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ABSTRACT: Cyclodextrins are cyclic oligosaccharides, widely
used as drug carriers, solubilizers, and excipients. Among
cyclodextrins, the functionalized derivative known as hydrox-
ypropyl-β-cyclodextrin (HPβCD) offers several advantages due to
its unique structural features. Its optimal use in pharmaceutical and
medical applications would benefit from a molecular-level under-
standing of its behavior, as can be offered by molecular dynamics
simulations. Here, we propose a set of parameters for all-atom
simulations of HPβCD, based on the ADD force field for sugars
developed in our group, and compare it to the original
CHARMM36 description. Using Kirkwood−Buff integrals of
binary HPβCD−water mixtures as target experimental data, we
show that the ADD-based description results in a considerably
improved prediction of HPβCD self-association and interaction with water. We then use the new set of parameters to characterize
the behavior of HPβCD toward the different amino acids. We observe pronounced interactions of HPβCD with both polar and
nonpolar moieties, with a special preference for the aromatic rings of tyrosine, phenylalanine, and tryptophan. Interestingly, our
simulations further highlight a preferential orientation of HPβCD’s hydrophobic cavity toward the backbone atoms of amino acids,
which, coupled with a favorable interaction of HPβCD with the peptide backbone, suggest a propensity for HPβCD to denature
proteins.

■ INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides containing 6
(αCD), 7 (βCD), or 8 (γCD) α-glucopyranose monomers.
CDs possess a unique torus-like-shaped structure and are
characterized by the presence of a lipophilic cavity and a
hydrophilic outer surface. The internal core is surrounded by
two rims (primary rim, formed by C6 atoms of the
glucopyranose subunits, and secondary rim, consisting of the
C2 and C3 atoms).
CDs count several applications as excipients, drug carriers,

solubilizers, and adsorption enhancers.1−3 They can increase
the solubility and bioavailability of hydrophobic drugs by
including them within their lipophilic cavity. Because of their
distinct features, CDs are present in many marketed drugs, and
their field of application is supposed to grow further in the next
few years. For instance, CDs have been widely used in
formulations for oral, parenteral, nasal, pulmonary, and skin
delivery of drugs,4−6 and there is widespread interest in their
use for delivery to the brain.4,7,8

Among CDs, βCD has arisen particular interest due to its
structural characteristics. For instance, the cavity size of βCD
allows the inclusion of aromatic amino acids, such as Phe, Tyr,
His, and Trp, and this mechanism is supposed to be at the
basis of the effective prevention of protein aggregation

observed for this CD and its derivatives.1,9−12 However,
βCD is poorly soluble in water (the solubility is only 16 mM at
25 °C), and this makes it unsuitable for parenteral
formulations. This problem can nevertheless be mitigated by
the addition of hydrophilic derivatizations to the glucopyr-
anose subunit, for instance, by substituting some hydroxyl
groups with other moieties. Among the possible derivatiza-
tions, hydroxypropyl groups may be linked to the glucopyr-
anose monomers, eventually obtaining the so-called hydrox-
ypropyl-β-cyclodextrin (HPβCD). HPβCD is more soluble
than its unfunctionalized counterpart (>300 mM at ambient
temperature) and displays amphiphilic properties. For
instance, it was found to be surface-active, as such mitigating
surface-induced aggregation of proteins.13−16

HPβCD is approved as an excipient in parenteral
formulations and was authorized by both FDA (in 2010)
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and EMA (in 2013) for the treatment of the Niemann−Pick
type C (NPC) disease. NPC disease is a progressive
neurodegenerative disorder characterized by the intracellular
accumulation of cholesterol.17 The effectiveness of HPβCD
against NPC is related to its action as a cholesterol-scavenging
compound, capable of transporting cholesterol away from cell
bodies.18,19 An elevated level of cholesterol is also a risk factor
for Alzheimer’s disease, suggesting that HPβCD may also
prove beneficial for its treatment. However, observations on
this point are conflicting.20

The pharmaceutical and medical applications of HPβCD
would benefit from a better characterization of its behavior at
the molecular level, as could be provided by molecular
dynamics simulations. For this purpose, a force field capable of
describing with good accuracy HPβCD−water and HPβCD−
protein interactions is needed. We recently developed a force
field for sugars and polyols,21 named ADD, and showed that it
can correctly describe sugar−protein and sugar−water
interactions, as well as self-association of sugars. We developed
the new parameters in combination with the CHARMM36m22

force field for proteins, but good compatibility was also
observed with other extensively used force fields, such as the
AMBER 99SB-ILDN23 and the OPLS-AA24 force fields. The
ADD parameters represent, therefore, a very promising
candidate for the description of the α-glucopyranose subunit
of cyclodextrins.
We will here test the application of the ADD force field to

CDs, comparing the output to previous force fields25 and
available experimental data. In particular, the Kirkwood−Buff
integrals26−29 will be used as target experimental data for
validation because they were found to be an excellent
benchmark for force field development.21,30−33 We will focus
our attention on HPβCD because of its unique properties and
numerous applications and because of the extensive exper-
imental characterization available for this functionalized CD.
Different possible forms of HPβCD exist, depending on the
degree of substitution and position of the derivatization, and
we here study the form where the hydroxypropyl group is
linked to the O2 atom of the glucose unit (2-HPβCD) and
fully substituted for all of the seven residues. A ball-and-stick
representation of the 2-HPβCD variant studied in this work is
shown in Figure 1A, where the primary and secondary rims
have been highlighted.
In the following, we will first validate the ADD description

for 2-HPβCD and show how it outperforms previous force
fields. We will then study the interaction of 2-HPβCD with the
20 naturally occurring amino acid side chains and the peptide
backbone to gain an understanding of protein−HPβCD
systems at the molecular level.

■ MATERIALS AND METHODS
Theoretical Background. The ADD force field for 2-

HPβCD will be validated against experimental quantities
related to the Kirkwood−Buff theory of solutions.26 In this
context, a central role is played by the Kirkwood−Buff integrals
(KBIs), Gij, which are used to describe the solvation behavior
of component j around a reference particle i

∫π= −
∞

G g r r r4 ( ( ) 1) dij ij0

2
(1)

gij(r) is the radial distribution function (RDF), which describes
the variations in component j density as a function of the
distance r from component i. A value of Gij < 1 indicates

exclusion, while Gij > 1 indicates accumulation of component j
around the reference i.
From now on, we will refer to a system containing water

(component 1), HPβCD (component 3), and, optionally, also
an amino acid or peptide (component 2).
For a binary water−HPβCD mixture (no component 2), the

KBIs are related to the composition of the solution (molar
density of water ρ1 and HPβCD ρ3), to the chemical potential
of HPβCD μ3, and to the partial molar volumes of water (V1)
and HPβCD (V3) as follows

28
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where

Figure 1. (A) Ball-and-stick representation of 2-HPβCD. The primary
and secondary rims are highlighted in blue and yellow, respectively.
(B) Schematic representation of the 2-HPβCD subunit. The atom
types and partial charges used for the simulations are also shown.
When different charges are employed for the CHARMM36 and ADD
force fields, they are shown with different colors (black for the original
CHARMM36 and red for ADD).
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ξ β η= RT T (6)

ρ ρ ρ= +1 3 (7)

where R is the universal gas constant, T and p are temperature
and pressure, respectively, xi are mole fractions, ρ is the total
molar density of the solution, and βT is the isothermal
compressibility.
Knowing G13, G33, and G13, it is then possible to compute

other properties. For instance, the derivative of the mole
fraction scale activity coefficient f 3 with the mole fraction x3
can be evaluated as follows28
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In a ternary solution containing also an amino acid or peptide
(component 2), the KBIs can provide interesting information
about the HPβCD−peptide interactions. For instance, the
difference γ = G23 − G12 quantifies the preferential interaction
or exclusion of component 3 from component 2. Specifically, a
negative value of γ indicates preferential exclusion and vice
versa.
Simulation Details. Molecular dynamics simulations were

carried out using Gromacs 2018.6.34 Two different force fields
were compared for 2-HPβCD. In the first case, the original
CHARMM36 force field was used for the glucopyranose
subunits,25 while the hydroxypropyl derivatization was
modeled with parameters obtained by analogy, as provided
by the CHARMM general force field (CGenFF) program.35 In
the second case, charges were adjusted to comply with the
ADD force field for carbohydrates.21 In the ADD force field,
the partial charges of the hydrogen atom in the hydroxyl group
are modified compared to the original CHARMM36 force field
(0.33 for H in the ADD description, compared to 0.42 in the
original CHARMM36). Because of this, also the other charges
need to be modified to preserve the overall neutrality, and the
atom types and charges used for the simulations are shown in
Figure 1B.
An additional difference of the ADD description compared

to the original CHARMM36 resides in the Lennard-Jones
parameter ε of the O and H atoms of the hydroxyl group, as
shown in Table 1. Specifically, the original CHARMM36
description uses two different combinations of ε values for
hydroxyl groups within the glucopyranose subunit or in the
hydroxypropyl derivatization. In contrast, the ADD force field
employs a single set of ε values for all hydroxyl groups. No

difference exists between the two force fields for what concerns
the Lennard-Jones parameters σ.
For all simulations, the CHARMM TIP3P water model was

used,36 while, whenever present, amino acids were described
according to the CHARMM36m force field.22 A scheme of all
simulations performed, with the corresponding box size,
temperature, and duration, is listed in Table 2.
In sim. type 1, three different concentrations of HPβCD

were considered in the range of 61−186 mM. These
simulations were carried out with the objective to extract
selected properties of binary water−HPβCD solutions
(density, Kirkwood−Buff integrals, derivative of activity
coefficient) to be then compared with experimental data. A
temperature of 298 K was selected for these simulations to
allow a direct comparison with the experimental data used for
validation.
For sim. type 2, all of the 20 naturally occurring amino acids,

in their capped form (i.e., acetylated N-terminus and amidated
C-terminus), were simulated in 50 mM HPβCD. Also, the N-
acetyl glycinamide series (NAGxA) was simulated (sim. type 3
in Table 2). NAGxA corresponds to a series of molecules with
a varying number x of glycine residues linked by a peptide
bond and whose termini are blocked by an acetyl (N-terminus)
and an amide (C-terminus) moiety. The number of internal
glycine units has been varied from 1 (NAG1A) to 6 (NAG6A).
For simulations 2 and 3, the box was cubic with an ≈8 nm side
length and included 25 amino acid/NAGxA molecules. For
charged residues, Na+ or Cl− ions were added to reach
neutrality.
In all cases, the cutoff radius for both Coulombic (calculated

using the PME method37) and Lennard-Jones interactions was
set to 1.2 nm, and periodic boundary conditions were used.
Each box was first energy-minimized with the steepest descent
algorithm and then equilibrated for 1 ns at 1 bar and 298 K
(sim. 1) or 300 K (sim. 2−3) in the NPT ensemble, using
Berendsen pressure (3 ps relaxation time) and temperature
(0.5 ps relaxation time) coupling.38 The simulations were then
run at the same temperature used for equilibration and at 1 bar
in the NPT ensemble, controlling temperature and pressure
with the Nose−́Hoover thermostat39,40 (0.5 ps relaxation time)
and Parrinello−Rahman barostat41 (3 ps relaxation time),
respectively. A 2 fs time step was used, and configurations were
saved every 2 ps. The Lincs algorithm was employed for
constraining all bonds,42 while the SETTLE algorithm was
used to keep the water molecules rigid.43 The last 50 ns (for
sim. type 1) or 40 ns (for sim. types 2 and 3) were used for the
analyses.

Analyses of Simulation Results. Kirkwood−Buff Inte-
grals. The Kirkwood−Buff integrals were calculated by taking
the average of the running KBIs

Table 1. Lennard-Jones Parameters ε for the Hydroxyl Groups of HPβCD

force field ε(O)glucopyranose (kJ/mol) ε(H)glucopyranose (kJ/mol) ε(O)hydroxypropyl (kJ/mol) ε(H)hydroxypropyl (kJ/mol)

original CHARMM36 0.804 0.192 0.636 0.192
ADD 0.450 0.120 0.450 0.120

Table 2. List of the Simulations Performed in This Work

sim. type (#) solute (component 2) HPβCD conc. (mol/L) (component 3) box size (nm) T (K) duration (ns)

1 0.061−0.123−0.186 8 × 8 × 8 298 60
2 capped amino acids 0.050 8 × 8 × 8 300 60
3 NAGxA 0.050 8 × 8 × 8 300 100
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at values of R where convergence is reached. To correct for
finite size effects, the correction suggested in ref 44 was
applied. Briefly, corrected radial distribution functions were
computed as
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where Nj is the number of particles of type j in the system, V is
the system volume, ΔNij(r) is the excess number of particles j
within a sphere of radius r around i, and δij is the Kronecker
delta.
Amino Acid Inclusion within the HPβCD Cavity. An amino

acid was deemed to be included within the HPβCD cavity
when it was closer than 0.5 nm to the center of mass of
HPβCD. The 0.5 nm cutoff was selected so as to guarantee
that only amino acids really included within the cavity, and not
simply close to it, were counted. The number of CDs involved
in inclusions was counted for each frame, averaged over the
total number of frames and subsequently normalized by the
total number of cyclodextrins in the system to allow a direct
comparison of the different simulations.
Hydrogen Bonding. The number of amino acid−HPβCD

hydrogen bonds was computed. The χ-parameter was
evaluated as follows

χ
β

β

=
−

− −
number of amino acid HP CD hydrogen bonds

total number of amino acid HP CD and amino acid water hydrogen bonds

(11)

To determine the presence of a hydrogen bond, a geometrical
criterion was used, requiring that the distance between the
donor and acceptor was less than 0.35 nm and that the angle
formed between the hydrogen atom and the line joining the
center of masses of donor and acceptor was smaller than 30°.

■ RESULTS AND DISCUSSION

Validation of the ADD Force Field for HPβCD. The first
objective of the present work was to compare the original
CHARMM36 and the ADD force fields, using target
experimental data as reference. The simulations type 1 listed
in Table 2 were performed for this purpose. The experimental
data considered in this work were the solution mass density,
the Kirkwood−Buff integrals G33 and G13, and the derivative of
the mole fraction scale activity coefficient with respect to the
mole fraction. The solution density and the partial molar
volume of HPβCD (V3 that comes into play in eqs 2 and 4)
were obtained from ref 45. Due to the low concentration of
HPβCD considered in this work (the maximum value we
simulated was only 0.186 mol/L), we assumed the partial
molar volume of water (V1 = 18.07 cm3/mol) and the
isothermal compressibility (βT = 4.52 × 10−10 Pa−1) to be
approximately constant. The molal fraction scale activity
coefficient f 3,m of 2-HPβCD was obtained from ref 46 and
converted to the mole fraction scale using the relation47 f 3,m =
x3 f 3. From f 3, it was then possible to compute f 33 = (∂ ln f 3/
∂ ln x3)p,T and (∂μ3/∂x3)p,T = RT[(∂ ln f 3/∂x3) + 1/x3]. The
values of (∂μ3/∂x3)p,T, V1, V3, and βT were then substituted
into eqs 5 and 6 to compute η and ξ and, eventually, the KBIs
through eqs 2−4. The experimental properties computed in
this way were compared to the simulation results, as shown in
Figure 2.
It is evident that the ADD parameters result in a

considerably improved description of binary water−HPβCD
mixtures. The original CHARMM36 force field fails in
predicting the G33 and G13 Kirkwood−Buff integrals (Figure
2B,C) and also the derivative of the activity coefficient (Figure
2D). For instance, the root-mean-square error between
experimental and simulated data of f 33 is 1.01 for the original
CHARMM36 and decreases to only 0.12 when the ADD
parameters are used. The two force fields overlap only for the
description of density (Figure 2A). It follows that the ADD
force field should be preferred over the original CHARMM36
for the description of HPβCD−water mixtures.

Figure 2. Comparison between experimental (solid black line) and simulation results (black squares, original CHARMM36; red squares, ADD
force field). (A) Solution density, (B) HPβCD−HPβCD Kirkwood−Buff integral G33, (C) HPβCD−water Kirkwood−Buff integral G13, and (D)
derivative of the mole fraction scale activity coefficient with respect to mole fraction.
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HPβCD Interacts with Polar and Apolar Side Chains
but Is Excluded from Charged Moieties. Simulations type
2 in Table 2 were used to study the interaction of HPβCD with
the different amino acids. In particular, the values of γ = G23 −
G12 were extracted from the simulations.
We were particularly interested in studying the interaction of

HPβCD with the different side chains and the protein
backbone separately. For this purpose, we followed the
approach proposed by Auton et al.48,49 and already employed
in our previous work.21 Briefly, we assumed the existence of
additivity for the γ values and computed the side-chain
contribution γi

sc by subtracting the KBI for glycine γgly to the
KBI of the specific amino acid i being considered γi

γ γ γ= −i i
sc

gly (12)

Capped amino acids were used for this purpose. As shown in
ref 21, the side-chain contribution γi

sc is not influenced by the
terminal capping conditions (i.e., zwitterionic vs capped form).
This is also in line with previous observations by Nozaki and
Tanford,50 who showed that the interaction of the side chain of
a branched organic compound with the solvent was
approximately independent of the interaction of the backbone
to which the side chain was attached.
The values of γi

sc obtained in this way are displayed in Figure
3A. On average, HPβCD was found to be excluded (negative
γi
sc), or only marginally interacting, with charged side chains.
This was true for both the original CHARMM36 and ADD
force fields and is in line with what observed in Arsiccio et al.21

for sucrose and sorbitol. However, this may be a limitation of
the force field, as a mismatch between simulations and
experiments was noted for charged moieties.21

The interaction with polar side chains was mostly favorable,
with the only exception of asparagine, glutamine, and serine,
for which a very small or negative value of γi

sc was measured.
The interaction was favorable, and quite intense, also for

most apolar side chains, with the only exclusion of alanine, that
showed a value of γi

sc close to zero. The ability of HPβCD to
interact with both polar and apolar side chains is not surprising

considering the amphiphilic nature of this excipient, which was
already the subject of both experimental and computational
investigation.13,14,16

The interaction of HPβCD with aromatic side chains
(especially tryptophan, phenylalanine, and tyrosine) was
particularly pronounced. The preferential interaction of
HPβCD with aromatic groups has been observed experimen-
tally and is well documented in the literature.9−12 The entity of
the interaction was substantially different for the two force
fields, with the ADD parameters resulting in less pronounced
interaction with polar/apolar groups and reduced exclusion
from charged side chains. However, it is interesting and
important to note that the trend was very similar for both the
original CHARMM36 and the ADD force fields, with an
almost perfect agreement in the predicted sign of the γi

sc values.
HPβCD−Backbone Interaction: Evidence of a Dena-

turing Behavior. Having characterized the HPβCD−side-
chain interactions, we now set to study the interaction with the
backbone. The backbone contribution γbb can be computed
according to the constant increment method51 applied to the
NAGxA series (sim. type 3 in Table 2)

γ γ γ= + xeg bb (13)

where the value of γ for the entire NAGxA is decomposed into
the end group contribution (γeg) and the backbone
contribution (γbb) multiplied by the number of internal glycine
units x. γbb can therefore be obtained by fitting a straight line
through the γ values as a function of the number of internal
glycine units, as shown in Figure 3B.
The γbb values obtained are positive for both the original

CHARMM36 and the ADD force fields (2.33 and 1.20 nm3,
with good coefficients of determination R2 values of 0.84 and
0.94, respectively). This points to a favorable interaction of
HPβCD with the protein backbone. According to Auton et
al.,48,52 this is indicative of a denaturing character of HPβCD.
The denaturing nature of this cyclodextrin is also in line with
previous experimental investigations for immunoglobulin G
formulations,53 where increasing HPβCD concentrations were

Figure 3. (A) KB integrals γsc = γi − γgly for the amino acid side chains. The amino acids are divided into groups depending on their side-chain
properties (positively or negatively charged, polar and nonpolar moving from left to right). Capped amino acids were used for the simulations. (B)
KB integrals (γ = G23 − G12) for the N-acetyl glycinamide series NAGxA as a function of the number of internal glycine units x. Black, original
CHARMM36; red, ADD force field.
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found to reduce the protein melting temperature. As previously
noted for the side-chain contributions already, the original
CHARMM36 and ADD force fields differ in the entity of the
predicted γbb but not in the sign of the interaction.
HPβCD Preferentially Orients with Its Secondary Rim

toward the Amino Acid Backbone. We previously
mentioned that HPβCD is an amphiphilic molecule, with
two rims (Figure 1A) characterized by different properties.
Hence, we analyzed the orientation of HPβCD toward the
different amino acids.
For this purpose, we computed the radial distribution

functions (RDFs) for the atoms of both rims, with respect to
the center of mass of the amino acids, and extracted the
maximum value of these RDFs (Figure 4). We can observe
that, in general, HPβCD mostly oriented with its secondary
rim toward the amino acids. The preferential orientation of

HPβCD was not very pronounced only for charged amino
acids, likely because of the marginal interactions between the
CD and the charged moieties as already evidenced in Figure
3A. Again, the overall trend was similar for both the
CHARMM36 and ADD force fields, with the ADD description
resulting in weaker interactions.
After having established that HPβCD preferentially orients

with its secondary rim toward the amino acids, we verified
whether it was closer to the side chain or the peptide
backbone. For this purpose, we calculated the RDFs between
the backbone or side-chain atoms of the different amino acids
and the center of mass of the HPβCD secondary rim. The
maximum values of the RDFs obtained in this way are shown
in Figure 5. The trend observed suggests that interactions
preferentially occur between the hydrophobic cavity (secon-
dary rim) of the CD and the peptide backbone, in line with the

Figure 4. Maximum values of the RDFs between the primary and secondary rims of HPβCD and the center of mass of the amino acids for the
original CHARMM36 (A) and ADD (B) force fields. Black, primary rim; red, secondary rim.

Figure 5. Maximum values of the RDFs between the backbone or side-chain atoms of the different amino acids, and the center of mass of the
HPβCD secondary rim, for the original CHARMM36 (A) or ADD (B) force fields. Black, backbone; red, side chain.
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favorable HPβCD−backbone interaction evidenced in Figure
3B. Tryptophan constituted, however, a noticeable exception.
In this case, HPβCD strongly interacted with the aromatic ring
of the tryptophan side chain, in line with experimental works
suggesting a preferential affinity of CDs towards aromatic
groups.9−12

HPβCD may also form inclusions with amino acids. We
calculated the percentage of HPβCD molecules that, on
average, included amino acids within their cavity during the
equilibrated trajectories (Figure 6A). We found that the
occurrence of inclusions was in agreement with the previously
discussed trends of γsc (Figure 3A) and maximum values of the
RDFs (Figures 4 and 5). Again, inclusion was negligible for
charged residues and more pronounced for polar and apolar
ones, especially for the aromatic residues tyrosine, phenyl-
alanine, and tryptophan. The original CHARMM36 and ADD
force fields displayed the same overall trend, although the
degree of interaction was lower with the ADD description.
These same conclusions could be drawn looking at the
formation of hydrogen bonds (χ parameter; eq 11), as
displayed in Figure 6B. This figure suggests that hydrogen
bonding contributes to HPβCD−amino acid interactions.

■ CONCLUSIONS
HPβCD is emerging as an important agent for drug delivery, as
its unique structural characteristics make it particularly well
suited to increase the solubility and bioavailability of
hydrophobic drugs through encapsulation. In this work, we
have developed a new force field for HPβCD that accurately
describes its physical properties. The original CHARMM36
force field was used as the starting point for this investigation,
and we have exposed its limitations in reproducing
experimental data of binary water−HPβCD mixtures. We
then proposed and validated a new force field based on the
ADD description of sugars,21 which accurately reproduces
HPβCD−HPβCD and HPβCD−water interactions.
We have applied the new force field to the characterization

of HPβCD−amino acid interactions, quantified in terms of
Kirkwood−Buff integrals (KBIs), and compared our results to
the original CHARMM36 description. We have observed that

HPβCD only marginally interacts with charged side chains,
while it exhibits strong affinities toward most of the apolar
moieties, especially the aromatic ones. For polar side chains,
strong interaction was noted with the aromatic ring of tyrosine
and the thiol side chain of cysteine. The trends observed for
the CHARMM36 and ADD force fields were similar, but
CHARMM36 predicted considerably stronger interactions.
The poor interaction between charged groups and HPβCD,
observed with both CHARMM36 and ADD, may, however, be
a limitation of the force fields, as a mismatch between
simulations and experiments has previously been observed for
charged moieties in ref 21.
Both the CHARMM36 and ADD force fields evidenced a

favorable interaction of HPβCD with the peptide backbone,
which may be indicative of its denaturing behavior. In line with
this, we further found that HPβCD mainly oriented with its
secondary rim, i.e., the hydrophobic cavity, toward the peptide
backbone. However, the aromatic amino acid tryptophan
strongly interacted with HPβCD also through its side chain.
As cyclodextrins are known for their ability to form

complexes with small molecules, we evaluated the degree of
amino acid inclusion inside the HPβCD’s cavity. We observed
that the tendency to form inclusion complexes with different
amino acids reflected the chemical affinity highlighted by our
KBIs. Inclusion was also accompanied by an increased number
of hydrogen bonds between the cyclodextrins and the amino
acids.
We believe that the improved description of HPβCD

provided in this paper will prove to be useful for the
investigation of this promising excipient, enabling the use of
computational techniques, such as molecular dynamics, to
further clarify its properties. A better understanding of
HPβCD−protein mixtures would be of great interest in the
pharmaceutical, biotechnological, and medical fields. In this
respect, the characterization of HPβCD−amino acid inter-
actions described here constitutes the first step toward
unraveling this molecule’s behavior toward proteins.

Figure 6. (A) Percentage of HPβCD molecules including amino acids during the equilibrated trajectory. (B) χ parameter, i.e., percentage of
hydrogen bonds established between HPβCD and the amino acids. Black, original CHARMM36; red, ADD force field.
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Fenyvesi, É. Cyclodextrins, Blood−Brain Barrier, and Treatment of
Neurological Diseases. Arch. Med. Res. 2014, 45, 711−729.
(5) Loftsson, T.; Vogensen, S. B.; Brewster, M. E.; Konráósdóttir, F.
Effects of Cyclodextrins on Drug Delivery Through Biological
Membranes. J. Pharm. Sci. 2007, 96, 2532−2546.
(6) Loftsson, T.; Brewster, M. E. Pharmaceutical applications of
cyclodextrins: effects on drug permeation through biological
membranes. J. Pharm. Pharmacol. 2011, 63, 1119−1135.
(7) Ye, Y.; Sun, Y.; Zhao, H.; Lan, M.; Gao, F.; Song, C.; Lou, K.; Li,
H.; Wang, W. A novel lactoferrin-modified β-cyclodextrin nanocarrier
for brain-targeting drug delivery. Int. J. Pharm. 2013, 458, 110−117.
(8) Jeulin, H.; Venard, V.; Carapito, D.; Finance, C.; Kedzierewicz,
F. Effective ribavirin concentration in mice brain using cyclodextrin as
a drug carrier: Evaluation in a measles encephalitis model. Antiviral
Res. 2009, 81, 261−266.
(9) Aachmann, F.; Otzen, D.; Larsen, K.; Wimmer, R. Structural
background of cyclodextrin−protein interactions. Protein Eng., Des.
Sel. 2003, 16, 905−912.

(10) Otzen, D. E.; Knudsen, B. R.; Aachmann, F.; Larsen, K. L.;
Wimmer, R. Structural basis for cyclodextrins’ suppression of human
growth hormone aggregation. Protein Sci. 2002, 11, 1779−1787.
(11) Koushik, K. N.; Bandi, N.; Kompella, U. B. Interaction of [d-
Trp6, Des-Gly10] LHRH Ethylamide and Hydroxy Propyl β-
Cyclodextrin (HPβCD): Thermodynamics of Interaction and
Protection from Degradation by α-Chymotrypsin. Pharm. Dev.
Technol. 2001, 6, 595−606.
(12) Yi, Z.; Qasim, M.; Qasim, S.; Warrington, T.; Laskowski, M.
Ring-Toss: Capping highly exposed tyrosyl or tryptophyl residues in
proteins with β-cyclodextrin. Biochim. Biophys. Acta, Gen. Subj. 2006,
1760, 372−379.
(13) Tavornvipas, S.; Tajiry, S.; Hirayama, F.; Arima, H.; Uekama,
K. Effects of Hydrophilic Cyclodextrins on Aggregation of
Recombinant Human Growth Hormone. Pharm. Res. 2004, 21,
2369−2376.
(14) Serno, T.; Carpenter, J. F.; Randolph, T. W.; Winter, G.
Inhibition of Agitation-Induced Aggregation of an IgG-Antibody by
Hydroxypropyl-β-Cyclodextrin. J. Pharm. Sci. 2010, 99, 1193−1206.
(15) Serno, T.; Härtl, E.; Besheer, A.; Miller, R.; Winter, G. The
Role of Polysorbate 80 and HPβCD at the Air-Water Interface of IgG
Solutions. Pharm. Res. 2013, 30, 117−130.
(16) Rospiccio, M.; Arsiccio, A.; Winter, G.; Pisano, R. The Role of
Cyclodextrins against Interface-Induced Denaturation in Pharmaceut-
ical Formulations: A Molecular Dynamics Approach. Mol. Pharma-
ceutics 2021, 18, 2322−2333.
(17) Karten, B.; Vance, D. E.; Campenot, R. B.; Vance, J. E.
Trafficking of Cholesterol from Cell Bodies to Distal Axons in
Niemann Pick C1-deficient Neurons. J. Biol. Chem. 2003, 278, 4168−
4175.
(18) Liu, B.; Turley, S. D.; Burns, D. K.; Miller, A. M.; Repa, J. J.;
Dietschy, J. M. Reversal of defective lysosomal transport in NPC
disease ameliorates liver dysfunction and neurodegeneration in the
npc1-/- mouse. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 2377−2382.
(19) Camargo, F.; Erickson, R. P.; Garver, W. S.; Hossain, G.;
Carbone, P. N.; Heidenreich, R. A.; Blanchard, J. Cyclodextrins in the
treatment of a mouse model of Niemann-Pick C disease. Life Sci.
2001, 70, 131−142.
(20) Wang, M. S.; Boddapati, S.; Sierks, M. R. Cyclodextrins
promote protein aggregation posing risks for therapeutic applications.
Biochem. Biophys. Res. Commun. 2009, 386, 526−531.
(21) Arsiccio, A.; Ganguly, P.; La Cortiglia, L.; Shea, J.-E.; Pisano, R.
ADD Force Field for Sugars and Polyols: Predicting the Additivity of
Protein−Osmolyte Interaction. J. Phys. Chem. B 2020, 124, 7779−
7790.
(22) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de
Groot, B. L.; Grubmüller, H.; MacKerell, A. D., Jr. CHARMM36m:
an improved force field for folded and intrinsically disordered
proteins. Nat. Methods 2017, 14, 71−73.
(23) Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis,
J. L.; Dror, R. O.; Shaw, D. E. Improved side-chain torsion potentials
for the Amber ff99SB protein force field. Proteins 2010, 78, 1950−
1958.
(24) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development
and Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996,
118, 11225−11236.
(25) Gebhardt, J.; Kleist, C.; Jakobtorweihen, S.; Hansen, N.
Validation and Comparison of Force Fields for Native Cyclodextrins
in Aqueous Solution. J. Phys. Chem. B 2018, 122, 1608−1626.
(26) Kirkwood, J. G.; Buff, F. P. The statistical mechanical theory of
solutions. I. J. Chem. Phys. 1951, 19, 774−777.
(27) Ben-Naim, A. Molecular Theory of Solutions; OUP: Oxford,
2006.
(28) Ben-Naim, A. Inversion of the Kirkwood−Buff theory of
solutions: Application to the water−ethanol system. J. Chem. Phys.
1977, 67, 4884−4890.
(29) Smith, P. E. On the Kirkwood−Buff inversion procedure. J.
Chem. Phys. 2008, 129, No. 124509.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c04033
J. Phys. Chem. B 2021, 125, 7397−7405

7404

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberto+Pisano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6990-3126
https://orcid.org/0000-0001-6990-3126
mailto:roberto.pisano@polito.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Arsiccio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3809-4957
https://orcid.org/0000-0003-3809-4957
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcello+Rospiccio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joan-Emma+Shea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9801-9273
https://orcid.org/0000-0002-9801-9273
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c04033?ref=pdf
http://www.hpc.polito.it
https://doi.org/10.1016/j.addr.2011.08.003
https://doi.org/10.1016/j.addr.2011.08.003
https://doi.org/10.1038/nrd1576
https://doi.org/10.1038/nrd1576
https://doi.org/10.1208/pt060243
https://doi.org/10.1208/pt060243
https://doi.org/10.1016/j.arcmed.2014.11.020
https://doi.org/10.1016/j.arcmed.2014.11.020
https://doi.org/10.1002/jps.20992
https://doi.org/10.1002/jps.20992
https://doi.org/10.1111/j.2042-7158.2011.01279.x
https://doi.org/10.1111/j.2042-7158.2011.01279.x
https://doi.org/10.1111/j.2042-7158.2011.01279.x
https://doi.org/10.1016/j.ijpharm.2013.10.005
https://doi.org/10.1016/j.ijpharm.2013.10.005
https://doi.org/10.1016/j.antiviral.2008.12.006
https://doi.org/10.1016/j.antiviral.2008.12.006
https://doi.org/10.1093/protein/gzg137
https://doi.org/10.1093/protein/gzg137
https://doi.org/10.1110/ps.0202702
https://doi.org/10.1110/ps.0202702
https://doi.org/10.1081/PDT-120000297
https://doi.org/10.1081/PDT-120000297
https://doi.org/10.1081/PDT-120000297
https://doi.org/10.1081/PDT-120000297
https://doi.org/10.1016/j.bbagen.2005.11.023
https://doi.org/10.1016/j.bbagen.2005.11.023
https://doi.org/10.1007/s11095-004-7691-5
https://doi.org/10.1007/s11095-004-7691-5
https://doi.org/10.1002/jps.21931
https://doi.org/10.1002/jps.21931
https://doi.org/10.1007/s11095-012-0854-x
https://doi.org/10.1007/s11095-012-0854-x
https://doi.org/10.1007/s11095-012-0854-x
https://doi.org/10.1021/acs.molpharmaceut.1c00135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.1c00135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.1c00135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M205406200
https://doi.org/10.1074/jbc.M205406200
https://doi.org/10.1073/pnas.0810895106
https://doi.org/10.1073/pnas.0810895106
https://doi.org/10.1073/pnas.0810895106
https://doi.org/10.1016/S0024-3205(01)01384-4
https://doi.org/10.1016/S0024-3205(01)01384-4
https://doi.org/10.1016/j.bbrc.2009.06.077
https://doi.org/10.1016/j.bbrc.2009.06.077
https://doi.org/10.1021/acs.jpcb.0c05345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c05345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1002/prot.22711
https://doi.org/10.1002/prot.22711
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b11808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b11808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1748352
https://doi.org/10.1063/1.1748352
https://doi.org/10.1063/1.434669
https://doi.org/10.1063/1.434669
https://doi.org/10.1063/1.2982171
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c04033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Cloutier, T.; Sudrik, C.; Sathish, H. A.; Trout, B. L. Kirkwood−
Buff-derived alcohol parameters for aqueous carbohydrates and their
application to preferential interaction coefficient calculations of
proteins. J. Phys. Chem. B 2018, 122, 9350−9360.
(31) Weerasinghe, S.; Smith, P. E. A Kirkwood-Buff derived force
field for the simulation of aqueous guanidinium chloride solutions. J.
Chem. Phys. 2004, 121, 2180−2186.
(32) Weerasinghe, S.; Smith, P. E. A Kirkwood-Buff Derived Force
Field for Mixtures of Urea and Water. J. Phys. Chem. B 2003, 107,
3891−3898.
(33) Ganguly, P.; Polák, J.; van der Vegt, N. F. A.; Heyda, J.; Shea, J.-
E. Protein Stability in TMAO and Mixed Urea−TMAO Solutions. J.
Phys. Chem. B 2020, 124, 6181−6197.
(34) Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J. C.;
Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, 1−2, 19−25.
(35) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.;
Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.;
et al. CHARMM general force field: A force field for drug-like
molecules compatible with the CHARMM all-atom additive biological
force fields. J. Comput. Chem. 2010, 31, 671−690.
(36) MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; et al.
All-Atom Empirical Potential for Molecular Modeling and Dynamics
Studies of Proteins. J. Phys. Chem. B 1998, 102, 3586−3616.
(37) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A smooth particle mesh ewald method. J. Chem. Phys.
1995, 103, 8577−8593.
(38) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular dynamics with coupling to an
external bath. J. Chem. Phys. 1984, 81, 3684−3690.
(39) Nosé, S. A molecular dynamics method for simulations in the
canonical ensemble. Mol. Phys. 1984, 52, 255−268.
(40) Hoover, W. G. Canonical dynamics: Equilibrium phase-space
distributions. Phys. Rev. A 1985, 31, 1695−1697.
(41) Parrinello, M.; Rahman, A. Polymorphic transitions in single
crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,
7182−7190.
(42) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M.
LINCS: A linear constraint solver for molecular simulations. J.
Comput. Chem. 1997, 18, 1463−1472.
(43) Miyamoto, S.; Kollman, P. A. Settle: An analytical version of
the SHAKE and RATTLE algorithm for rigid water models. J.
Comput. Chem. 1992, 13, 952−962.
(44) Ganguly, P.; van der Vegt, N. F. A. Convergence of Sampling
Kirkwood−Buff Integrals of Aqueous Solutions with Molecular
Dynamics Simulations. J. Chem. Theory Comput. 2013, 9, 1347−1355.
(45) dos Santos, C. I. A. V. Sistemas de liberacioń controlada de
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