stable in agueous solution with the highest appasttbility constant for CUR/HR-CD (K.

= 1.58*1¢ M™) as the more soluble form in distilled water. Galierthe results of this study

12



382 can aid drug delivery vector development, undersgahe importance of hydration effect on
383 the formulation of different drug-like molecules.
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Figure 2: Standard (A) and hydrated (B) AutoDock moleculackdiog profiles of CUR (enol

form) bound to the-CD molecule. Cyclodextrin and its ligand are vised with lines and
sticks, respectively. Water molecules are represeimt spheres, and the hydrogen bonds are
depicted as yellow dashed lines. Water moleculatéztin they-CD binding cavity is pointed

by the bold arrow. Molecules are colored accordimgheir atom types. The majority of

hydrogens atoms are omitted for clarity.
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Figure 3: Standard (A) and hydrated (B) AutoDock moleculackdiog profiles of CUR (enol

form) bound to the HR-CD molecule. Cyclodextrin and its ligand are vigzed with lines
and sticks, respectively. Water molecules are sgmted in spheres, and the hydrogen bonds
are depicted as yellow dashed lines. Water molelogiated in they-CD binding cavity is
pointed by the bold arrow. Molecules are colorecbading to their atom types. The majority
of hydrogens atoms are omitted for clarity.
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Table 1: Summary of the molecular docking profiles for CUBuhd to they-CD and HPy-
CD molecules.

EZ3 FHEE

Complex Nun  Ne  AGpind Ke LE RMSDic Nas  Niors
(kcal*mol™)  (uM) (nm)

CURK-CD 100 66 —6.83 945 -0.23 78.02 30 10

CURK-CD' 100 72 -7.69 22 017 78.18 45 10

CUR/HPy-CD 100 51 -7.92 149 -0.26 77.64 30 10

CUR/HPy-CD" 100 65 -9.93 0.05 -0.22 77.25 45 10

Ac-:'bi nd

“-hydrated ligand:” - LE = . ™" -waters are described by monatomic pseudoatdms;

ats

NG,y =AG,, + AG,, ; Niunstotal number of runsNg-number of distinct clusters formed in

lig wat ,
the clustering; RMS[R-the root-mean-square-deviation difference betwherowest energy
conformation (LC) in the largest cluster and thizmence ligand conformatioMN,s-number

of heavy atoms\iors-nuMber of torsions

Table 2: Summary of displaced (DISP), weakly (WK) and stign¢STR) bound water
molecules during hydrated complexation of CUR wiithy-CD and HPy-CD molecules.

Complex DISP WK STR

CURA-CD 12 2 1
CURMHPy-CD 13 1 1

Table 3: The AM1 energies (in kcal*md) of the 7 species, the energy differencag)(
between the inclusion complexes and the molec@esR( y-CD and HPy-CD), which form
the complexes (CURACD and CUR/HP~CD).

Species AM1 energy AE~
CUR -151.19 -

vy-CD -1891.39 -
HP+-CD -3057.42 -
CURK-CD -2045.59 -3.01
CURK-CD' —2234.13 ~191.55
CUR/HPy-CD -3199.91 8.7
CUR/HPA{-CD* -3324.52 -115.91

“-hydrated ligand: - AE = Ecomplex— Ecp — Ecur
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Curcumin solubility profiles and hydration/desolvation effects of this substance
formulated with y-cyclodextrin and hydroxypropyl-y-cyclodextrin were investigated.
Curcumin/hydroxypropyl-y-cyclodextrin complex was found to be more stable in solution
than curcumin/hydroxypropyl-y-cyclodextrin.

Water molecules play an important role in host-guest complexation mediating the
curcumin binding to cyclodextrins via hydrogen bond formations.

Curcumin hydration/desolvation effects contributed to the complex formation by
elevating the curcumin binding affinity to cyclodextrins.
Curcumin/hydroxypropyl-y-cyclodextrin complex was determined with aminimal free
energy of binding due to hydrophobic forces.



