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Abstract The GROMOS 56Acarpo force field for the de-
scription of carbohydrates was modified for calculations of
chitosan (poly—1,4—(N—acetyl)-3—D—glucopyranosamine—2)
with protonated and non-protonated amino groups and its de-
rivatives. Additional parameterization was developed on the
basis of quantum chemical calculations. The modified force
field (56Acargo cur) allows performing the molecular dy-
namic calculations of chitosans with different degrees of pro-
tonation corresponding to various acidity of medium. Test cal-
culations of the conformational transitions in the chitosan rings
and polymeric chains as well as the chitosan nanocrystal dis-
solution demonstrate good agreement with experimental data.

Keywords Chitosan - Chitin - Molecular dynamics -
56Acarpo - Force field extension

Introduction

The derivatives of amino-substituted polyglycans, in particu-
lar, chitosan (poly—1,4—(N-acetyl)-3—D—glucopyranosamine—
2), are nowadays considered as perspective means for the drug
encapsulation and drug transport in an organism [1-3]. They
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are convenient, non-toxic, and easily derivable agents
interacting with biological structures (cell membranes, walls,
receptors, etc.) which is especially important for the develop-
ment of modern medicinal systems with active targeting [4].
However, practical application of these compounds is compli-
cated by the lack of data on the structure of their chains or
globules in aqueous solutions and also on thermodynamic
properties and kinetics of the complex formation in aquatic
environment. In particular, the interpretation of polymer chain
structure in the solution based on electron microscopy data
[5-7] raised a discussion. The data on instability constants
upon interaction with different protein agents are almost ab-
sent, and the dissolution process itself and its kinetics have
been mainly studied using experimental methods based on
the formal kinetic approach. Chitosan is a mixture of polymers
with various degrees of acetylation, molecular weight and ar-
rangement of acetyl groups in the polymer chain and its aque-
ous solutions are characterized by additional protonation of
free amino groups. Therefore, experimental study may often
provide only apparent or averaged physicochemical character-
istics. In this respect, the molecular dynamic method applied
for investigation of chitosan dissolution and complex forma-
tion processes is one of the approaches ensuring determination
of actual thermodynamic and kinetic constants. Besides, the
molecular dynamic investigation ensures much more detailed
study of regularities associated with changes in these constants
upon variation of number, charge, and type of chitosan chain
substitutes, their length, peculiarities of their interaction be-
tween each other and with other molecules, surfaces or parti-
cles of the considered system.

In many cases, the molecular dynamic studies are performed
using the simplified coarse-graining models [8] and/or the im-
plicit solvent models which enable simulation of large-size sys-
tems. Examples of such studies are described in the refs [9-11].
However, such a simulation often requires verification
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including those based on atomistic models where interactions
between polymer and solvent atoms are evidently considered
by inclusion of corresponding intra- and intermolecular poten-
tials into the force field. In the case of atomistic molecular
dynamic simulations of polyglucan derivatives, one of the most
up-to-date and prospective force fields is the S56Acarpo [12]
force field which is a part of the GROMOS [12—17] force field
family. It has been specially adapted for the description of poly-
mer chains based on monomer units of hexapyranose and is an
extension of the force field 53A6 [13], which is aimed at sim-
ulations of biomolecules. Some examples of the chitosan stud-
ies using the GROMOS force fields are described in refs [18,
19]. Recently, a new 56Acarpo-based force field revision
56AcarBo R Was proposed [17] on the basis of thorough anal-
ysis of ring-conformational equilibria [20, 21]. This force field
significantly improves the description of conformational fea-
tures of hexopyranose and its derivatives. Nevertheless,
56Acarpo force field and its known extensions do not include
monomer residues of aminopyranose which makes it impossi-
ble to use it for calculations of chitosan and its derivatives. As
an alternative to 56 Acarpo, there are universal force fields and
automated force field builders which can be applied to a wide
range of molecules [22]. However, although these approaches
are useful in terms of universalization, the manual force field
parameter adjustment with careful correspondence to the orig-
inal reliable parametrization scheme, i.e., 56Acarpo in our
case, gives more accurate results. In this work we extend the
force field for the molecular dynamic simulations of chitosan
and its derivatives by adding the new parameters for the resi-
dues of aminopyranose, acetyl aminopyranose, and protonated
form of aminopyranose to the 56Acarpo parameter set. The
special emphasis of this force field extension is the description
of dissolution and association processes of chitosan and its
derivatives for the modeling of absorption and encapsulation
of various organic and inorganic agents.

Force field modification

GROMOS 56Acarpo force field refers to the group of force
fields with united atoms making allowance for solvent mole-
cules in an explicit form and includes both intermolecular and
intramolecular potentials. Within this force field it is sug-
gested that biopolymer molecules are subdivided into mono-
mer fragments which are referred to as residues by analogy
with protein molecules. Various molecular structures may be
obtained by connecting residues in different ways.

The intermolecular interactions between atoms of different
residues are determined by Coulomb interactions and van der
Waals forces. Atomic charges in a residue are determined on the
basis of the bond—increment approach [23, 24] when neighbor-
ing atoms influence the charge of the central atom. This ap-
proach is used only for oxygen-containing bonds. “Charge
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groups” include the atoms surrounding the oxygen atom and
chemically bonded to it. The charge group should be generally
neutral, the only exception is made for some systems
(polyesters) which may contain charged groups to avoid forma-
tion of very large groups. The rules for determination of charge
groups are illustrated in Fig. 1 which shows the glucose mole-
cule with charge groups arranged according to 56Acarpo rules.

The 56Acarpo force field contains the residues of 3—D—
glucopyranose (GLC, GLCN, GLCO0). The force field param-
eters for these residues have been chosen according to results
of glucose quantum chemical calculation in vacuum per-
formed at the B3LYP/6-311+G(d,p) level [12]. The main
structural element of chitosan is 3—D-glucopyranosamine—2
(very similar to 3—D-glucopyranose). To describe chitosan
within the 56Acarpo field substitution of the C2 hydroxyl
group in GLC-residues by a free, protonated or substituted
(for instance, acetylated) amino group is required. Thus, the
force field should be supplemented with residues CHTO,
CHTN, CHT, CHTP, CHTR (Fig. 2).

The modification of the residues structure suggests (1)
change of charges in glucopyranose ring atoms; (2) determi-
nation of a new charge group; (3) selection of new parameters
for bonds, valence angles, and dihedral angles for atom groups
which are absent in glucopyranose residues.

The charge distribution in the charge group C2 (Fig. 1) is
determined using the above mentioned bond-increment ap-
proach. If the OH group at the C2 atoms is substituted by
NH,, the parameters of the charge displacement from addi-
tional hydrogen to nitrogen (Aqy_,N) and from carbon to
nitrogen (Aqc_.n) can be determined. In this work, the atomic
charges within the charge groups have been determined on the
basis of quantum chemical calculations. The criterion for the
quantum-chemical method selection may be the proportional-
ity of the calculated glucose atom charges relative to the

’— \'
"OH'
/ ]

’ ,l \ 1
HO oH
charge éroup C3 charge group C2

Fig. 1 Charge groups in glucose molecule selected according to
56ACARBO force field rules
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Fig. 2 Residues to be added to OH
56Acarpo force field for
simulation of chitosan and its
amino-substituted analogs
OH
HO
CHTO

HO

charges in the 56Acarpo and the neutrality of the charge
groups corresponding to the original force field.

In order to find the most suitable charge calculation scheme
we tried several approaches: Mulliken charges calculated at
broad variations of theory levels including Hartree-Fock,
DFT (BLYP, B3LYP, PBEO, M06 functionals), and the ESP-
derived charges calculated using the Merz-Kollman (MK) [25]
and CHelpG [26] methods. The most representative results are
presented in Table 1. The full set of the calculation results
concerning the atomic charges is given in Supplementary in-
formation (Table 1).

OH OH
- o - 0
0-- HO 0-- HO OH
NH, NH,
CHT CHTN
OH OH
0 - o
0-- HO o--
@ NH; NH
CHTP CHTR

As seen from Table 1, when charges are calculated at the
HF/STO-3G level, the determination coefficient (R) and its
square (R?) are very close to one which indicates a high degree
of proportionality between the calculated charges and the
charges in 56Acarpo force field. The proportionality coeffi-
cient in this case is equal to 2.013, and the total charge of the
considered atomic group is almost equal to zero which also
confirms correlation between the HF/STO-3G charges and
parameters of the force field. Thus, the Mulliken charges cal-
culated at the HF/STO-3G level are best suited for supple-
mentation of the force field. It seems a little unexpected that

Table 1 The atomic charges of

[3—D—glucopyranose calculated Theory AO basis set qCt qo ™ qH™ Q™ Coef! Rl
using various theory levels in
comparison with the original 56AcarBo 0.232 —0.642 0.410 0.000
56Acarso values b3lyp STO-3G 0.088 —0.298 0.206 —0.003 2.260 0.9956
6-31G(d.p) 0.246 —0.571 0.321 —0.004 1.115 0.9932
cc—pVTZ 0.159 —0.367 0212 0.003 1.714 0.9943
blyp STO-3G 0.079 —0.286 0.202 —0.005 2.404 0.9926
6-31G(d,p) 0.230 —0.534 0.303 —0.002 1.188 0.9937
cc—pVTZ 0.148 —0.345 0.199 0.003 1.830 0.9945
hf STO-3G 0.116 —0.319 0.203 —0.001 2.013 1.0000
6-31G(d,p) 0.313 —0.688 0.363 —0.011 0.935 0.9865
cc—pVTZ 0.206 —0.443 0.242 0.005 1.423 0.9876
m06 STO-3G 0.094 —0.324 0.226 —0.004 2.088 0.9947
6-31G(d,p) 0.253 —0.602 0.346 —0.002 1.056 0.9951
cc—pVTZ 0.173 —0.361 0.198 0.010 1.730 0.9861
pbe0 STO-3G 0.086 —0.298 0.210 —0.003 2.268 0.9940
6-31G(d,p) 0.235 -0.58 0.336 —0.008 1.105 0.9967
cc—pVTZ 0.142 —0.358 0.216 0 1.775 0.9983
MK/B3PWO1 6-31++G(d,p) 0.202 —0.694 0.461 —0.031 0.988 0.9968
CHelpG/B3PW91 6-31++G(d.p) 0.228 —0.701 0.454 —0.019 0.945 0.9993

[a] The atom designation corresponds to charge group C2, see Fig. 1. [b] Qum is a total charge for the
correponding charge group C2 (should be zero within S6Acarpo). [¢] Coefis the proportional coefficient between
charges calculated with QM and charges defined within S6Acarpo. [d] R? is the determination coefficient for the
correlation between the calculated charges and the charges defined within 56Acarpo
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this modest level of theory provides better consistence with
the original force field parameters in comparison with modern
functionals and the multiple-split bases augmented by d- and
Jf-polarization functions. Probably, the reason of this fact is the
strong charge localization in the case of HF/STO-3G which is
important for the point charge derivation. It should also be
noted that the original force field charges were derived from
the B3LYP/6-311G+(d,p) calculations with additional manual
adjustment. It is interesting that the ESP-derived charges
based on the MK and CHelpG schemes provides rather good
but not ideal coincidence both with S6Acarpo and higher
level DFT charges. They also require additional scaling and
the proportionality is not dramatically better than in the case of
simpler Mulliken scheme. Moreover, the charge groups ob-
tained on the basis of ESP-derived charges are not neutral.
Thus, the application of these schemes, in contrast with HF/
STO-3G charges, require additional manual corrections.
Table 2 lists the charges of f—D—glucopyranose obtained
with the quantum-chemical calculations (HF/STO-3G) in

Table2 The charges of 3—D—glucopyranose elaborated on the basis of
quantum-chemical calculations (geometry B3PW91/6-31++G(d,p),
charges HF/STO-3G), and unified in agreement with the 56Acarpo force
field

agreement with the atom unification scheme of 56Acargo
in comparison with the original charges of 56Acarpo- AS
seen from Table 2, the charges elaborated in the present work
are quite close to the unified atom charges of the original force
field. Thus, these results demonstrate usability of the charge
determination method based on the quantum chemical calcu-
lations. In the following, we used this method for the determi-
nation of the atomic charges of the f—D—glucopyranosamine—
2 along with its N-substituted and N-protonated analogs.

The 3—D—glucopyranosamine—2 geometry was optimized at
the B3PW91/6-31++G(d,p) level (the same, that was used for
[3—D—glucopyranose). Quantum-chemical calculation was per-
formed for the condition of isolated molecule in vacuum which
agrees with the method proposed by authors of 56Acarpo
force field. The calculated charges of hydrogen atoms in the
amine group differ by the value (0.158 and 0.174 e). However,
in the initial force field these atoms are equivalent, therefore
their charges were averaged in the new version of the force
field. Charge of C2 atom was calculated as a sum of Mulliken
charges of carbon atom and covalently bound hydrogen atom.
Using this method ensures that the charge group C2 has small
positive charge (+0.02). In order to neutralize this charge, mod-
ules of positive charges were evenly decreased and modules of
negative charges were evenly increased. The absolute value of

Charge Atomin HF/STO- Atoms of Atom Atom
group  real 3Gatom  56Acarpol® charge in  charge
molecule charge 56Acarpo  (this
work)
Cl-C5 ClI 0.188 Cl 0.464 0.467
Hey 0.044
0Ol -0.319 () —0.642 —0.642
Ho: 0.206 HO1 0410 0415
05 -0.276 05 —0.464 —-0.556
CS5 0.076 Cs 0.232 0.280
Hes 0.063
C2 C2 0.052 C2 0.232 0.234
Hes 0.064
02 -0.319 02 —0.642 —0.642
Hoo 0.203 HO2 0410 0.409
C3 C3 0.060 C3 0.232 0.229
Hes 0.054
03 -0.321 03 —0.642 —0.646
Hos 0.203 HO3 0.410 0.409
C4 C4 0.065 C4 0.232 0.242
Hegq 0.055
04 -0.315 04 —0.642 —0.643
Hoy 0.203 HO4 0410 0.409
C6 C6 0.009 C6 0.232 0.266
Hlcg 0.056
H2¢6 0.067
06 -0.307 06 —0.642 -0.618
Hos 0.189 HO6 0410 0.380

[a] Some atoms in S6Acarpo are united atoms

@ Springer

each charge was changed by about 0.02.

The calculated Mulliken charges of the charge group C2
and the final charges obtained upon application of the above-
mentioned methods are shown in Table 3 (see also Fig. 3).

Table 3  Charges for atoms in C2 charge group

Atom in 3-D— Mulliken charge Atom Charge in the
glucopyranosamine—2  (HF/STO-3G)  in CHT 56AcarBO_CHT
residue

Residues CHT, CHTO, CHTN (residues with free amino group)

C2 0.027 C2 0.197

Heo 0.076

N2 —0.415 N2 —0.845

H21 0.158 H21 0.324

H22 0.174 H22 0.324
Residue CHTP (protonated amino group)

C2 0.054 C2 0.227

Hes 0.129

N2 —0.361 N2 —0.448

H21 0.315 H21 0.407

H22 0.333 H22 0.407

H23 0.337 H23 0.407
Residue CHTR (substituted amino group)

C2 0.044 C2 0.250

Hes 0.073

N2 -0.373 N2 —0.709

H21 0.214 H21 0.459
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Fig. 3 N-protonated f—D— 0O6—HO6
glucopyranosamine—2 with /
names of atoms in according to
atom names in the modified force C6
field 56AcarBo present only \
in CHTO
HO4 C5 0% /HO1 present only in CHTN
AN / /
04—C4 C1——O01
c3—C2, 1‘
\ @ _ H23 present only in CHTP |
7
HO3——03 N2

The structure and charge parameters of the N—protonated
and N-acetylated p—D-glucopyranosamine—2 were opti-
mized at the B3PW91/6-31G(d,p) theory level because the
optimization of protonated structures with diffuse functions
resulted in the significant interaction between the CH,OH
and NH," groups. Due to these interactions, the CH,OH
group changed its conformation and oriented to the direction
of carbohydrate ring which can potentially worsen the intra-
molecular potentials and lead to improper conformations in
the solution. At the same time, the Mulliken charges calculat-
ed at the HF/STO-3G level for the structures optimized with or
without the diffuse functions were quite close to each another
(the typical deviations are within 0.002e).

In the case of N—protonated 3—D—glucopyranosamine—2,
the calculated Mulliken charge of the C2 atomic group is
+0.806 whereas other group charges get additional negative
increments. In order to avoid the reoptimization of all molec-
ular group charges, it was proposed that the charge of whole
molecule be condensed on C2 group, and the calculated
Mulliken atomic charges within this group were scaled to
provide the total group charge +1. This maintains the charges
of the remaining molecular groups unchanged. Charges of the
protonated C2 group which were obtained using this approach
are provided in Table 3.

Two strategies may be used for selection of charge groups
when extending the force field in order to describe acetylated
derivatives of glucopyranosamine C2-NH-CO-CH,X: (1)
subdivision into groups C2-NH—CO and CH,X; or (2) C2—
NH and CO-CH,X. The first method is agreed with recom-
mendations proposed by the authors of 56Acarpo force field.
However, the second method ensures higher flexibility for
further extension of the force field since it is possible to per-
form further simplified simulation of different N—derivatives
when it is not necessary to conduct another parameterization
of the charge group C2. In this case the N—substituted deriv-
ative will consist of two residues: glucopyranosamine with
open nitrogen atom bonding and N—substitute (Fig. 4).

/ H22 not present in CHTR
H21

Standard constants of protonated and non-protonated NH,
group and glucopyranose ring which are present in GROMOS
56A force field were selected as parameters of van der Waals
interaction and also constants for bonds, valence angles, im-
proper and torsional angles in residues of polyaminoglucans
CHT, CHTO, CHTN, CHTP, and CHTR.

While developing S6Acarpo force field, special attention
was given to constants of dihedral angles in glucopyranose
rings. When O2 was substituted by N2, some of these con-
stants, in particular, torsional angles T3, T12, T13 (designa-
tions in accordance with [12]), were to be reparametrized.

In order to develop the above dihedral parameters we made
the rigid and relaxed scan calculations for the rotations of the
corresponding molecular moieties at the B3LYP/6-31++
G(d,p) in vacuum and adjusted the dihedral parameters.
Figure 5 demonstrates the calculated rigid scans for the rota-
tions side group around hexopyranose ring. As seen from Fig.
5, the substitution of O-atom to N-atom does not change the
shape of the potential energy curve near the energy minimum

residue

CHTR 4§

charge
group C2
| —-®

-

other @«
residue L

Fig. 4 Charge group selection in case of amino-substituted residue
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Fig. 5 Comparing energies of Dihedral X-C2-C1-O5 (X=0O,N) Dihedral X-C2-C1-O1 (X=0O,N)

dihedral angles X-C2-C1-O5 and 28 36 ]
X-C2-C1-05 (X = O,N) calculat- 24 EI_’ Ky
ed by the rigid scan at the 40 ° 280
B3PW91/6-31++G(d.p) theory B 20—\, . . / 5,4 N .
level for dimers GLC-GLC and 5 161 w\ % Cellulosedimer - fg £ 2471\ --m-Cellulose dimer
CHT-CHT x 1971 "\ —e— Chitosan dimer ,’/ % 204 e\ —e—Chitosan dimer J
512 % ~ 2164\ K
= ™ )/ [ ] = { ,
2 8 \\\o - e 12 ' /
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4 ] AR ) /'./ i o P
- .‘} ,‘// 4 — \k /
0 P m” 0] P
I e T T
-190 -180 -170 -80 -70 -60 -50 -40
angle, ° angle, °

and the PES curves for the N-substituted rings are only slight-
ly different from the glucopyranose profiles. Thus, the
56Acarpo parameters T12 and T13 can also be used in the
case of N-substituted derivatives. This also takes place in the
case of internal rotations of NH, group around N-C bond.
Like in the original force field, the rotation of this group was

adjusted using the simplified models—ethylamine and cyclo-
hexylamine. The corresponding relaxed PES scans are shown
in Fig. 6. It is interesting that the combined rotation of two
hydrogen atoms around the N-C bond results in the barrier
height and phase parameters very close to the parameter
values for the rotation of OH group. In the case of protonated

Ethylamine Cyclohexylamine

10 — 14 —
T 12
8 4
IS i S 10 —
E E
3 6+ 2 8
= 7 = i
<) o 6 —
s 4] 5
w 7 w4
2 1 -
- 2 -]

0 I | I I | I I I I I O I l 1 1 | I I | I |

-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
angle, ° angle, °
N-protonated Ethylamine N-protonated Cyclohexylamine

14 14
124 124
g 10 g 10 4
- 1 - 1
~ 8 ~ 8
5 6] 5 6]
2 3 2 3
w4 — w4 -
2 - 2

0 ) I 1 1 I ] 1 I 1 I 0 1 l 1 1 I 1 ) I ) I

-180 -120 60 0 60 120 180 -180 -120 60 0 60 120 180

angle, ° angle, °

—a— b3pw91/G-31++G(d,p) —O— 56Acarbo —e— 56Acarbo_cht

Fig. 6 Energies of rotation side group NH, or NHs" for ethylamine and cyclohexylamine calculated by relaxed scan at the B3PW91/6-31++G(d,p)
theory level, 56Acarpo. and S6Acarpo_cur parametrs
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amino-group NH;*, the barrier height parameter was de-
creased from 2.4 to 1.8 kJ mol ™' for best reproducing energy
of rotation protonated amino-group, see Fig. 6 and Table 8.

In the case of Lennard-Jonnes (LJ) corrections, 56Acarpo
does not use the combination rules for the LJ parameters C;,
as takes place in the case of Cy parameter. Instead, it uses the
GROMOS96 value with additional adjustment for this param-
eter to get a better agreement with the experimental data or
semi-empirical schemes by Angyal [27-29] and Rao [30].
Therefore, we used the parameters for the H-O 1-5 interac-
tions from the 56Acarpo Whereas H2N...O 1-4 parameters
were taken from the corresponding NH, parameters of source
53A6 force field. It will be shown below that we do not ob-
serve any significant deviations from the regular chitosan con-
formations in an aqueous solution which can be attributed to
the deficiencies of such choice.

Thus, the initial 56Acarpo force field was supplemented
with parameters of five new [3—D—glucopyranosamine—2 res-
idues for simulation of chitosan and its derivatives. The full set
of these parameters is provided in Tables 4, 5, 6, 7, and 8.

The provided sets of parameters were implemented within
the GROMACS program by adding data bases of force fields
in a new module gromos56Acht.ff. These modules may be
found in the Supplementary information attached to this arti-
cle. The 56Acargo force field and new 56Acarpo cur force
field takes into account the 14 and 1-5 LJ-interactions non-
standard for GROMACS. To account for this interaction by
standard GROMACS-subprograms, the special Python script
was applied which was published earlier on the Internet by
Plazinski and Drach [31]. The published tool corrects the
standard GROMACS topology files and it is available for
download from the official GROMACS web-site. The pub-
lished script was modified according to the new CHT-residues
added in the 56Acarpo _cur force field. The modified script
can also be found at the web site of our group [32]. It should
be noted that the new modules do not contain the 56Acarso r
modifications.

Simulation of structures containing residues ACE in the
lateral chain leads to the problem with non-compliance of atom
names within this residue which makes it impossible to devel-
op biopolymer structures with these residues using the standard
methods provided in the GROMACS program. Therefore, the
force field was additionally supplemented with residue ACE2
which differs from the standard residue ACE by the name of

Table4  Types of atoms in charge group C2 for residues with different
state of amino group

Residue C2 N2 H21 H22 H23
CHT, CHTO0, CHTN CHIR NT H H -
CHTP CHIR NT H H H
CHTR CHIR N H - -

Table 5  Charges of charge group C2 atoms for residues with different
state of amino group

Residue Cc2 N2 H21 H22 H23
CHT, CHTO, CHTN  0.197 -0.845 0324 0324 -
CHTP 0227  —0.448 0407 0407  0.407
CHTR 0250 —-0.709 0459 - -

the atom adjoining the acetyl group and by presence of an
additional dihedral angle C2cyrr—N2cntR—CacEr—CAACES-
Standard constants of force field applied for angles of the type
—C—[N, NT, NE, NZ, N]- (see item 14 of Table 5 in work [14])
were used for this angle. This structure is also included into the
force field extension module for chitosans. It should be spe-
cially noted that the reparameterization of ACE2 residue was
not an objective of the present work. The purpose of this study
is development of parameters consistent with the current pa-
rameter sets for broad variation of substituents. Such strategy
results in a non-ideal but practically useful parameterization
allowing, e.g., fast screening of substituted chitosanes suitable
for the purposes of encapsulating agent developments
(Tables 9 and 10).

Test calculations

In order to verify the validity of the new force filed parame-
ters, the test calculations of conformational properties of chi-
tosan chains in the form of a nanocrystal and free polymers
have been performed. The rotation barriers of exocyclic
groups, the most favorable glucopyranose ring conformations,
and the energy distribution of glycosidic bond conformations
have been analyzed. We also carried out the simulations of the
chitosan crystal dissolution in aqueous media of various acid-
ities in order to estimate the influence of the new force field
parameters on the kinetics of the chitosan dissolution.

Several sets of structural parameters differing by the pack-
ing method and presence of hydrate water in crystal lattice
were published for fully deacetylated chitosan in the crystal-
line state [33-35]. In this work we used the crystalline struc-
ture of fully dehydrated deacetylated chitosan corresponding
to data of the study [35]. The crystal model consisted of eight
chitosan chains, each chain made of 20 glucopyranose units
(molecular weight of the chain — 3.2 kDa). The crystal was
placed at the center of the box filled with solvent molecules
(SPC model of water) and chlorine counterions ensuring elec-
trical neutrality of the solution. Dimensions of the box were
20.8 x 12.4 x 11.7 nm. The system contained about 320,000
molecules of water.

During the test MD calculations of free molecules of chitin
and chitosan polymers in aqueous media, the starting geome-
try corresponded to the polymer chain inside the chitosan

@ Springer
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Table 6 Parameters of bonds between atoms of charge group C2 for residues with different state of amino group

Residue Bond K (10%kJemol Tenm™#) by (nm) S6AcARBO 56AcarBo cOMment
designation

CHT, CHT0, CHTN C2-N2 8.7100 0.1470 gb 21 CHn—[N, NT, NL, NZ, NE]
N2-H21, N2-H21 1.8700 0.1000 gb 2 H-N(all)

CHTP C2-N2 8.7100 0.1470 gb 21 CHn—[N, NT, NL, NZ, NE]
N2-H21, N2-H22, N2-H23 1.8700 0.1000 gb 2 H-N(all)

CHTR C2-N2 8.7100 0.1470 gb 21 CHn—[N, NT, NL, NZ, NE]
N2-H21 1.8700 0.1000 gb 2 H-N(all)
N2-Cacpa 1.0500 0.1340 gb 11 C—[N, NZ, NE]

crystal [35] with molecular mass of 4.8 kDa (30 monomeric
rings). The polymer molecule was placed into the rectangular
box (sizes 21.7 x 8.3 x 8.5 nm) of water with 3D periodic
boundary conditions. In the chitin models, all the rings were
acetylated except the terminal ones.

Molecular dynamics calculations were performed using
GROMACS 4.6/5.1 software [36] with PLUMED 2.3 plugin
[37] for pre-optimized NVT ensemble at 300 K (Berendsen
thermostat [38] with relaxation time of 0.1 ps), Coulomb in-
teractions were calculated with PME [39, 40], Coulomb and
van-der-Waals cut-off distance was 1.5 nm (Verlet cut-off
scheme). Leap-frog algorithm [41] was used for the integra-
tion step of 1 fs. Simulation time was up to 15 ns for crystal-
line structure and single chitosan chain. Time of simulation
was increased to 19 ns for best observation of geometry pa-
rameters in the case of chitin polymers. LINCS algorithm [42]
was used as a bond constraint method.

Conformational properties of exocyclic groups

Within the modified force field, the additional exocyclic group
at the N2 atom (e.g., acetyl group in the chitin polymer) is

characterized by torsion angle H21-N2—-C2-Hc; (x>), its val-
ue is related to the experimental 3JHH NMR constant for atoms
H21 and H¢,. Additional exocyclic moieties analyzed in the
test calculations were the hydroxymethyl -C6-O6-HOG6 and
hydroxyl O6-HO6 groups. Rotation of the hydroxymethyl
group is usually described by the angle C4-C5-C6-06 (w).
However, another torsion angle O5—C5-C6—06 (@) is related
to the experimental >Ji; value with the equations proposed by
Stenutz [43] and Tafazzoli [44]. Rotation of the hydroxyl
group is characterized by the angle C5-C6-06-HO6 ().
Three rotamers g+, ¢ and g- correspond to three intervals of
torsion angles 0—120°, 120-240°, and 240-360°, respectively.

Table 11 shows the average values of torsion angles, distri-
butions of torsion angles in different rotamers, and the calcu-
lated ° Ju.n values obtained in the test MD simulations of chi-
tosan and chitin nanocrystals and polymers in comparison
with the experimental and theoretical data published earlier.
As evident from Table 11, the mean value of w is in good
agreement with the available XRD data, especially for the
chains completely buried inside the crystal. The exocyclic
groups in the surface chains are not fixed by the crystalline
environment and, thus, their conformations are somewhat dif-
ferent from the crystalline ones. The rotamers energy

Table 7 Parameters of valence angles for residues with different state of amino group

Residue Angle Ky (kIemol™) 6, (°) S6AcArRBO S6AcarBo cOmment
designation
CHT, CHTO, CHTN  C3-C2-N2, N2-C2-Cl 530.00 111.00 ga 15 CHn—CHn—{C,CHn,0A,NR,NT,NL]
C2-N2-H21, C2-N2-H22 425.00 109.50 ga 11 H-NL-[C, CHn], H-NT-CHn
H22-N2-H21 380.00 109.50 ga 10 H-NL, NT-H, CHn—OA—-CHn(sugar)
CHTP C3-C2-N2, N2-C2-C1 530.00 111.00 ga 15 CHn-CHn—[C, CHn, OA, NR, NT, NL]
C2-N2-H21, C2-N2-H22, 425.00 109.50 ga 11 H-NL-[C, CHn], H-NT-[CHn]
C2-N2-H23
H22-N2-H21, H23-N2-H21,  380.00 109.50 ga 10 H-[NL, NT}-H, CHn—~OA—-CHn(sugar)
H23-N2-H22
CHTR C3-C2-N2, N2-C2-C1 520.00 109.50 ga 13 [CHn, C]-[CHn]-[C,CHn,0A,OM,N,NE]
C2-N2-H21 460.00 115.00 ga 18 H-N-CHn
C2-N2-Cxcga 700.00 122.00 ga 31 [CHI1, CH2]-N-C
H21-N2-Cxcg2 415.00 123.00 ga 32 H-N-C

@ Springer



J Mol Model (2017) 23: 244

Page 9 of 15 244

Table 8 Parameters of dihedral angles for residues with different state of amino group

Residue Angle K, (kJemol )
CHT, CHTO, CHTN, C1-C2-N2-H21, 0.0
CHTR C1-C2-N2-H22
N2-C2-C3-03, 180.0
N2-C2-C1-01
N2-C2-C1-05 180.0
CHTP C1-C2-N2-H21, 0.0
C1-C2-N2-H22,
C1-C2-N2-H23
Improper dihedral angles
Residue Angle K (kJemol " «degree %)
CHT, CHTO, CHTN,  C2-C3-CI1-N2 0.102

CHTP, CHTR

Ea0 (©) my, 56AcarBO 56AcarBo comment
designation
2.400 3 gdc t3 Generic hydroxyl torsion
(one per bond)
4.500 1 gde t12 Oxygen—oxygen gauche
torsion
1.000 1 gdc t13 Oxygen—oxygen
intracyclic
torsion
1.800 3 no no
5() (degree) - 56ACARBO 5 6ACARBO comment
designation
35.26439 - gi 2 tetrahedral centers

distribution and the mean value of the x, angle for the mole-
cules in a solution are also in good agreement with the previ-
ous MD simulations of Mobli and Almond [45] where the
MMX [46] force field was used in a combination with NMR
experimental and DFT calculated data. At the same time, these
results are distinguished from the distributions of angles w and
Xs in the 3-D-glucopyranose polymers obtained with the
56Acarpo and reparametrized 56Acarpo r force field [17].
In our opinion, this difference reflects different properties of
the unsubstituted and N-substituted pyranose rings. We con-
clude that the modified parameters of the amino residues rep-
resent well the properties of the N-glucosamine.

In order to represent the NMR constants, we used the equa-
tions of Stenutz et al. [43] and Tafazzoli and Ghiasi [44] in
calculations of *Jy iy, and the empirical formula of Karplus with
the corresponding coefficients for 3-D-glucopyranosamine [45]
in 3JH5,H6R/3JH5,H65 calculations. Because the He, atom in the
56A force field is not present (included in united atom C2), its
geometry parameters necessary for the x, and 3JH2’H21 evalua-
tions were obtained using the DFT calculations (B3PW91/6—
31G(d,p)) of its position relatively to C1, C2, C3 atoms in the
[3-D-glucopyranosamine tetramers and the coordinates of Cl1,
C2, C3 atoms taken from the MD trajectory. The calculated
values of the 3JH,H constant for the molecules in a solution
coincide well with the experimental values 3JH5,H6R/3JHS,H6Ss
the typical difference not more than 1 Hz, and the typical

Table 9  Lennard-Jones interaction parameters

deviation depends on the empirical formula used in the calcula-
tion. In the case of chitin molecules, the starting position of N-
acetyl group does not correspond to the most favorable position.
Therefore, during the first 12 ns of equilibration, the monotonic
changes of the torsion angle > from ~— 10° to ~— 53°occurred,
which resulted in the broad range of the 3JH2,H21 values. After
equilibration (during the period of 12—19 ns), the perfect agree-
ment between the calculated 3JH2’H21 value of 9.05 Hz with the
experimental value of 9.07 Hz takes place.

The good agreement between the torsion angles for the
crystal structures and the XRD data, between the 3 Jun con-
stants for polymer molecules in an aqueous media and the
NMR data, as well as the agreement between angle values
and rotamers energy distribution with the experimentally ver-
ified results of previous MD study allows us to conclude that
the force field parameters proposed here provide the proper
description of the conformational properties of chitosan, chi-
tin, and their derivatives.

Conformational transitions of glucopyranose rings

It is well known that the conformations of glucopyranose rings
are very sensitive to the intramolecular force field parameters
[17, 20, 21]. Although we did not change these parameters
during our modification of 56Acarpo, the changes in the

Atom type [C(,]l/2 (kJ mol ! nm®)"? [Clz]l/2 (nonpolar) [Clz]l/2 (polar) [Clz]l/2 (neighbor) [Clz]l/2 (neighbor)
(kJ mol ! nm(’)” 2 (kJ mol ! nmé)” 2 (kJ mol ! nm%)"? (kJ mol ! nmf’)l/ 2

N 4936102 1.5231073 1.943-1073 4936102 13011073

NT 4936102 1.5231073 22501073 4936102 13011073
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Table 10 Parameters for special

intramolecular Lennard-Jones Pattern Ce (kI mol ™! nm(’) Ciy (kJ mol™! nm®) Interaction

interactions
H-N-Xr-Xr-Xr 0.0 0.3510°° H21-05, H22-05, H23-05
H-NT-Xr-Xr-Xr H21-C4, H22-C4, H23-C4
N-Xr-Xr-CHr 339251310 2.510° N2-C4
NT-Xr-Xr-CHr

charge groups and atom types can influence the conformation-
al properties implicitly. The most sensitive property of 3-D-
glucopyranose is the conformational transition *C; = 'C,. Like
glucose, the most favorable conformation of chitosan and chitin
is “C,. The conformation of six-membered rings is described
with three Cremer-Pople (CP) parameters [50]: meridian angle
¢, azimuthal angle 6, and radius Q. Transition *C; = 'Cy4 cor-
responds to the changes in # from 0° to 180° (ideal values for
4C1 and 1C4, respectively). In order to evaluate the energy of
such a transition with the new 56Acarpo cur parameters, we
carried out the PES profile exploration along the coordinate

using the metadynamics calculations. The Gaussian umbrella
potentials were applied to the chitosan tetramers in the 3D
periodic rectangular box (5.1 x 3.8 x 3.4 nm) providing the
movement along the reaction coordinate. The calculations have
been performed using GROMACS with PLUMED plugin
(height of Gaussian hills is 60 kJ mol ', bias factor is 5.0,
temperature is 300 K), the length of MD trajectory was 10 ns,
equilibration 500 ps, step 1 fs, temperature was 300 K.

The calculated PES profiles for the 4C, @ 'C, transitions in
the five types of modified rings are shown in Fig. 7. As seen
from the figure, for all the modified residues, the most

Table 11  Characterization of rotation of exocyclic groups
Angle S6AcArRBO CHT 56AcarBO cHT 56AcArRBO CHT 56AcarBo cur  Literature
chitosan whole chitosan crystal chitosan chitin molecule
crystal (internal chain molecule value method ref.
only)
Average angle values
w 1514 167.8 113.1 117.4 176.0 crystal XRD [35]
-170.9 crystal XRD [33]
X6 174.4 154.7 156.3 155.9 - - -
x2" - - - -170.8 180 +21 solution MD [45]
-168,4¢
Rotamers distribution g+: #: g-, %
w 30: 66: 4 17:81: 2 60:37: 3 56:42:2 53:45:2 solution MD [45]
37: 60: 3¢ solution MD [12]
35: 60: 4° solution MD [17]
X6 21: 65: 14 50:31: 19 35:50: 15 32:54: 13 32:45:23 solution MD [45]
22:25: 53¢ solution MD [12]
22:26: 52° solution MD [17]
o - - - 27:40: 33 0:87:13 solution MD [45]
14: 67: 19
3 Jir coupling constants, Hz
*usner/ Jis.es” 6.93/2.45 7.84/2.14 4.49/2.24 475/2.16 5.57/185 NMR study [47]
(Stenutz eq.) 5.95/227° NMR study [48]
*usner/ Jusnes’ 7157253 8.06/2.24 4.87/233 5.13/2.26 6.0/2.1° NMR study [49]
(Tafazzoli eq.)
it - - - 7.45 9.07 NMR study [45]
9.05¢ 10.39 calc from MD

w is C4-C5-C6-06, ® is 05-C5-C6-06, X, is C5-C6-06-HO6, X, is H21-N2-C2-H,

[a] atom H2 is implicit in the force filed and it was derived from coordinate of atoms C3, C2, C1 via Z-matrix parameters obtained from quantum

chemistry for b-D-N-acetyl-glucoseamine

[b] atoms H6S and H6R are implicit in force field, values of > Jiy was calculated using the equations of Stenutz and Tafazzoli via angle é. The
distribution of angle ® is 67:4:30, 82:2:16, 40:3:57, and 43:2:55 for chitosan crystal, internal chain in crystal, free molecules of chitosan and chitin,

respectfully

[c] values are for b-D-glucopyranose or its derivatives, not for chitosan or chitin

[d] data is only for trajectory 12—19 ns of modeling
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Fig. 7 PES profile along the Cremer-Pople 6 parameter for developed
chitosan residues

favorable conformation is “C;, in agreement with experimental
data. The 'C4 conformation is higher in energy by 10-30 kJ
mol ' depending on the ring type, the calculated activation
barrier for the *C, = 'C, transition is in the range of 40—
60 kJ mol™'. The mean value and standard deviation of @ inside
the crystal is 9.5° + 5.2°, for the free molecules in a solution is
10.7° + 6.0°. These values are in good agreement with the
results of the initial force field S6Acarpo, as well as with the
experimental study of Sattelle and Almond [51]. We conclude
that the modification of the charges and charge groups do not
influence the conformation properties of glucopyranose rings.

Structural parameters of glycosidic bonds

Another important structural characteristic of the biopolymers is
the structural motifs formed in the polymeric chains due to the
statistical distributions of torsion angles of the glycosidic bond:
05-C1-01-C4’ (¢) and C1-O1-C4’-C3’ (3)). Some authors [52]

use torsion angle C1-O1-C4°-C5” () instead of C1-O1-C4’-
C3’ (). The experimental values of these angles in crystalline
packings are determined from the XRD data [33, 35, 52, 53].
Additionally, the MD estimates of glycosidic bond parameters in
the aqueous solution were reported by Franca et al. [18, 19]. In
order to evaluate the new force field parameters, we calculated
the distributions of the glycosidic bond parameters ¢, 1, and ¢/’
for the chitosan nanocrystals placed into the water media and for
the chitosan and chitin polymers in aqueous solutions.

The results of MD calculations are given in Table 12 in
comparison with the available experimental data and the re-
sults of previous MD calculations. In the case of nanocrystal
calculations, the deviation from the average XRD values is
about 15% of the measured angle. As seen from Fig. 8a, this
deviation is completely within the region of statistically
scattered angle values. It should also be noted that this rather
remarkable disagreement of 15% can partially be a conse-
quence of the real physical effect—a twist-like distortion of
nanocrystals in the aqueous solution. This twist-like distortion
of nanocrystals always arises after its equilibration inside the
water environment and was also reported by other authors
during the simulations of cellulose nanocrystals in water
[54]. For the free polymeric molecules in a solution the aver-
age values of ¢ and v are distinguished from the crystal XRD
data more significantly, due to the higher flexibility of solvat-
ed molecules in comparison with the crystalline packing. The
calculated angle distribution (Fig. 8b and c) coincide well with
the data of Franca et al. [18, 19] obtained for the chitosan
polymers. Both for chitin and chitosan molecules in a solution,
we observed additional population in the region of ¢ = ~50°,
1) =~—150°. This fact is in good agreement with the calculated
free energy maps reported by Plazinski et al. [17] where the
additional unfavorable local minimum takes place in the re-
gion of these values for cellobiose. As a whole, the agreement
with the available experimental data and the calculation results
reported earlier allows us to make a conclusion on the proper

Table 12 Characterization of
glycosidic linkage conformation
angles

Angle 56AcarBO_CHT

Chitosan crystal

Experimental
values (XRD)

56AcarBO CHT
Chitin molecule

S6AcARBO CHT
Chitosan molecule

) -83.4

" 102.5

W’ ~140.0

-69.5 -70.7 -96.3 [35]
-92.1 [33]
~92.0 [52]
-98.3 [53]
92.0 [35]

94.0 [33]

96.2 [53]

~146.6 [35]
~147.0 [33]
~148.0 [52]

~143.0 [53]

110.5 110.5

-127.1 —129.5

@ is 05-C1-01-C#4’, ¢ is C1-01-C4-C3’, 9" is C1-01-C4- C5’

@ Springer



244 Page 12 of 15

J Mol Model (2017) 23: 244

a 180 Chitosan Crystal b 180 Chitosan Molecule (o] 180 Chitin Molecule (acetylated)
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Fig. 8 The distribution of torsion angles ¢ and v for the chitosan crystal in water (a), chitosan single molecule in water (b) and chitin (acetylated) single

molecule in water (¢)

description of glycosidic bond properties with the modified
force field parameters.

Thus, in comparison with the force fields used earlier for the
MBD simulations of chitosan polymers (e.g., MMX force field
used in [45] that never was specially parametrized for carbo-
hydrate polymers), the modified 56Acarpo cur force field
parameters provides a good description of properties of 3-D-
glucosamine polymer chains, is applicable for numerous types
of biological systems including proteins, and compatible with
free distributed high performance software like GROMACS.

Modeling of the solution of chitosan crystal

Testing of modified force field based on comparison with ther-
modynamic dissolution functions is complicated by the fact

that experimental values were obtained for non-crystalline
(glass-like) states of biopolymers with uncontrolled degree of
initial hydration and protonation which have significant effects
on dissolution heat values. Thus, direct comparison of experi-
mental and calculated thermodynamic parameters turns out to
be impossible. Therefore, verification of the obtained force
field parameters in this work was based not on comparison of
dissolution heat values but on analysis of dissolution kinetics at
different initial conditions of the polymer and conformational
behavior of polymer chains in the solution.

Chitosan is soluble in acid environments at pH < 6.7 which
is explained by protonation of amino groups in acid environ-
ment. Coulomb repulsion forces emerge between protonated
amino groups of different chains; these forces increase pro-
portionally with the number of protonated groups. When these
forces exceed intermolecular attraction forces holding the

Fig. 9 The average distance 10
between the mass centers (Repy — PD=0%
cm) of polymer chains vs. time for . —— PD=30%
different protonation degrees —— PD=50%
8 PD=70%
— PD=90%
E 64
c
3
vd
4 4
2 -
| e SO NN e e
4+
0 2000 4000 6000 8000 10000 12000 14000
time, ps
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chains together, the chitosan structure breaks down. Thus, the
pH value when dissolution begins is a measure of subtle bal-
ance between the interchain attraction due to hydrogen bonds
and dispersion interaction and the Coulomb repulsion of the
charged groups.

Molecular dynamics simulation of chitosan crystal model
dissolution with different degree of protonation in water was
performed on the chitosan model nanocrystals using the mod-
ified force field (original T3 dihedral parameters were used in
the test calculations presented here). The calculations were
conducted at five different degrees of protonation: 0, 30, 50,
70 and 90%. Positions of protonated groups in the chitosan
chains were chosen randomly (in the case of 90% protonation
degree all groups were protonated except the terminal ones).

The results of the molecular dynamics simulation show that
the presence of fully deprotonated nanocrystal corresponding to
chitosan staying in the alkaline medium was featured only by the
low torsional deformation of the initial crystal without its disso-
ciation into separate chains. The nanocrystal deformation
corresponded completely to the cellulose crystals twisting which
was previously discovered in the molecular dynamics study [54].

In the case of unprotonated chitosan crystals and at the
protonation degree (PD) of 30%, only strong deformation
and loosening of crystal structure without dissociation were
observed. This means that the Coulomb repulsion energy be-
tween positively charged chains is not strong enough to de-
stroy the system of hydrogen bonds in crystal.

At the protonation degree of 50%, the crystal dissociation
occurs during about 15 ns resulting in the formation of an
unordered bunch of chitosan chains. In this bunch, the chains
were held together with the non-protonated amino group re-
gions. Extremely fast crystal dissolution occurs with PD = 70
and PD = 90%. In the case of 90% protonation, the quick
dissociation of the crystalline structure took place during 3—
5 ns of simulation, and the formation of a highly homogenized
mixture of chitosan chains occurred in 8 ns.

In all cases of dissociation, the chitosan chains held their
distorted linear shape without turning into globules. This fact is
in agreement with the data of ref. [5] stating that the formation
of globules takes place on relatively long and low-protonated
polymer sections while the protonated regions remain linear.

Two indicators were selected for quantitative characteriza-
tion of dissolution degree—the average distance between the
mass centers of separate chains Rey.cm and the average dis-
tance between the separate units of different chains Ry .
These indicators behave in a similar fashion. The variation
of Reymom in time is shown in Fig. 9.

As evident from Fig. 9, the nanocrystal dissociation begins
between 30 and 50% protonation of chitosan chains which
corresponds to the pH value of ~6.8 and 6.4 respectively.
This result is in good agreement with the experimental value
pH = 6.2—6.7 when the dissolution of chitosan with molecular
weight of 60—1370 kDa starts. [S5-57] The good agreement

between the calculated and experimental data confirms that
the thermodynamic parameters of chitosan chain-chain and
chain-solvent interaction, in the aqueous solution of different
acidity, have been described correctly.

This conclusion is also supported by the results of a more
detailed study of the chitosan dissolution process performed
for more realistic systems under variation of chain lengths,
temperatures, starting structures, and simulation times.
Details of this study will be reported in a separate publication.

Conclusions

The 56 Acarpo force field has been extended to
polyaminoglycans by adding the force field parameters of the
residues corresponding to aminopyranose, its N-protonated form,
its N-acetylated derivatives, and polymer chain terminators.
Force field parameters have been adjusted on the basis of quan-
tum chemical calculations of charge distribution of model sys-
tems. The test calculations performed for the model chitosan
crystals in water with different chain protonation degrees dem-
onstrate a good agreement with the available data on kinetics of
chitosan dissolution in aqueous solutions of different acidity. The
modified force field allows performing the molecular dynamic
calculations of chitosan polymers with different protonation de-
grees and can also be applied to other N-substituted derivatives
of chitosan using the corresponding force field parameters of the
substituting groups. The test calculations of the conformational
propetties of chitosan chains in the form of nanocrystals or the
polymers in aqueous media are in good agreement with the
available experimental or calculated data. The modeling of the
chitosan crystal dissolution process performed with the new force
field parameters represent the experimentally measured pH value
providing chitosan solubility. The extended force field
(56AcarBo cur) files can be downloaded from the web-site of
the Theoretical Chemistry Group of N.I. Lobachevsky State
University of Nizhny Novgorod (http:/www.qchem.unn.ru/md-
simulations-and-force-field-development/).
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