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The intramolecular proton-transfer processes of thymine were investigated by the density functional theory
method. It is shown that the mutation from keto (T) to enol (T') form is affected by zeolitic imidazolate
framework-8 (ZIF-8) fragments such as single 2-methylimidazole neutral crystals (M), and negatively
charged 2-methylimidazole ligands (M™). Results show that with the number (n) of water (w) molecules
that assist proton-transfer increasing from 1 to 4, the order of the tautomeric energy barriers
(in kcal mol™) is T-2w (16.3) < T-1w (17.6) < T-3w (17.8) < T-4w (20.5). In the presence of M, the order of
energy barrier is MT-2w (16.6) < MT-1w (17.7) < MT-3w (18.9) < MT-4w (20.8). M~ has a catalysis effect
on the energy barrier and the order is M™T-2w (14.4) < M"T-3w (15.2) < M"T-1w (16.3) < M"T-4w (16.8).
The attachment of the M~ fragment slightly promotes the proton-transfer processes in some instances.

Received 4th May 2018
Accepted 2nd July 2018

DOI: 10.1039/c8ra03817a The characterization of the proton-transfer processes is helpful to understand the genotoxicity of ZIF-8
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. Introduction

Imparting porous nanomaterials as drug delivery tools has
many advantages, such as controllable release,’ enhanced
permeability and retention effect,” and active targeting in tumor
cells.? Metal-organic frameworks (MOFs),* composed of organic
linkers and inorganic nodes, are crystalline porous nano-
materials that exhibit tunable porosity and high surface areas.®
Recently, a promising application for MOFs has emerged in the
controllable delivery and release of several drug molecules.®™*°

Thus far, it is worth mentioning that one among the porous
materials studied, zeolitic imidazolate framework-8 (ZIF-8)
(based on its sodalite structure and its characteristic crystalli-
zation in a cubic lattice with a window diameter of 0.34 nm and
a pore diameter of 11.6 nm ') has become one of the most
frequently studied MOFs materials.” Several researchers have
succeeded in the encapsulation of hormones™ and antibiotics**
as well as antitumor and retroviral drugs® in ZIF-8 by demon-
strating high guest loading and controlled release. Moreover, it
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has been indicated that, with the release of drugs, some MOFs
could irreversibly decompose and result in various fragmented
units.*"” For example, several researchers found that the
presence of water causes a gradual change in ZIF-8 crystal
structure,*®'® which creates zinc bivalent cations (Zn>"), single
2-methylimidazole crystals (M) and negatively charged 2-meth-
ylimidazole ligands (M™) (Fig. S17).

Proton-transfer of nucleic acid bases induced by excitation®
including metal cations or charges always occurrs during the
replication of DNA or RNA.** As shown in Fig. 1, one nucleic acid
base is “keto thymine” (T) and the other is “enol thymine” (T').
Clearly, if H10 transfers to the O7 site, then T will become T', which
corresponds to the T — T’ tautomeric process. For the adenine-T
base pair, such a point mutation, i.e., a proton-transfer process,
would lead to T tautomerization and guanine-T" mispairing of the
bases (Fig. S21).

T T'

Fig. 1 The molecular structures of two stable thymine tautomers
investigated. O, C, N and atoms are shown in red, gray and blue colors,
respectively.
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It has already been proven that Zn** does not affect the cell
culture, and are also buffered by proteins existing in the
media.? In addition, Zn>" has a primary hydration sphere of five
in the water environment.”® The tautomeric process of bases
under the influence of hydrated Zn** is thermodynamically
unfavoured in vivo.® Therefore, except for the fully studied Zn**,
other fragments from decomposed ZIF-8, particularly M, an
active intermediate,*® should be investigated when using ZIF-8
as drug delivery systems to assess whether they would cause
proton-transfer of bases or even gene mutations.

In this study, we investigated the interactions of ZIF-8 frag-
ments, namely, M and M, with T. The surrounding water
molecules were also included because they can act both as
proton acceptors and donors, and accelerate the tautomeric
processes from canonical base-pairing to rare base-pairing.***®
The interactions between these fragments and thymine in the
tautomeric equilibria are discussed. The structural parameters,
energy changes, charge distributions and natural bond orbital
(NBO) analysis were calculated via the density functional theory
(DFT) method. Although the investigations focus on ZIF-8, it is
expected that the conclusion is transferable to other ZIFs.
Furthermore, it is likely that the conclusions made in this study
would lead to deeper insight into the evaluation of MOFs
material used as drug delivery systems.

lI. Computational methods

It is expected that both B3LYP and MP2 methods would give very
similar results for the geometrical and vibrational features of
bases,”” and DFT is an excellent compromise between computa-
tional cost and reasonable results.”® Peiro-Garcia and Nebot-Gil
employed the B3LYP/6-311++G** basis set, which provided
a much better energy description of the interaction between the
metal ions, NA bases, and micro-hydration bases.” In this study,
for a proper and accurate consideration, optimization was per-
formed by using the [6-311++G**] basis set. Energy profile,
frequency calculation, as well as zero-point energy (ZPE) correc-
tions were performed at the same level. Moreover, the bond
lengths and energies of the optimized structures were also
compared with the results by MP2. All computed values were ZPE
corrected unless otherwise noted.

The computed stationary points were characterized as
minima or transition states by diagonalizing the Hessian matrix
and analyzing the vibrational normal modes. In this way, the
stationary points could be classified as minima if no imaginary
frequencies were observed, or as transition states if only one
imaginary frequency was obtained.*® The intrinsic reaction
coordinate (IRC) was followed with the DFT method to make
sure that the transition state connects with the expected reac-
tants and products. In order to investigate the nature of inter-
actions between bases and the fragments, net atomic charges
were obtained by using the NBO analysis of Weinhold et al.**
Correspondingly, analysis on the charge distribution and
molecular orbital information was also performed. The abbre-
viations of n and w represent the number of water molecules
and water molecule, respectively.
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All calculations were performed with the GAUSSIAN 03 (ref.
32) suite of packages.

1. Results and discussion

It should be noted that all of the tautomeric processes are not
discussed in this study because the tautomers of thymine can be
produced by proton-transfer and internal rotation of the
hydroxylic group of the enol form. It is believed that one
tautomer can be converted into any other tautomer, directly or
indirectly. The transitions can build up complicated networks
between these tautomers. To make a concise but in-depth
discussion, the most stable form,>” T, and its most stable
tautomer® in the gas phase or micro-water environment, T',
(Fig. 1) were taken as the main research objects for discussion.
Moreover, the proton-transfer process between T and another
stable tautomer,* T”, as shown in Fig. S3,1 was investigated.

It is worth noting that the influence of water assisting
proton-transfer was also studies because water molecules can
greatly decrease the energy barrier in base tautomerization.* In
the selected tautomeric process of T — T', when water mole-
cules act as both proton acceptor and donor, the energetically
favoured location is in the vicinity of the O7-C6-N1-H10 region
(Fig. 1). Therefore, the fragments are considered as external
influencing factors via the interactions occurring through
another active site of T, that is, the O8 area.** In the process of T
— T”, the location of the water molecules is favoured in the
vicinity of the O8-C2-N3-H11 region, and the external influ-
encing fragments are considered at O7 area.

IlL.a. Proton-transfer process of T — T

The geometrical parameters of T and T', and T-ts (the transition
state) are listed in Table S1.} Data comparison of the T structure
indicates that results in this study are in good agreement not
only with the theoretical results®® obtained at the P3/6-31++G**
level, but also with those that have been obtained on investi-
gation with multi-reference ab initio methods.*® The stable
energy (in kcal mol™") of T and T’ is 0 and 11.0, respectively,
which is in good agreement with theoretical predictions of
0 and 10.2, obtained by the MP2 (RI-MP2) method.*

In the tautomeric process of T — T, as depicted in Fig. 2, the
optimized bond lengths of N1-H10 are 1.015, 1.340, and 2.244 A
in T, T-ts, and T, respectively. The energy barrier height is
28.8 keal mol™", which is the same as that obtained by Fan
et al*® (28.8 kcal mol ) at MP2/6-311++G** level of theory. The
value of 17.8 kcal mol™" is larger than that of the reversed
process. Therefore, the tautomeric process is not favoured on
a thermo-dynamics basis, implying that it is not easy to transfer
from a relatively stable tautomer to an unstable state.

IILb. T — T affected by hydration

The tautomeric processes of T-nw — T'-nw affected by water
molecules are shown in Fig. 2. A large change is observed
relative to that in the non-hydrated case. In the initial stable
structure (T-1w), two hydrogen bond lengths between T and
water are 1.918 and 1.963 A, respectively, which are consistent

This journal is © The Royal Society of Chemistry 2018
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T’ (11.0)

T'-1w (10.5)

T'2w (8.9)

1.665
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T'3w (8.8)

T-4w (0)

T-4w-ts (20.5)

T'-4w (8.4)

Fig.2 Optimized geometries in the tautomeric processes of T-nw — T’-nw. The route of proton-transfer are connected by dashed lines. Bond

distances in angstrom (A). Energies in kcal mol™.

with the corresponding bond lengths reported by Kim et al.*”
calculated at the B3LYP/DZP++ level. The two hydrogen bond
lengths optimized by MP2 are 1.863 and 1.859 A, respectively,
which are 0.055 and 0.104 A shorter than those obtained by the
other two methods. Then, the water molecule accepts the
proton from N1 and donates its proton to O7, extending the
bond length of N1-H10 to 1.355 A (1.439 A by MP2). The

This journal is © The Royal Society of Chemistry 2018

attachment of a water molecule plays the “bridge” role for
proton-transfer, i.e., both acceptor and donator. Once the
proton attaches to the O7 site, T-1w becomes T'-1w. Compared
with T — T, the attachment of a water molecule can decrease
the energy barrier height by 11.2 kcal mol™' (from 28.8 to
17.6 kecal mol™"), which is in good agreement with the result
(12.6 keal mol ™) reported by Fan et al.*

RSC Adlv., 2018, 8, 27227-27234 | 27229
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According to the bond lengths shown in Fig. 2, two water
molecules constitute the route of the “bridge” and decrease the
distances of proton-transfer. Thus, the energy barrier height of
T-2w — T-2w is 16.3 kcal mol ', which is lower by
1.3 keal mol " relative to the monohydrated tautomeric process.
Di-hydration further reinforces the assisted effect of the proton-
transfer on the tautomeric process. Compared to the T-2w — T'-
2w process, the energy barrier in the trihydrated tautomeric
process, rather than decreasing, increased by 1.5 kcal mol .
This is due to the high energy cost of proton-transfer in a long
trihydrated chain. The addition of the fourth water molecule
elongates the route of proton-transfer. Therefore, the energy
barrier height of the tautomeric process is 20.5 kcal mol %,
which is 2.7 kcal mol ™" larger than that of trihydrated case.

Ill.e. T — T affected by M

To further investigate the influence of M on the tautomeric
process, 20 structures (with/without hydration) were analyzed.
All these structures were examined at the B3LYP/6-311++G**
and MP2/6-311++G** levels. The optimized geometries reveal
that M prefers to attach to the adjacent area of O8 and H11
rather than to other sites. Correspondingly, the selected mon-
odentate coordination complexes (to O8) and the bi-dentate
coordination complexes (to O8 and H11) are optimized.
Furthermore, vibrational analysis indicates that only one
structure in which two hydrogen bonds link M and T, forming
an eight-membered ring with N17---H11 and H24---O8 bonds
(Fig. 3a), is lowest on the potential energy surface. The bond
lengths of the most stable structure are 1.909 and 2.335 A,
calculated by B3LYP, which are 0.019 and 0.116 A longer than
the corresponding bond length calculated by MP2.

According to the bond lengths shown in Fig. 3 and the charge
distributions listed in Table S2,7 the attachment of M has
negligible influence to the base. For example, the charge
distribution on each atom in MT, particularly the bonding
atoms, almost equals that in the T structure without M attached
(N3: —0.638 in T and —0.647 in MT; H11: 0.456 in T and 0.477 in
MT). The reason for this is that M is an electroneutral fragment
and the electron cloud is concentrated in the internal area of the
pentyl ring. Thus, the energy barriers in the tautomeric
processes change slightly compared to the T-nw complexes, and
the values are 28.6 kcal mol ™" (MT-ts), 17.7 keal mol™" (MT-1w-
ts), 16.6 kcal mol ' (MT-2w-ts), 18.9 kcal mol ' (MT-3w-ts),
20.8 kcal mol™" (MT-4w-ts) kcal mol™'. The results indicate
that M has negligible influence on the T — T’ proton-transfer
processes and on the probability of gene mutation in a micro-
water environment.

In addition, the relative energy of the proton-transferred
structures is not influenced by M. The energies are 12.0 (MT’),
10.9 (MT-1w), 9.2 (MT'-2w), 9.1 (MT-3w), and 9.9 (MT-
4w) keal mol ', which are the same as those in the T structures
(Table S37).

IL.d. T — T affected by M~

The optimized results for anion radical structure, namely, M T,
shows some interesting structural changes compared to neutral

27230 | RSC Adv., 2018, 8, 27227-27234
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Fig. 3 Optimized geometries of T-nw combined with M. Data listed in
parentheses is the bond distances (A) of T-nw.

MT. As shown in Fig. 4a, a distinct change is the length of the
two hydrogen bonds: lengths of H11---N17 and H24---O8 are
1.882 and 2.663 A, respectively, while the corresponding
hydrogen bond lengths in MT are 1.909 and 2.335 A. These
changes in the strength of the two hydrogen bonds result in

This journal is © The Royal Society of Chemistry 2018
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a. MT->MT' tautomeric process

., 1751
HI17%016

b. Structures and HOMOs of M'T-1w and M- T'-1w

Vs

.. 1.762
“JH21
L)

019

2.206",
HI7 O16

c. MT-2w

d. M'T-3w

e. MT-4w

Fig. 4 Typical structures and HOMOs profiles of M~T-nw. Bond distances in angstrom (A).

a slight rocking of the M T structure. H10 initially bonds to N1
with a bond length of 1.012 A and the distance between H10 and
07 is 2.465 A. As the proton transfers to 07, such distances are
changed to 1.321 and 1.322 A at the transition state and finally
to 2.181 and 0.974 A when the proton-transfer process is
completed. The optimized results of the bond lengths obtained
by the MP2 method also confirm the reliability of the hydrogen-
bonding structures and transition states.

In M T, the excess electron is localized on a 7* orbital of the
M moiety and affects the T structure, causing the bond lengths

This journal is © The Royal Society of Chemistry 2018

of N1-H10 and C5-O7 to be reduced to 1.012 and 1.225 A,
respectively. The structure variation increases the distance
between H10 and O7. The energy barrier height of M™T — M™ T’
is 37.0 kcal mol ™', which is 8.4 kcal mol ™" larger than that of
MT — MT'. Hence, the tautomeric process of M T — M T’ is
less favourable than MT — MT’ due to the higher energy barrier
for H10 to overcome.

In M T-1w, the charges are redistributed and the energy
barrier height in the tautomeric process is decreased. When
fragment M~ attaches to the base, as shown in Fig. 4b, the extra

RSC Adv., 2018, 8, 27227-27234 | 27231
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electron mainly resides on the M~ moiety (—0.510, see Table
S47). Affected by the negative charge, the energy barrier height
is reduced to 16.3 kecal mol ', which is 1.4 keal mol ! less than
that of MT-1w. Finally, as shown in Fig. 4b, the proton-
transferred structure M T'-1w is found when H10 departs
from N1 at a distance of 1.772 A, with the relative energy of
12.0 keal mol™*. The electron is located on both of the M~, T'
parts and the charge distribution on T increases to —0.554.

As shown in Fig. 4c, distinct structural changes occur in
M T-2w compared to the geometric features of the neutral
species. In MT-2w, optimization reveals that M, T and water are
almost in a plane arrangement, whereas they have undergone
a structural deformation in M T-2w. Particularly, the dihedral
angle of N1-C6-07-019 and 0O16-N1-C6-0O7 are 44.2° and
26.4°, respectively, indicating that water molecules fold toward
the center of the base. Data in Table S47 indicate that compared
to M T-1w, the negative charge distribution on T in M~ T-2w is
enhanced (Table S47}), causing the attraction to H21 in the water
molecule. The energy barrier height of the tautomeric process is
14.4 kcal mol™!, which is lower than that of M T-1w
(16.3 kecal mol™"). Additionally, the energy barrier height is
also lower than that of MT-2w (16.6 kcal mol ). The final stable
state, M T’-2w, was found (Fig. S51) and the relative energy is
10.5 keal mol ™" (Table S31).

According to the structure of M T-3w (Fig. 4d) and the
activation state (Fig. S41), three water molecules are all involved
in the bridge of the proton-transfer. As shown in Fig. 5, the
energy barrier height of M T-3w is 15.2 kcal mol ', which is
lower than that of the neutral counterpart MT-3w
(18.9 keal mol™"). This reveals that, with the attachment of
M™, the tautomeric process faces less resistance when
compared to the corresponding neutral complex. However, the
assistance effect of the negative charge is not further enhanced
in the trihydrated complex relative to M~ T-2w. Because of the
higher energy cost of proton-transfer in a longer hydrated chain,
the energy barrier of M™T-3w did not decrease but increased by
0.8 kcal mol ! when compared to that of M~ T-2w. The proton-
transferred structure is depicted in Fig. S5 and the relative
energy is 9.6 kcal mol~" (Table S37), which is similar to that of
T'-3w (8.8) and MT'-3w (9.1).

The influence of more water in the water cluster was also
investigated. As shown in Fig. 4e, the structure of M™ T-4w has

14 - ~ - -

Activation Energy (kcal/mol)

The Number of Water Molecules (n)

Fig. 5 Energy barrier changes obtained from B3LYP in the different
tautomeric processes including T-nw — T'-nw, MT-nw — MT'-nw
and M"T-nw — M™T'-nw.
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two hydrogen bonding water molecules in the internal shell and
another two in the second shell bonded to the two internal
water molecules. The angles N1-019-025 and 07-016-022 in
M T-4w amount to 104.0° and 115.8°, respectively. Importantly,
the first water molecule serves as a bridge of H10 transfer to
water clusters. One proton is pointed to O8 and another proton
is pointed to the water in the second shell. Thus, the proton-
transfer trajectory in the tetrahydrate depends on the four-
water-ring, which involves the internal and external water
molecules. The optimized transition state shown in Fig. S47
confirms that the tautomeric process is achieved by transferring
protons through the water-ring. The energy barrier height is
decreased by 4.0 kcal mol™' compared to that of the corre-
sponding neutral process (Fig. 5).

In the present study, water molecules were in the long-range
hydrogen-bonding interaction network. Therefore, it would be
helpful to see if CAM-B3LYP usually works better than B3LYP in
such situations. As shown in Table S5,f the average barrier
heights of neutral and negative species obtained by CAM-B3LYP
are 3.7 + 0.2 (22.3%) and —1.1 & 0.1 (—6.5%) kcal mol ™ larger
than those obtained by B3LYP, respectively. The differences in
the energy barrier between neutral and negative species, such as
MT-1w-ts and M T-1w-ts, obtained by CAM-B3LYP and B3LYP
are 6.5 and 1.4 kcal mol ', which are 25% and 8% of the
required energy barrier, respectively. The results obtained by
MP2 are similar as those from B3LYP. The variation trend is
basically consistent, indicating that the calculated results ob-
tained by B3LYP, as shown in Fig. 5, are still useful. Therefore,
in some situations, the attachment of the M~ fragment slightly
promotes the proton-transfer processes.

In addition, the effect of hydrated M~ was also investigated.
The results reveal that with the increase in number of water
molecules surrounding M, negative charge distributions on
the water molecules also increased. Thus, the water molecules
around the M~ fragment significantly reduce the effect of M~ on
the proton-transfer processes. For example, the energy barrier
of monohydrated M T-2w is 15.8 kcal mol™', which is
1.4 keal mol ™" larger than that of M~ T-2w and close to that of
the corresponding neutral species MT-2w (16.6 kcal mol ™ %).
More energy barrier heights are listed in Table S6.7 It is believed
that the attachment of hydrated M~ does not significantly affect
the proton-transfer processes.

Ill.e. T — T proton-transfer rates

Previous studies have shown that the quantum tunnelling
effects cannot be ruled out in the base-water complex even at
300 K.*® The inclusion of quantum mechanical tunnelling can
drastically increase the proton-transfer rate. Using the parabolic
barrier approximation and one-dimensional model,*® the
tunnelling rates were evaluated to be 10'° times larger than the
classical tunnelling rate in the gas phase and 10° to 10* times
larger than the classical proton-transfer rate in the water
assisted process. For example, the proton-transfer rate of M™T
is 7.7 x 1072 571, but this rate increases to 1.6 x 10~% s~! when
the tunnelling effect is taken into consideration. This
phenomenon also occurs in M™T-1w, and the rate increased

n

This journal is © The Royal Society of Chemistry 2018
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from 2.9 x 10 s' to 7.3 x 10° s'. Because the temperature
dependence of the tunnelling rate is negligible for temperatures
up to about 300 K,* our results suggest the importance of the
tunnelling effect.

IILf. Proton-transfer process of T — T” affected by
hydration, M and M~

The energy barriers change in the different tautomeric
processes, namely, T-nw — T"-nw, MT-nw — MT"-nw and M~ T-
nw — M T’-nw, which are shown in Fig. S6.1 For the neutral
complexes, the variation in energy barriers are the same as that
in T — T processes. The energy barrier is 1-2 kcal mol " larger
than the corresponding energy barriers in the T — T’ processes.
However, M~ in the area of O7-C6-N1-H10 holds a hindrance
effect on the T — T” process. In the presence of M™, the
negative electric field causes the charge distribution on N3 to
increase from —0.717 (in neutral complexes) to —0.825 and the
bond strength of N3-H11 is enhanced. Therefore, energy barrier
heights affected by M~ are about 0.5 kcal mol ™" larger than that
of the corresponding neutral species. The results reveal that the
attachment of M™ in the area of 07-C6-N1-H10 is not favour-
able towards the proton-transfer processes of T — T” assisted
by hydration.

We are aware of the fact that the molecular simulation study
for some of the intramolecular proton-transfer processes of
thymine under the influence of the ZIF-8 fragments in this study
has limitations. The results can represent only part of the
proton-transfer processes and they may not be transferred
rigorously to solution.

IV. Conclusions

In this study, energy profiles together with the evolution of
structural and electronic properties were employed to charac-
terize the tautomeric processes of T base. With the number of
assisting water molecules increasing from 1 to 4, the mecha-
nism of tautomerization affected by the ZIF-8 fragments such
as M and M~ were investigated.

In the tautomeric process of T — T/, the energy barrier
height (in keal mol %) was found to be in the order of T-2w (16.3)
< T-1w (17.6) < T-3w (17.8) < T-4w (20.5). In the presence of M,
the order of energy barrier is MT-2w (16.6) < MT-1w (17.7) < MT-
3w (18.9) < MT-4w (20.8). With a negative fragment M~ attached
to T hydrates, the energy barrier height can be decreased
further. The order was determined to be M™T-2w (14.4) <M T-
3w (15.2) < M T-1w (16.3) < M T-4w (16.8). The quantum
tunnelling effects cannot be ruled out in the base-water
complex. In addition, M~ in the area of O7-C6-N1-H10 has
a hindrance effect on the T — T” process. The attachment of the
M fragment slightly promotes the proton-transfer processes of
thymine in some situations.
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