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Abstract
In the present study, it is attempted to scrutinize the hydrogen bonding interaction between Carmustine drug and DNA pyrimidine
bases by means of density functional theory calculations regarding their geometries, binding energies, vibrational frequencies,
and topological features of the electron density in the gas phase and the water solution. Based on the density functional theory
results, it is found that the process of intermolecular interaction between Carmustine drug and nucleobases is exothermic and all
of the optimized configurations are stable. Furthermore, the negative stability energy represented by a polarizable continuum
model shows the significant increase in the solubility of the nucleobase after hydrogen bonding intermolecular interaction in the
presence of water solvent. It is also found that the intermolecular hydrogen bonds between drug and the nucleobases play the
significant role in the stability of the physisorption configurations. Hydrogen bond energies for hydrogen-bonded complexes are
obtained from Espinosamethod and the atoms-in-molecules theory are also applied to get a more precise insight into the nature of
the intermolecular hydrogen bond interactions.
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Introduction

In the recent years, the interaction of different kinds of anti-
cancer drugs and nucleic acid base pairs of ribonucleic acid
(RNA) and deoxyribonucleic acid (DNA) is a subject of re-
search interest for the rational development of new diagnostics
and chemotherapeutics. It is known that the interaction be-
tween drugs and DNA and RNA cases the changes in the
conformation of the DNA and RNA backbone [1–4] as well
as it affects the biological activity of antitumor, antiviral drugs,

and some carcinogenic compounds. Various computational
studies on the intermolecular interaction of the nucleobases
with small molecule such as cis-Platine [5–10], 5-
fluorouracil [11–15], ions [16–24], and cluster [25–28] have
been reported.

The nucleotides bases such as adenine (A), thymine (T),
cytosine (C), guanine (G), and uracil (U) as the pyrimidine
derivatives are the standard building blocks for DNA mole-
cules. Pyrimidine is an aromatic heterocyclic organic com-
pound considered as a fundamental unit for all of living cells.
The nucleotides bases contain many consecutive hydrogen
bond donor and acceptor groups, which make them ideal for
studying hydrogen bond (HB) interactions [29].

Currently, the investigation of hydrogen bond in the areas
of medicinal chemistry can provide insight into the antioxi-
dant and antiradical activities of some compounds and help
sophisticated drug and material design [30–34].

In the current study, we analyzed Carmustine (BNU) drug
interaction with the DNA pyrimidine bases, namely cytosine,
thymine, and uracil using density functional theory (DFT)
calculations. BNU is an alkylating agent which broadly
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applied in the cure of brain tumors [35–37]. Carmustine drug
is a non-planar molecule with the amino and hydroxyl groups
that is expected to establish effective HB interaction with the
nucleobases. We are interested in demonstrating the change of
the geometry structures of the monomers as well as the struc-
tural stability and energy properties of the base-BNU
complexes.

Computational methods

Using density function theory as implemented in Gaussian
03 [38], the mechanism of intermolecular interaction be-
tween BNU drug and pyrimidine bases, i.e., cytosine, thy-
mine, and uracil, is investigated by employing the cou-
lomb attenuating method (CAM-B3LYP) functional [39,
40], along with 6-31++G(d,p) basis set. CAM-B3LYP is a
long-range corrected version of B3LYP, which includes
exact Hartree–Fock exchange at long distances. The cal-
culations are performed in both gas phase and water so-
lution, which the water environment is designed by using
the polarizable continuum model [41, 42]. Harmonic vi-
brational frequencies are estimated to evaluate the zero-
point vibrational energy (ZPVE) corrections and also to
confirm the nature of the stationary points.

The interaction characteristics of BNU with the pyrimidine
bases are obtained by determining the preferred interaction
geometries and their corresponding binding energies (ΔE)
calculated from the below relation:

ΔE ¼ EBNU=B þ EBSSE− EBNU þ EBð Þ ð1Þ

where EBNU/B is the total energy of the pyrimidine bases
with the drug molecule, and EBNU and EB are the energies of
free BNU drug and the pyrimidine bases, respectively.

If the value of ΔE is negative, the complex is more stable
relative to the precursors. The binding energies of the com-
plexes are corrected separately, for both zero-point energy and
basis set superposition error (BSSE) using the counterpoise
correction scheme outlined by the Boys–Bernardi counter-
poise technique [43].

In this study, the hydrogen bond energy (EHB) is evaluated
by means of Espinosa method. In this method, the HB ener-
gies could be estimated from the properties of bond critical
points (BCPs). In order to investigate the properties of the
bond critical points, their electron densities (ρ), and their
Laplacians (∇2ρ), atoms-in-molecule (AIM) calculations are
carried out using the AIM2000 program [44]. The simple
relationship between HB energy and the potential energy den-
sity VBCP at the critical point corresponding to the intermolec-
ular hydrogen bond contacts is assigned to be EHB = 1/2 VBCP

[45–50].

Results and discussion

Structure and stability of base-BNU complexes

The molecular electrostatic potential (MEP) [51] as a helpful
criterion in research of molecular structure with its physio-
chemical property relationship is evaluated based on the po-
tentials created in the space around a molecule by its nuclei
and electrons. The MEP surfaces of the single pyrimidine
bases and drug molecule are shown in Fig. 1. It is obvious
that there is an extensive region of negative electrostatic po-
tential around the oxygen and nitrogen atoms of the bases,
whereas the regions around hydrogen atoms in the case of
the considered bases have positive electrostatic potential (see
Fig. 1). On the other hand, as shown by theMEP plot in Fig. 1,
in BNU molecule, the oxygen atoms are negatively charged
(red colors), while the hydrogen atoms are positively charged
(blue colors). The negative regions of MEP shown in red
correspond to the electrophilic reactivity and the positive re-
gions shown in blue are responsible for nucleophilic reactiv-
ity. Therefore, hydrogen bonding in complexes formed be-
tween nucleobases and BNU drug is expectable.

To obtain the most appropriate structure of each complex,
different initial orientations of the nucleobases with respect to
the BNU drug are studied and after these initial optimizations
and extracting their energies, the most stable complexes are
considered. For the notations of the intermolecular interaction
of drug molecule with the selected bases, we use Tn-BNU,
Cn-BNU, and Un-BNU (where n offering multiple sites for
hydrogen bond formation: S1, S2, S3, S4 for BNU, and S1,
S2, S3 for C, U, and T as shown in Fig. 2).

The results of the optimized structural parameters for the
studied complexes in the gas phase are given in Tables 1, 2,
and 3. Table 4 illustrates the interaction (Eint), deformation
(Edef), and binding energies as well as the stretching frequen-
cies (Δν) for the studied structures. Also, the actual calcula-
tions are performed for water solution and the calculated re-
sults are collected in ST1–ST4, supplementary material. For
solvation studies, water with dielectric constant of 78.4 is
taken as solvating media as it mimics human biological
system.

The results indicate that the binding energy values for U-
BNU, C-BNT, and T-BNU complexes in the gas phase are
ranging from − 14.13 to − 43.80 kJ/mol, from − 22.25 to −
51.06 kJ/mol, and from − 15.97 to − 43.20 kJ/mol at CAM-
B3LYP/6-311G++(d,p) level of theory, respectively.
Moreover, the equilibrium distances between the drug mole-
cule and bases are in the range of 1.844–2.564 Å, 1.884–
2.521 Å, and 1.873–2.545 Å for U-BNU, C-BNT, and T-
BNU complexes, respectively.

The negative binding energy values indicate that the inter-
molecular interaction of BNU drug with pyramidine bases is
energetically favorable. According to the obtained results, it is
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found that C-BNU complexes presented more stability in
comparison to U-BNU and T-BNU complexes. In most cases,
stronger interactions well correlate with shorter bonds.

Based on the obtained results, it can be stated that the
stability of the studied base-BNU complexes in the water so-
lution is decreased in comparison to the gas phase (see

Tables 4 and ST4, supplementary material). Close inspection
of the calculated equilibrium distances in the intermolecular
interaction sites shows that the intermolecular distances be-
tween drug and the base molecules increased from gas phase
to the water solution (see Tables 1, 2, and 3 and ST1–ST3,
supplementary material). These results confirm that the

BNU                              Thymine                    Cytosine                    Uracil

Fig. 1 Themolecular electrostatic
potential surface of the BNU
drug, thymine, cytosine, and
uracil

BNU Uracil              Thymine    Cytosine

Fig. 2 The optimized structures
of the BNU drug, thymine,
cytosine, and uracil bases

Table 1 Optimized structural parameters of uracil-BNU complexes (Å) at CAM-B3LYP/6-311G++(d,p)

GAS BNU Uracil Adsorption site

N=OBNU N-NBNU N-HBNU C=OU N-HU OBNU…H OU…HBNU ClBNU…H

BNU 1.203 1.341 1.009 – – – – –

U – – – 1.207 1.014 – – –

U1-BNU 1.212 1.323 1.018 1.217 1.018 2.267 1.924 –

U2-BNU 1.22 1.31 1.02 1.218 1.017 2.055 1.917 –

U3-BNU 1.203 1.342 1.01 1.207 1.022 1.904 2.012 –

U4-BNU 1.199 1.35 1.009 1.214 1.021 1.844 2.271 –

U5-BNU 1.203 1.343 1.01 1.215 1.022 1.905 2.434 –

U6-BNU 1.203 1.341 1.009 1.215 1.018 – 2.056 2.564

Table 2 Optimized structural parameters of thymine-BNU complexes (Å) at CAM-B3LYP/6-311G++(d,p)

GAS BNU Thymine Adsorption site

N=O N-N C-N C2=O8 N14-H5 OBNU …H ClBNU…H OT…H

BNU 1.203 1.341 1.429 – – – –

T – – – 1.211 1.012 – – –

T1-BNU 1.205 1.338 1.43 1.216 1.016 2.213 – 2.021

T2-BNU 1.219 1.312 1.448 1.211 1.012 2.115 – 1.903

T3-BNU 1.213 1.321 1.441 1.22 1.018 1.901 – 2.222

T4-BNU 1.203 1.343 1.426 1.219 1.023 1.873 – –

T5-BNU 1.205 1.338 1.43 1.216 1.016 – 2.545 2.233
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intermolecular bond strength in solution phase is weaker than
that in the gas phase. Our computational study also reveals
that the geometries of the base-BNU complexes do not change
considerably when solvent effects are taken into account (see
Tables ST1–ST3, supplementary material).

Furthermore, the interaction energy values of base-BNU
complexes in the gas phase are in the range of − 28.21 to −
54.29 kJ/mol, − 27.07 to − 64.25 kJ/mol, and − 20.16 to −
53.40 kJ/mol for the U-BNU, C-BNU, and T-BNU com-
plexes, respectively. The obtained interaction energy values
of the HB formed complexes between BNU and bases con-
firm that there is the weak intermolecular interaction between
pyramidine bases and drug molecule. It is also found that by
increasing the intermolecular interactions, Eint value increases
from − 20.16 kJ/mol to the maximum value of − 64.25 kJ/mol.
Besides, the deformation energies are also analyzed as the

significant factor in determining the stabilities of the com-
plexes. It is observed no significant perturbation in the relaxed
geometry of the considered segments during the intermolecu-
lar interactions (see Table 4).

Close inspection of Table 4 reveals that the relative stability
of the studied complexes in the gas phase is

C2-BNU> C3-BNU >C1-BNU >C4-BNU
U2-BNU > U4-BNU > U3-BNU > U5-BNU > U1-
BNU >U6-BNU
T2-BNU> T4-BNU > T3-BNU > T1-BNU > T5-BNU

The obtained results show that the intermolecular hydrogen
bond lengths and the stability of the considered structures are
greatly dependent on the nature of the different multiple sites
of BNU and base monomers for the intermolecular hydrogen

Table 4 Calculated binding (ΔE), interaction (Eint), and deformation (Edef) energies (in kJ/mol), the stretching frequencies (Δν, in cm−1) and freeGibbs
(ΔG), enthalpy (ΔH), and entropy (TΔS) change energies (kJ/mol) at CAM-B3LYP/6-311G++(d,p) level of theory in the gas phase

GAS ΔE Eint Edef Δν ΔG ΔH TΔS

BNU – – – – – – –

U – – – – – – –

C – – – – – – –

T – – – – – – –

U1-BNU − 29.62 − 37.10 7.49 − 165.51 3.19 − 39.37 − 42.56
U2-BNU − 43.80 − 54.29 10.49 − 194.14 3.20 − 39.37 − 42.57
U3-BNU − 33.56 − 38.16 4.60 − 129.73 9.87 − 33.99 − 43.86
U4-BNU − 33.69 − 40.19 6.50 − 198.77 12.09 − 27.08 − 39.18
U5-BNU − 30.51 − 35.20 4.69 − 118.48 12.78 − 26.05 − 38.83
C1-BNU − 31.57 − 39.71 8.14 − 180.04 7.95 − 33.14 − 41.09
C2-BNU − 51.06 − 44.71 6.65 − 268.43 − 4.81 − 48.48 − 43.64
C3-BNU − 50.94 − 64.25 13.31 − 215.15 − 1.36 − 48.73 − 47.37
C4-BNU − 22.25 − 27.07 4.83 − 79.14 16.75 − 19.20 − 35.95
T1-BNU − 32.30 − 41.12 8.82 − 191.69 10.68 − 30.62 − 41.30
T2-BNU − 43.20 − 53.40 10.20 − 199.33 2.74 − 40.57 − 43.31
T3-BNU − 32.53 − 41.19 8.66 − 191 10.65 − 30.62 − 41.28
T4-BNU − 33.93 − 39.30 5.38 − 188.81 8.10 − 31.55 − 39.66
T5-BNU − 15.97 − 20.16 4.19 − 81.5 21.46 − 13.17 − 34.64

Table 3 Optimized structural parameters of cytosine-BNU complexes (Å) at CAM-B3LYP/6-311G++(d,p)

GAS BNU Cytosine Adsorption site

N=O N-H C-N C30-N28 N28-C24 N32-H34 ClBNU…H OBNU …H NBNU …H OC…H NC …H

BNU 1.203 1.341 1.429 – – – – – – – –

C – – – 1.366 1.309 1.007 – – – – –

C1-BNU 1.2 1.349 1.416 1.363 1.311 1.007 – 1.884 – 2.16 –

C2-BNU 1.218 1.316 1.449 1.356 1.314 1.01 – 2.304 – 1.825 –

C3-BNU 1.215 1.319 1.445 1.363 1.32 1.01 – – 2.113 2.215 2.118

C4-BNU 1.203 1.341 1.429 1.355 1.324 1.013 2.521 – – 2.106 –
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bond formation. Also, since uracil base presents more sym-
metry constraint with respect to thymine and cytosine, this
base has more freedom to choose proper interaction site; there-
fore, more stable structures are observed for the interaction of
uracil with BNU drug molecule, as shown in Fig. 3.

The stability energy (Estab) for all studied geometries has
been calculated according to the following equation:

Estab ¼ Ein solvent–Ein gas ð2Þ
where Ein solvent and Ein gas are the total energies of the

considered base-BNU complexes in the water solution and
the gas phase, respectively.

According to Table ST4, supplementary material, negative
values of the stability energies show that the salvation is a

spontaneous process and also signifies the stability of the con-
sidered complexes in the aqueous medium.

According to the obtained computational results, it is found
that the most negative binding energy value belongs to the C2-
BNU complex, so it is the most stable complex among the
base-BNU complexes. In this structure, the hydrogen and ox-
ygen atoms of cytosine base are participated as the donor and
acceptor to form two intermolecular hydrogen bonds with
BNU drug, consisting of H17…O31 and N7…H25 contacts
with equilibrium distances of 1.825 and 2.156 Å, respectively.
The comparison between the geometrical parameters of
monomer and base-BNU complex shows that the HBs formed
between cytosine nucleic acid base and the pharmaceutical
agent BNU change the monomer bond lengths and angles.

U1-BNU                            U2-BNU

U3-BNU                                 U4-BNU

U5-BNU                                 U6-BNU

Fig. 3 Optimized structures of uracil-BNU (U-BNU), thymine-BNU (T-BNU), and cytosine-BNU (C-BNU)
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The bond length elongations at C2-BNU structure are 1.224
and 1.012 Å for carbonyl group and H25-N29 terminal group
of cytosine base, respectively. Similarly, enlargement of
N7=O4 and N6-H17 bond lengths of BNU drug indicates the
possibility of formation of the intermolecular HBs in this com-
plex. With respect to the geometrical results, the negligible
decrease in the bond angles of the base and drug monomers
is observed after complexation. For example, the average de-
creases ∠N28-C30=O31 and ∠C22-N29-H25 at cytosine base and
∠H17-N6-C10 and ∠O4-N7-N5 for BNU drug are 1.4°, 0.9°,
4.2°, and 1.1°, respectively.

The next closest binding energy is achieved with C3-BNU
complex with − 50.94 kJ/mol. The difference between the
binding energies of C2-BNU and C3-BNU geometries is only
0.12 kJ/mol. As can be seen from Fig. 3, this minimum energy
structure is mainly dominated by the three conventional hy-
drogen bonds (N7-H34…N32, N28…H17-N6, and O4….H34-
N32) as well as one nonconventional HB (C9-H16….O31).
The hydrogen bond angles are 169.5°, 157.5°, 155.5°, and
152.3° for N7-H34…N32, N28…H17-N6, O4….H34-N32, and
C9-H16….O31, respectively. Close inspection of Table 3 re-
veals that N7…H34-N32 intermolecular interaction has larger
angle and shorter HB length (169.5° and 2.113 Å) compared
with other intermolecular hydrogen bonds in C3-BNU com-
plex. In this intermolecular interaction, the hydrogen atom of

cytosine plays the role of the acceptor of the electron pair,
whereas the nitrogen atom of BNU drug is an electron donor.

Additionally, themost stable uracil-BNUcomplex isU2-BNU
systemwhich the oxygen atom of uracil as a Lewis base interacts
with the H atom of the drug molecule as a Lewis acid.
Furthermore, it is observed that from the interaction of the oxygen
atom of BNU drug as a proton acceptor with the hydrogen atom
of uracil base as a proton donor, the O…H containing HB com-
plex is obtained. It is found that U2-BNU structure is stabilized
by twoH-bonds of theO…H-N type, i.e., N6-H17…O31 andN29-
H28…O4 with the O…H distances of 1.917 and 2.055 Å as well
as the NHO bond angles of 155.7° and 173.6°, respectively.

The structural analysis of the T2-BNU complex indicates
two hydrogen bonds which are observed between BNU and
thymine nucleobase: one is formed by the O19 atom of N=O
terminal group of the drug molecule with H7 atom of thymine
base, with O···H distance being 2.115 Å and the other one is
formed between O13 atom of thymine and H32 atom of BNU
molecule, with O···H distance being equal to 1.903 Å. Based
on these results, it is found that BNU drug molecule form a
strong binary H-bonded complex with thymine base which are
not only a proton donor but also a proton acceptor. It is noted
that the N21-H32…O13 and N14-H7…O19 intermolecular HB
angles of T2-BNU complex equal to 161.7° and 168.5°, re-
spectively. The binding energy obtained for the most stable T-

T1-BNU           T2-BNU

T3-BNU         T4-BNU

Fig. 3 (continued)
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BNU and U-BNU complexes is about − 43 kJ/mol. It is noted
that uracil and thymine have the similar structures. In other
words, thymine nucleobase is C5-methyl derivative of uracil.

A closer look at the results of Tables 1, 2, and 3 shows that
the intermolecular OB…HBNU (H-bond between bases and
drug) distances in the most stable base-BNU complexes are
clearly shorter than the OBNU…HB ones; as a result, in these
complexes, OB…HBNU H-bonds are much stronger than the
OBNU…HB ones. The shortest OB…HBNU distance is ob-
served in the C2-BNU complex; therefore, the outcome is a
stronger interaction. This result is well agreement with the
most negative binding energy value for C2-BNU structure.

The calculated values of electron density, ρ, Laplacian of
electron density, ∇2ρ, and total electronic energy density (H) as
well as the HB energy values at CAM-B3LYP/6-311G++(d,p)
level of theory are listed in Table ST5, supplementary material.

As can be seen from Table ST5, supplementary material, there
are the significant accumulation of electron density in the regions
of OB…HBNUH-bonds interaction in comparison to OBNU…HB

ones at the U2-BNU, C2-BNU, and T2-BNU complexes.
Furthermore, the values of the obtained HB energy for the
OB…HBNU interactions are greater in comparison to OBNU…
HB intermolecular contacts (see Table ST5, supplementary
material). Close inspection of Table ST5, supplementary materi-
al, reveals that the greatest HB energy value belongs to the con-
junction between oxygen atom of cytosine base with hydrogen
atom of the drug molecule at the C2-BNU complex.

Based on the results of Tables 1, 2, 3, and 4, it is observed that
after the intermolecular interaction between bases andBNUdrug,
the N–H and C=O bond distances involved in H-bond interac-
tions have been slightly increased in comparison with the corre-
sponding values of monomer for all base-BNU complexes.

T5-BNU      C1-BNU

C2-BNU                               C3-BNU

C4-BNU                                     

Fig. 3 (continued)
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Furthermore, the largest change in N–H and C=O bond length is
observed for the most stable structure, i.e., C2-BNU complex,
which is not unexpected because there is a stronger interaction
between BNU molecule and cytosine base (see Tables 1, 2, and
3). Table 4 presents the shift of stretching frequencies (Δν) of the
N–H bond as a difference between the frequency of the complex
and the frequencies of isolated molecules for base-BNU com-
plexes. Inspection of the vibrational frequency shifts shows that
complex formation results in a change in vibrational frequency of
N–H bonds involved in H-bonding. Generally, it is found that the
interaction of base molecules with BNU drug causes the bond
length elongation and the frequency shifting for the N–H bonds
involved in H-bond interactions. Our theoretical results show the
significant shifts are observed for C2-BNU (− 215.15 cm−1), T2-
BNU (− 199.33 cm−1), and U2-BNU (− 194.14 cm−1) com-
plexes. Compared with the N-H stretching, vibrational frequency
shift in the most stable base-BNU complexes reveals that the
greater shift of the N–H vibrational frequency in C2-BNUmodel
implies the high interaction ability between cytosine base and
BNU drug molecule.

In order to investigate the stability of the studied base-BNU
complexes, the thermodynamic properties of the considered
systems are calculated in the gas phase and water solution and
the obtained results are listed in Tables 4 and ST4, supplemen-
tary material. It is observed that the formation of the most base-
BNU complexes is enthalpically favored in both phases, as
shown by negative values of the standard enthalpy changes
(ΔH). More negative signs for the ΔH of C2-BNU and C3-
BNU complexes prove their more exothermic intermolecular
interaction nature in the gas phase. However, free Gibbs energy
changes (ΔG) values are much less negative than the standard
enthalpy changes and inmost cases have the opposite sign in the
gas phase. Furthermore, the large entropy changes (TΔS) are
observed during the formation of the hydrogen-bonded com-
plexes (see Tables 4 and ST4, supplementary material). Close
inspection of Table 4 reveals that the high negative values of
TΔS determine the positive values of ΔG in the most studied
complexes in the gas phase. It is observed that the formation of
C2-BNU and C3-BNU complexes requires the larger enthalpy
than the entropy changes (in other words | ΔH | > |TΔS|). On
the other hand, theΔGvalues are negative in the gas phase only
for C2-BNU and C3-BNU configurations as more stable base-
BNU complexes. These results indicate that the formation of
hydrogen-bonded complexes between BNU and cytosine base
in these structures is spontaneous and thermodynamically favor-
able (ΔG < 0, ΔS < 0). Therefore, the entropic factor controls
the stability of these complexes.

Conclusion

In this work, we performed density functional theory calcula-
tions to study the structural and electronic effects of the

interaction of BNU molecule with pyrimidine bases (C, T,
and U) in the gas phase and water solution. We found that
for various interaction structures, the binding energy of stud-
ied configurations is negative, showing that the interaction
process is exothermic. Also, it is found that the intermolecular
hydrogen bond interactions play a serious role in the stabili-
zation of the considered base-BNU complexes. The enhance-
ment in the stability of the considered configurations reflected
by the negative values of Estab in water solvent. The estimation
of HBs strength derived from the theory of Bader confirms the
geometrical and energetics conclusions.
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