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Abstract Deformation density analysis is performed on
fullerene-based anti-HIV agents to investigate the influence
of charge redistribution on the capability of binding to HIV
enzymes. Two types of HIV inhibitors including malonic acid-
and amino acid-type C60 derivatives are considered to study.
Total deformation density and its components including orbit-
al relaxation and kinetic energy pressure are obtained for C60

derivatives. The deformation natural orbitals for each compo-
nent of deformation density are assessed and their amounts of
charge displacement are quantified to evaluate the binding
affinity of HIV inhibitors. The results show that the orbital
relaxation plays a more prominent role in deformation of
electron density of studied compounds. Among the consid-
e r ed d rug s , t h e am ino ac i d - t ype de r i v a t i v e s ,
N-(carboxymethyl)-2,5-dicarboxylic fulleropyrrolidines,
show the most charge displacement. Moreover, the investiga-
tion into the deformation density of amino acid-type function-
al groups on C60 reveals that the connection of functional
groups to the 5,6-ring junction results more displaced charge
than the connection to the 6,6-ring junction.

Keywords Deformation density . Deformation natural
orbital . Density functional calculation . Fullerene-based
anti-HIV drug . HIV inhibitor . Kinetic energy pressure .

Orbital relaxation

Introduction

Special characteristics of fullerenes and their derivatives make
them very applicable in medical chemistry. For example, C60

can be used in gene delivery, magnetic resonance imaging
agents, and drug delivery [1, 2]. Inhibition activity of fuller-
enes derivatives against enzymes such as glutathione transfer-
ase, glutathione reductase, and nitric oxide synthase have been
widely reported [3–6]. Nevertheless, the applications of ful-
lerenes in biological environments are limited because of their
very low solubility in polar solvents [7, 8]. Thirty double
bonds in C60 structure make it possible to add particular
designed chemical functional groups to C60. The addition of
functional groups increases the polarity of C60 derivatives and
makes them more soluble in polar solvents [9].

The C60 derivatives are suggested as greatest medical po-
tential for human immunodeficiency virus (HIV) inhibitors
[10, 11]. HIV-protease (HIV-PR) and HIV-reverse transcrip-
tase (HIV-RT) enzymes are two targets for anti-HIV fullerene
derivatives. The most offered mechanism for this inhibiting
process is occupation of HIV enzyme cavity by C60 core [2,
12–15]. Molecular modeling studies have demonstrated that
C60 could properly fit within the active sites of the HIV-PR
core to prevent the vital activity of this enzyme [11, 13]. The
activity of HIV-RT enzyme is inhibited in a similar way by
fullerene-based derivatives [12]. In 2005, Mashino et al. [16]
synthesized some malonic acid- and amino acid-type C60

derivatives and investigated the inhibitory activity of these
compounds on HIV-RT. This was the first report concerning
the effect of C60 derivatives on HIV-RT. The investigation of
biological properties of HIV-RT inhibitors is a broad but
immature area of research yet. On the other hand, the physical
and chemical properties of C60 derivatives responsible for
inhibiting HIV-RT have such a great biological importance
that motivates us to study the electronic structure characteri-
zation of malonic acid- and amino acid-type C60 derivatives.

Deformation density, defined as electron density difference
between a complex and its isolated fragments, is a powerful
tool to investigate the electron reorganization during the mo-
lecular interactions or substitution of functional groups.
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Deformation density of various systems has been studied both
experimentally and theoretically [17–19]. Visualization
of deformation density helps to identify the interactions
in molecular complexes. It also provides significant
improvements in drug design to achieve maximum ef-
fectiveness. The recently-developed approach by Weitao
Yang and co-workers is noncovalent interaction (NCI)
which enables simultaneous analysis and graphical visu-
alization of a wide range of noncovalent interaction
types in real space surface [20, 21]. Applying an opti-
mal NCI index, calculated only from atomic coordinates
and promolecular densities, enables the NCI method to
visualize both attractive (van der Waals and hydrogen
bonding) and repulsive (steric) interactions, based on
properties of electron density and its derivatives [22].

Recently, an alternative procedure has been developed by
our group to analyze deformation density, which decomposes
deformation density into kinetic energy pressure and orbital
relaxation contributions [23]. In addition, each of these terms
has been defined as deformation natural orbitals and the
corresponding displaced charges [24]. Analysis of defor-
mation density and the related charge displacements in
this way can properly describe the electronic phenomena
responsible for inter- and intra-molecular interactions.
The advantage of our deformation density analysis com-
pared with NCI method is that, it provides orbital com-
ponents of charge displacements due to kinetic energy
pressure, orbital relaxation, and total deformation densi-
ty, independently.

The aim of the present theoretical study is to take advan-
tages of deformation density analysis to investigate the elec-
tronic structure of malonic acid- and amino acid-type C60

derivatives. We examine a number of proposed drugs by the
present authors and Mashino HIV inhibitors in terms of
total electron density deformation and also its orbital
components to find out the nature and value of charge
displacement in fullerene-based agents. We also make
an effort to find the effect of deformation density on
binding affinity of suggested HIV inhibitors. In order to
investigate the effects of dispersion corrections on the
charge displacements, we perform all calculations at
different levels of density functional theory (DFT) with
different basis sets.

Theoretical background

The total deformation density of a molecule due to the substi-
tution of functional groups is decomposed into two essential
contributions: kinetic energy pressure (KEP) and orbital re-
laxation (OR) [23]. The KEP, also known as steric repulsion
effect in chemistry, is the virtual pressure imposed to orbitals
to reach mutual orthogonality [25]. When an inter-molecular

or inter-fragment interaction takes place, the initial shape of
orbitals is distorted to provide a proper nodal behavior. The
final result is mutual orthogonality of orbitals. This phenom-
enon is a consequence of Pauli exclusion principle [26]. The
OR is related to the rearrangement of charge distribution and
variation in the Fock operator and Hartree-Fock orbitals dur-
ing interaction. The consequence is variation of length and
electronic energy of orbitals [27].

Recently our group introduced a method to decompose the
deformation density into the KEP and OR contributions and
characterize each contribution based on the orbital representa-
tion and displaced charges [23]. In this method, the first step is
to form electron density matrix of complex, Pcomplex

{Φ} , and a
single matrix of the electron density for all fragments, Pfragments

{Φ} ,
while a frozen geometry is considered for the fragments as they
appear in the final complex. The matrix representation
of Pfragments

{Φ} is defined as follow:

P Φf g
fragments ¼

Pfragment 1 … 0
⋮ ⋱ ⋮
0 … Pfragment n

2
4

3
5 ð1Þ

where Φ is atomic orbitals matrix, and can be defined as:

Φ ¼ Φfragment 1Φfragment 2…Φfragment n

� � ð2Þ

Three deformation density matrices PΔ
KEP, PΔ

OR, and PΔ
total

can be defined as:

PKEP
Δ ¼ P Αð Þ

fragments−P
Φf g

fragments ð3Þ

POR
Δ ¼ Pcomplex−P

Αð Þ
fragments ð4Þ

Ptotal
Δ ¼ Pcomplex−P

Φf g
fragments ð5Þ

In Eqs. 3 and 4, the superscript (Α) denotes antisymmetric
product of the molecular orbitals. Then deformation density
responsible for KEP, OR, and total are obtained by following
equations:

ΔρKEP ¼ Φ PKEP
Δ Φ† ð6Þ

ΔρOR ¼ Φ POR
Δ Φ† ð7Þ

Δρtotal ¼ Φ Ptotal
Δ Φ† ð8Þ

Each component of deformation density could be defined
in terms of the space responsible for reorganization of
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electrons, θΔ,i, and respective displaced charge, nΔ,i as the
following procedure [24]:

Δρ ¼
X

i

nΔ;i θΔ;i

�� ��2 ð9Þ

Diagonalization of the deformation density matrix results
deformation natural orbitals (DNOs), θΔ, and their corre-
sponding eigenvalues, nΔ.

P Φf g
Δ →

digonalization
P Φf g
Δ S Φf gC Φf g

Δ ¼ C Φf g
Δ nΔ ð10Þ

θΔ ¼ ΦC Φf g
Δ ð11Þ

The nΔ reflects the magnitude of displaced charge in the
space defined by θΔ. S

{Φ} and CΔ
{Φ} are the overlap matrix of

atomic orbitals and the eigenvectors of DNOs, respectively.
Therefore, ΔρKEP and ΔρOR can be defined as:

ΔρKEP ¼
X

i

m

nKEPΔ;i

���θKEPΔ;i

���2 ð12Þ

ΔρOR ¼
X

i

m

nORΔ;i

���θORΔ;i

���2 ð13Þ

where m is the number of basis elements, θΔ,i
KEP and θΔ,i

OR are
DNOs originated from KEP and OR components, respective-
ly, and the nΔ,i

KEP and nΔ,i
OR are their corresponding displaced

charges. The total deformation density is decomposed as:

Δρtotal ¼ ΔρKEP þΔρOR ¼
X

i

m

nKEPΔ;i

���θKEPΔ;i

���2 þ
X

i

m

nORΔ;i

���θORΔ;i

���2

ð14Þ
Indeed, KEP is related to the exchange-repulsion in the

theory of intermolecular forces [28], which arises between
pairs of electrons of the same spin in interacting molecules.
Intermolecular forces between two interaction molecules are
also governed by electrostatic contributions. The first- and
second-order electrostatic interactions arise from the classical
interaction between the static charge distributions of two
molecules. The second-order electrostatic contribution de-
scribes induction and dispersion effects for two interacting
molecules. The dispersion has an important effect on the
biological system interactions. It occurs because the charge
distributions of interacting molecules are fluctuating as the
electrons move. Electrons of two interacting molecules be-
come correlated as they reach the low-energy configurations.
Especially, dispersion has an important role in aggregating
non-polar hydrophobic molecules in aqueous solution. Hence,
dispersion contributes to the strength of the hydrophobic

interactions between C60 cavity and non-polar sites of
enzyme.

In the original paper by the present author [23] OR com-
ponent of charge displacement includes all physical interac-
tions between the fragments, except for the Pauli repulsion. In
contrast to energy decomposition, which provides electrostatic
energy component between frozen fragments, our formalism
includes both electrostatic and dispersion interactions in the
OR component. Therefore, OR is not exactly the same as first-
order electrostatics; instead, if the employed theoretical level
for wave function calculation does account for dispersion
interaction, it includes dispersion as well. Since hydrophobic
interactions are heavily based on dispersion forces, if one
wishes to inspect them via DFT methods, it must account
for dispersion interactions.

It should be noted that, fragment’s geometries could cer-
tainly influence how the charge density is reorganized during
the complex formation. Also, the relative contribution of OR
in comparison to KEP depends on the geometry used for the
analysis. However, our formalism restricts us to apply frozen
geometries for the fragments [23, 24].

Computational details

In this research, the deformation electron density for six
fullerene-based anti-HIV drugs, represented in Fig. 1, is in-
vestigated based on the method described above.

Mashino et al. [16] investigated the anti-HIV characteristic
of compounds 1, 2, and 3, experimentally. Compound 1 is a
dimalonic acid derivative of C60, while 2 and 3 are amino
acid-type derivatives. In order to investigate a wider range of

Fig. 1 Structure of two malonic acid-type (1,4) and four amino acid-type
(2, 3, 5, 6) C60 derivatives as anti-HIV agents
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C60 derivative drugs theoretically, we suggested three more
compounds 4, 5, and 6with remarkable structural similarity to
Mashino drugs 1, 2, and 3, correspondingly. Comparing with
compound 1, compound 4 is a mono substituted malonic acid
derivative of C60. Compounds 5 and 6 are amino acid-type
derivatives. In compounds 5 and 2, the functional groups are
identical. The difference between these two compounds is in
functional group junction. There are two types of ring junc-
tions in C60: junction of two six-membered rings (6,6-junc-
tion), and junction of five- and six-membered rings (5,6-
junction). In compound 5, the functional group is connected
to the 5,6-junction, while in compound 2 the functional group
is attached to the 6,6-junction. The functional groups in com-
pounds 6 and 3 are also identical and the difference is in the
location of the connectivity to C60, similar to 5 and 2,
respectively.

The geometry of all compounds has been optimized in
hybrid density functional B3LYP at double-zeta basis set of
6–31G(d), using Gaussian 03 suite of programs [29]. Vibra-
tional frequencies have been calculated at the same level of
theory. It has been demonstrated that all optimized structures
are in local minima. Deformation density isosurfaces and
deformation natural orbitals have been modeled by
GaussView 5.0.8 program [30]. In order to include dispersion
corrections on the deformation densities and the correspond-
ing charge displacements, all calculations have been per-
formed for compounds 2 and 5 using the dispersion corrected
functionals B97D [31] and M06-2X [32]; the latter includes
the dispersion effects directly on the electron density of sys-
tem. Additionally, the effect of polarization basis functions on
the calculated results has been investigated by comparing the
calculated deformation densities at two different Ahlrichs
basis sets, including triple-zeta valance, TZV, and triple-zeta
valance polarized, TZVP [33, 34] basis sets in Gaussian 09
program [35].

The method introduced by our group in previous works
[23, 24] has been used to obtain the DNOs and the respective
eigenvalues. To perform deformation density analyses, elec-
tron density due to C60 and functional groups is obtained
whereas their structure has been considered as it was in the
complex.

For the sake of simplicity, the considered complexes are
classified into two categories: Mashino drugs, 1–3, and theo-
retical suggested drugs, 4–6.

Results and discussion

For Mashino drugs, 1–3, the total deformation density has
been analyzed and decomposed into KEP and OR contribu-
tions. The deformation density isosurfaces corresponding to
the total, KEP and OR have been calculated and represented in
Table 1. The value of displaced charge for each isosurface,

nΔ,i(i=total,KEP,OR), has been shown in parentheses below
the surfaces. The positive value for displaced charge means
concentration of electron density, while the negative value
indicates depletion of electron density.

As has been shown in Table 1, theΔρKEP isosurfaces with
negative eigenvalues are concentrated around the connecting
bond between functional groups and C60. It means that the
KEP causes the removal of electron density from these areas.
On the other hand, theΔρKEP isosurfaces with positive eigen-
values cover the areas of both sides of connecting bond of
functional groups to C60. Considering all ΔρKEP isosurfaces
with negative and positive eigenvalues at a glance, the KEP
leads electron density from the middle part of the bond be-
tween functional group and C60 to either ends of the bond, so
that, the electron density covers functional group and parts of
the C60.

As has been demonstrated in Table 1,ΔρOR causes charge
distribution to be spread in a greater area of molecular surface
than ΔρKEP. Unlike the ΔρKEP, the ΔρOR isosurfaces with
positive and negative eigenvalues are almost isoform. In ad-
dition, the value of displaced charge due to ΔρOR is greater
than the corresponding value forΔρKEP in each compound. It
is interesting that in all considered compounds, the ΔρOR
appears mainly in the Δρtotal and the shape of Δρtotal is
completely affected byΔρOR. Therefore, the orbital relaxation
has more important contribution in formation of total defor-
mation density, than the kinetic energy pressure, with provid-
ing the values of nΔ,OR close to the nΔ,total.

The main mechanism of anti-HIV activity of fullerene
derivatives is based on the occupation of hydrophobic vital
site of HIV-RT enzyme with fullerene core and preventing its
biological activity in proliferation of virus genome. Fullerenes
have very low binding affinity within the enzyme. This prob-
lem is solved by addition of functional groups to isolated
fullerenes [9]. The binding affinity of fullerene derivatives is
referred to the ability of the functional groups to form hydro-
gen bonds with adjacent polar groups in the enzyme, and
hydrophobic interaction of fullerene cage with nonpolar bind-
ing sites of enzyme cavity [11, 13, 36, 37]. The more defor-
mation of electron density in HIV inhibitors results in more
capability of binding to the HIV enzymes.

As can be seen in Fig. 1, two malonic acid functional
groups have been attached to C60 in compound 1, while in
other compounds only one functional group has been attached
to the C60. The total displaced charge in compound 1 is 9.356
electrons. Calculating the deformation density due to each
malonic acid shows that the contribution of each malonic acid
in charge displacement is about 4.7 electrons. Although the
results of deformation density analysis for compound 1, sug-
gested by Mashino [16], indicate that the highest value of
displaced charge belongs to this compound, the bi-
functionality of compound 1 makes it unreasonable to com-
pare the value of displaced charges of 1 with 2–6 which have
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only one functional group. So, we do not choose the
charge displacement for 1 as a maximum value. The
investigation of deformation density for bi-functional
group fullerene-based agents is the subject of new re-
search by our group.

Deformation density analysis for Mashino drugs in Table 1
reveals that, both ΔρKEP and ΔρOR increase the electron
density on functional group particularly on the oxygen atoms.
This makes the terminal binding sites of functional groups
ready for hydrogen bonding with neighbor polar groups.
The outcome is to increase the binding affinity of the
compounds. In all C60 derivatives in Table 1, ΔρOR
contribution causes more charge displacement than Δρ-

KEP, therefore the ΔρOR has the major role in binding
affinity of C60 derivatives.

As the magnitude of displaced charge increases, deforma-
tion density spread to the greater area of the compounds. This
phenomenon decreases the nonpolar surface and hydrophobic
nature of C60 derivatives. Nevertheless, the distance between
polarized surface and hydrophobic interacting site of C60

derivatives are far enough to behave independently. The ex-
perimental evidences by Mashino have demonstrated that,
compound 2 is the most effective anti-HIV drug among the
introduced drugs in Table 1 [16]. This indicates that, although
in this compound, the deformation density slightly reduces the

hydrophobic surface of C60, either hydrogen bonding
interaction, enhanced through the charge displacement
via KEP and OR contributions, and hydrophobic inter-
action between enzyme cavity and inhibitor increase the
inhibition efficiency of C60 derivative. Therefore, along
with hydrophobic characteristic, the deformation density
plays an important role in increasing binding affinity of
C60 derivatives to enzyme.

To obtain more insight into deformation density, deforma-
tion natural orbitals (DNOs) and corresponding eigenvalues
due to total, KEP and OR contribution have been represented
in Table 2 for drugs 1–3. To save space, only DNOs with
significant eigenvalues (|nΔ|>0.5) have been displayed in this
table. nΔ>0 and nΔ<0 refer to the concentration and depletion
of electron density in the space provided by corresponding
DNOs, respectively. An important point is that, all DNOs for
these drugs have been formed in the areas around the binding
sites of functional groups to C60 and surroundings. Therefore,
the most significant charge displacement happens in these
areas. A glance at θΔ

KEP DNOs in Table 2 reveals that, these
orbitals have been specifically concentrated around the bond
between the functional group and C60. The θΔ

KEPs with positive
eigenvalues are extended to the ends of functional groups
toward the oxygen atoms, in approving the binding affinity
arguments. On the other hand, θΔ

ORs are distributed to the

Table 1 Total deformation density isosurface and its corresponding components: KEP and OR for compounds 1–3. The corresponding displaced
charges, nΔ,i, (in electrons) are represented in parentheses below the isosurfaces

D
ru

g

KEP OR total

1

(5.445) (-5.445) (8.212) (-8.212) (9.356) (-9.356)

2

(3.258) (-3.258) (4.685) (-4.685) (6.006) (-6.006)

3

(3.182) (-3.182) (4.416) (-4.416) (5.718) (-5.718)
The positive value for displaced charge means concentration of electron density, while the negative value indicates depletion of electron density
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greater areas of both sides of bond between the functional
group and C60. The θΔ

ORs reveal the important contribution of
OR in total deformation density. For example in compound 1
the shape of the θΔ

OR with the highest eigenvalue (2.000) is
quite similar to the shape of the θΔ

total with the highest eigen-
value (2.000). In other compounds the trace of θΔ

OR with the
highest eigenvalues could be easily seen in overall shape of
θΔ
total, too.
Table 3 shows the deformation density analysis for theo-

retical compounds 4–6. Similarly, in this table the impressive
role of KEP in depletion of electron density around the
connecting bonds of functional group to C60, and also, elec-
tron density concentration on the two terminal sites of the
bond, has been demonstrated by deformation density
isosurfaces. The same as the compounds 1–3, ΔρOR has the
major contribution in deformation density of theoretical com-
pounds 4–6.

The difference between compounds 1 and 4 is in one
additional malonic acid substitution in compound 1. Compar-
ing the two compounds shows that, dimalonic acid derivative
of C60 has more significant deformation density and total
displaced charge than mono substituted malonic acid. Com-
pound 4 has the lowest eigenvalue of ΔρKEP, ΔρOR, and
Δρtotal among the studied compounds.

Binding site of functional group to C60 is the only differ-
ence between 2 and 5. In compound 2, the functional group
has been attached to the 6,6-junction (Fig. 1), but in 5, it has
been attached to the 5,6-junction. Compound 5 has higher
values of nΔ,total, nΔ,OR, and nΔ,KEP than compound 2. Since,
these two compounds have similar functional group and steric
hindrance, the difference in deformation density and displaced
charge for these compounds are only originated from the

binding sites of functional groups. Therefore, the position of
functional groups on C60 can be considered as an effective
factor in binding to the polar sites of adjacent molecules.

As mentioned before, there is such a difference between
compounds 3 and 6. Comparing nΔ,is for 3 and 6, there is a
little more nΔ,total (about 0.259 electron) for 6. It seems that
the connection of functional group to the 5,6-junction in C60

leads to more charge displacement, and consequently, more
binding affinity in amino acid-type derivatives of C60.

In general, compound 5 has the highest value of nΔ,total

with respect to all the compounds. Therefore, it could be
expected to have the most capability of binding to enzyme.

DNOs with significant eigenvalues for compounds 4–6
have been represented in Table 4. The location of DNOs for
these compounds is similar to what happens for compounds
1–3 in Table 2. All DNOs in this table are concentrated around
the binding region of functional groups to C60. Therefore, the
most significant charge displacement happens in this area. The
θΔ
KEP with positive eigenvalues distribute the electron density
to the functional groups. This behavior is seen more or less for
θΔ
OR, too.
A considerable point is that, in compounds 4–6 the trace of

θΔ
OR with the highest eigenvalue could be seen clearly, in the
θΔ
total with maximum eigenvalues.
In summary, considering deformation density calculated

for all compounds 1–6, indicates that KEP and OR increase
the binding affinity of C60 derivatives by strengthening the
hydrogen binding of functional groups with neighbor polar
groups. The OR has the dominant contribution in this phe-
nomenon, because of havingmore displaced charge than KEP.

To explore the effect of dispersion corrections on the de-
formation densities and displaced charges, the structures 2 and

Table 2 KEP, OR and total DNOs (θΔ) for drugs 1–3. The respective eigenvalues are represented in parentheses below the DNOs

Drug

DNO

1 2 3

KEP

(-1.499) (1.499) (-1.513) (1.513) (-0.905) (0.905) (-1.038) (1.038) (-0.929) (0.929) (-1.023) (1.023)

OR

(-1.994) (1.994) (-2.000) (2.000) (-1.140) (1.140) (-1.158) (1.158) (-1.066) (1.066) (-1.168) (1.168)

total

(-1.598) (-1.608) (1.998) (2.000) (-1.170) (-1.271) (1.384) (1.425) (-1.166) (-1.258) (1.354) (1.421)
The positive eigenvalues indicate concentration of electron density on the isosurfaces displayed on the DNOs, while the negative eigenvalues indicate
depletion of electron density for DNOs
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5 with the highest charge displacement were selected for new
calculations using B97D and M06-2X methods. These
methods belong to the two different classes of dispersion
corrected functionals in Grimme’s classification [31]. The
generalized-gradient approximation (GGA) type density

functional B97D has been explicitly parameterized by includ-
ing damped atom-pairwise dispersion correction term of the
form C6/R

6 [31, 38, 39]. This term is not dependent on the
density of the system and only affects it indirectly via geom-
etry changes. On the other hand, the M06-2X hybrid meta-

Table 3 The same as Table 1 for compounds 4–6
D
r
u
g

KEP OR total

4

(2.714) (-2.714) (4.224) (-4.224) (4.778) (-4.778)

5

(3.261) (-3.261) (4.955) (-4.955) (6.242) (-6.242)

6

(3.207) (-3.207) (4.699) (-4.699) (5.977) (-5.977)

Table 4 The same as Table 2 for compounds 4–6

Drug

DNO

4 5 6

KEP

(-1.514) (1.514) (-0.970) (0.970) (-1.010) (1.010) (-0.984) (0.984) (-1.004) (1.004)

OR

(-2.000) (2.000) (-1.177) (1.177) (-1.230) (1.230) (-1.111) (1.111) (-1.235) (1.235)

total

(-0.879) (-1.612) (2.000) (-1.196) (-1.313) (1.416) (1.466) (-1.195) (-1.301) (1.369) (1.479)
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Table 5 Total deformation density isosurface and its corresponding
components: KEP and OR for compound 2, calculated using dispersion
corrected methods (B97D and M06-2X), and different basis sets (TZV

and TZVP). The corresponding displaced charges, nΔ,i, (in electrons) are
represented in parentheses below the isosurfaces

Method KEP OR total

B97D/TZV

(3.485) (-3.485) (4.851) (-4.851) (6.330) (-6.330)

B97D/TZVP

(3.571) (-3.571) (4.806) (-4.806) (6.303) (-6.303)

M06-2X/TZVP

(3.593) (-3.593) (4.705) (-4.705) (6.207) (-6.207)

Table 6 The same as Table 5 for compound 5

Method KEP OR total

B97D/TZV

(3.457) (-3.457) (5.042) (-5.042) (6.473) (-6.473)

B97D/TZVP

(3.541) (-3.541) (5.017) (-5.017) (6.464) (-6.464)

M06-2X/TZVP

(3.576) (-3.576) (5.085) (-5.085) (6.520) (-6.520)
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GGA functional has been heavily parameterized. This func-
tional is purely electron density based dispersion correction
and includes the dispersion contributions on electron density
as well [31]. Thus, to evaluate the direct effect of dispersion
corrections, calculations have also been accomplished at
M06-2X functional.

Alternatively, the TZV basis set has also been selected for
recent calculations. Furthermore, in order to evaluate the
influence of polarization functions on deformation electron
densities and displaced charges, all calculations have been
repeated using the more accurate basis set, TZVP, which
is augmented by polarization functions and provides one
set of d-functions on heavy atoms and one set of p-
functions on hydrogen atoms. Table 5 illustrates the
deformation density isosurfaces and the corresponding
charge displacements for compound 2, obtained via new
calculations.

Comparing the value of ΔρKEP for molecule 2, calculated
at B3LYP/6–31G(d) level of theory in Table 1, with the
corresponding value obtained for density functional theoreti-
cal level B97D/TZV in Table 5 shows the difference of only
about 0.2 electron. Also, there is a similar difference between
the values of ΔρOR for this molecule. Deformation density
isosurfaces of molecule 2, calculated by these two theoretical
levels display great similarity. Comparison of calculated
charge displacements obtained in B97D level for compound
2 at two different basis sets TZV and TZVP indicates the
difference of about 0.1 electron for both ΔρKEP and ΔρOR
values. Moreover, charge displacements obtained at two dif-
ferent B97D and M06-2X functionals with the same TZVP
basis set show negligible differences. It seems that, the results
provided at different theoretical levels (with and without dis-
persion corrections) and basis sets (with and without polari-
zation functions) are approximately the same and the applica-
tion of dispersion corrections for methods and polarization
basis functions does not cause a significant variation in defor-
mation density components and corresponding displaced
charges.

Similarly, the deformation density isosurfaces and corre-
sponding charge displacements for compound 5, obtained in
different density functional levels and different basis func-
tions, are in good agreement, too. The corresponding calcu-
lated data have been collected in Table 6.

Also, in comparing with the DNOs obtained at
B3LYP/6–31G(d) level, we have found that the calcula-
tion at B97D and M06-2X theoretical levels for struc-
tures 2 and 5 results quite similar orbitals and charge
displacements. Therefore, in order to save space, we
have avoided inclusion of DNO figures. Therefore, in
these systems, all applied theoretical levels with differ-
ent basis functions provide comparable and reasonable
description for explanation of deformation density com-
ponents and the values of charge displacements.

Conclusions

Deformation density analysis has been performed on six
C60 derivatives, including three experimentally examined
Mashino drugs and three theoretically suggested com-
pounds by authors. The role of components of deforma-
tion electron density, including kinetic energy pressure
(KEP) and orbital relaxation (OR), to enhance polarity
of C60 derivatives required for hydrogen bonding be-
tween functional group and polar sites of HIV-RT en-
zyme have been investigated theoretically. Compounds 1
and 4 are malonic acid-type and the others are amino
acid-type derivatives. The deformation density resulting
from functional groups in these compounds not only
increases the polarity and solubility of molecule in polar
environments, but also increases the binding affinity of
drugs to form hydrogen bonds with neighbor polar
groups.

The results show that, the OR has the main role in total
deformation of electron density in studied compounds. The
OR causes a widespread distribution of concentrated and
depleted deformation density on some part of the C60 surface,
functional group, and their connecting bonds. On the other
hand, KEP depletes the electron density in the binding site of
functional group to C60 and concentrates it around the elec-
tronegative atoms of functional groups. Therefore, both KEP
and OR are effective factors in promoting the binding tenden-
cy of C60 derivatives to enzyme. However, the OR is more
important because of producing greater values of displaced
charge.

Binding sites of functional group to the C60 almost affects
the values of deformation density and displaced charge. Con-
nection of functional group to the 5,6-junction in amino acid-
type derivatives of C60 produces more deformation density
than 6,6-junction. It is expected that C60 derivatives in which
the functional group is attached to a 5,6-junction have more
potency of bonding to enzyme.

Considering all six considered compounds and the corre-
sponding deformation densities indicate that the suggested
compound 5, has the highest OR, KEP, and total reorganized
electron density. Among the C60-based agents, it can be a
good candidate to supply an electrostatic interaction.

The results also show that calculations at different levels of
density functional theory which include dispersion interac-
tions into electron density, fairly agrees with those without
dispersion interactions. Also, the use of polarization basis
functions does not affect significantly on the space responsible
for charge reorganization and their corresponding displace
charge values.
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