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HIV-1 integrase (IN) plays an important role in integrating viral DNA into human genome, which has been
considered as the drug target for anti-AIDS therapy. The appearance of drug-resistance mutants urgently
requires novel inhibitors that act on non-active site of HIV-1 IN. Nanoparticles have such unique geomet-
rical and chemical properties, which inspires us that nanoparticles like nanotubes may serve as better
HIV-1 IN inhibitors than the conventional inhibitors. To test this hypothesis, we performed molecular
dynamics (MD) simulation to study the binding of a carbon nanotube (CNT) to a full-length HIV-1 IN.
The results showed that the CNT could stably bind to the C-terminal domain (CTD) of HIV-1 IN. The
CNT also induced a domain-shift which disrupted the binding channel for viral DNA. Further MD simu-
lation showed that a HIV-1 IN inhibitor, 5ClTEP was successfully sealed inside the uncapped CNT. These
results indicate that the CNT may serve as a potential dual-functional HIV-1 IN inhibitor, not only induc-
ing conformation change as an allosteric inhibitor but also carrying small-molecular inhibitors as a drug
delivery system.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Acquired immunodeficiency syndrome (AIDS) is a global pan-
demic and leading infectious disease caused by human immunode-
ficiency virus type one (HIV-1). There are three proteins encoded
by HIV-1 genome, namely reverse transcriptase (RT), protease
(PR), and integrase (IN). Among them, HIV-1 IN plays a key role
in the integration of viral DNA into host genome. Two HIV-1 IN
monomers first assemble as a homodimer. Then viral DNA binds
to the dimer for 30-processing during which the dimer removes
two nucleotides from two DNA strands and leaves 30 CA-OH ends.
After the 30-processing, two HIV-1 IN dimers recruit other co-fac-
tors to form the so-called pre-integration complex (PIC) and carry
the processed DNA to the nucleus. Eventually, the 30 CA-OH ends of
the viral DNA are covalently joined to the host DNA via trans-ester-
ification reaction [1]. As a consequence, IN has been considered as
an important drug target for anti-AIDS therapy.

In 2007, raltegravir [2] was computationally designed to target
the catalytic core domain (CCD) of HIV-1 IN and soon became a
leading anti-AIDS drug [3]. Similar drugs such as elvitegravir
[4,5], diketo acid (DKA) derivative inhibitors [6,7] had also
achieved good clinical results. However, drug-resistance mutants
in the CCD have already been found from AIDS patients [8,9]. Thus,
to develop novel effective HIV-1 IN inhibitors will have great
prospective.

Nanoparticles have been suggested as promising inhibitors be-
cause of their unique geometrical and chemical properties, such as
highly chemical stability and lower biodegradability [10]. Particu-
larly, nanoparticles such as C60 and nanocarbon tube (CNT) are rel-
atively rigid, and thus could retain their geometrical structures
during interaction with biomolecules [11]. Experimental and com-
putational studies have shown that proteins like HIV protease [12],
human and bovine serum albumins [13], DNA mismatch repair
proteins [14] were ideal targets of nanoparticle drugs. This high-
lights that nano-scale ligands could also act as effective inhibitors
of HIV-1 IN.

To test this hypothesis, here we applied molecular simulation
(MD) to examine the interactions between a CNT and a full-
length HIV-1 IN. The simulations showed that the CNT could
stably bind to the C-terminal domain (CTD) of HIV-1 IN, which
has been proved to be the platform for DNA binding [15]. During
the binding process, the CNT induced a domain-shift of the CTD
and NTD, which disrupted the DNA binding channel of HIV-1
IN. Further MD simulation of the HIV-1 IN inhibitor 5ClTEP [16]
showed that the inhibitor molecule was stably sealed in the
uncapped CNT. Taken together, this study indicated that the
CNT might serve as both an allosteric inhibitor and a delivery
system for HIV-1 IN.
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2. Materials and methods

2.1. Protein and CNT preparation

The full-length HIV-1 IN was obtained by assembling the avail-
able structures of domains from the Protein Data Bank (PDB): 1EX4
(CCD–CTD) and 1K6Y (CCD–NTD). Ligands and ions were removed
from both 1EX4 and 1K6Y. Mutations were eliminated in order to
obtain native structure. Highly conserved motives like HHCC of
NTD (residues 1–45) and DDE of CCD (residues 56–210) were pre-
served as the linking segments between CCD and CTD were refined
by the program MODELLER 9 [17] according to standard modeling
protocols [18]. Final model was assessed by the Ramachandran
plot to inspect residues distribution [19]. The CNT was generate
with chirality of (5,5), with a C–C bond length of 1.42 Å. The diam-
eter of the CNT was 6.8 Å, and the length was 23 Å.

2.2. Molecular dynamics simulation

MD simulations were performed using the GROMACS software
package [20], with the Amber99SB force field [21]. First, The
CNT-IN system was solvated in a water box containing TIP3P water
molecules [22]. The carbon atoms of the CNT were selected as CA,
the aromatic and non-polarizable carbon atom particles with 1–4
carbon–carbon interactions were switched on [23]. Then, temper-
ature of the system was gradually heated from 100 K to 300 K
and simulated 500 ps in the constant volume (NVT) ensemble for
equilibrium. Afterwards, the system was simulated for 100 ns
using constant temperature (NPT) ensemble while temperature
maintained at 300 K and pressure set as 1 bar, using a time step
of 0.002 ps. During the simulation, the periodic boundary condition
was used on all sides of the simulation systems. Berendsen thermal
coupling was used as the dynamics ensemble. The electrostatic
interactions were treated using the PME approach. As for the
CNT-inhibitor system, we adjust the water model from TIP3P to
TIP4P in order to get a better description of water molecules
behavior [24,25]. In addition, 10-ns simulation was considered as
proper because the size of CNT-inhibitor system was much smaller
than CNT-IN system.

2.3. Trajectory analysis and molecular graphics

Root mean square deviation (RMSD) values of HIV-1 IN and
5ClTEP in our simulations were calculated by the g_rms module
of GROMACS. To investigate the dynamics of HIV-1 IN residues,
root mean square fluctuation (RMSF) values for all 288 HIV-1 IN
residues were calculated by the g_rmsf module. The search for
CNT-binding residues was conducted by our own Python script.
Structural data was first extracted every 1 ns from the whole
100 ns simulation. For each snapshot conformation, centroid of
the CNT was used as the decoy and 6 Å was set as threshold to
search the close residues. The programs PyMOL (http://www.py-
mol.org) and VMD [26] were used to create the protein structure
images in all figures in the study.
Fig. 1. MD simulation of the CNT and HIV-1 IN system. (A) Starting position of the
CNT. The known IN dimer interface is indicated by arrow. Distances between CNT
and CTD, NTD, CCD are 53.9 Å, 47.5 Å and 47.0 Å, respectively. (B) Stable
conformations of two simulations. (C) Backbone RMSD values of HIV-1 IN in the
MD simulation. (D) RMSF values of 288 HIV-1 IN residues before and after CNT
binding shown as black and grey lines, respectively.
3. Results and discussion

3.1. CNT bound to HIV-1 IN CTD

CNTs have been proved to bind to non-polar motifs of proteins.
Because of the distribution of hydrophobic residues, all three do-
mains of HIV-1 IN may have equal opportunity for the CNT binding.
In addition, there exits a dimerization interface on the HIV-1 IN
monomer [27]. To avoid artifacts in the simulation, the (5,5) CNT
was placed on the opposite side of the known dimerization
interface, with average distance of 49.5 Å from three domains of
HIV-1 IN (Fig. 1A). The system was soaked in a water box with NaCl
concentration of 150 mM, mimicking biological environment. 100-
ns MD simulations were then carried out for both the experimental
system and control system which contained only HIV-1 IN. Results
showed a conformation reached by the experimental system,
which control system could not reach (Fig. 1B). To investigate con-
formation change of HIV-1 IN during CNT binding, trajectories of
the simulation was extracted to calculate the RMSD (root mean
square deviation) values of a-carbon atoms of HIV-1 IN with re-
spect to the starting conformation (Fig. 1C).

The RMSD results showed that the conformation of HIV-1 IN be-
came stable after about 25-ns simulation. From 0 to 25 ns, the HIV-
1 IN conformation appeared to undergo two conformational
changes. The first conformational change was attributed to the
interaction between HIV-1 IN and solvent before 5 ns. The second
conformational change was induced by the contact with the CNT at
about 20 ns (Fig. 1C). After the CNT binding caused the significant
conformational change of HIV-1 IN, the whole system reached a
stable state from 25 ns to the end of the simulation.

Consistent with the RMSD results, the RMSF results (Fig. 1D)
showed that prior to the binding, the HIV-1 IN structure was more
flexible than that after the CNT binding, particularly in the CTD
part (residues from 270 to 288). This also implied that the CTD
played an important role in the CNT binding process.
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To further examine the CTD role in the CNT binding, we ana-
lyzed the simulation trajectories from 25 to 100 ns by investigating
the detailed interactions between the HIV-1 IN residues and the
CNT. As expected, we found that the residues in the CTD mainly
mediate the CNT binding process, via a channel-like structure
formed by residues Tyr227, Asp229, Lys231, Asp232, Lys236, and
Lys258. Among those residues, the tryptophan Tyr227 bound to
the CNT through hydrophobic interaction between its aromatic
ring and the sp2 carbon ring of the CNT [28]. Residues Lys236
and Lys258 applied their long hydrocarbon chain to ‘clamp’ the
CNT from both sides, similar interactions has been shown in a pre-
vious study [29]. Very interesting, residue Arg231 used not only its
hydrophobic carbon chain as a platform for the CNT binding, but
also its hydrophilic amino group as a barrier to protect the CNT
from gliding out of the binding channel (See Supplementary
Fig. S1).
3.2. CNT induced domain-shift of HIV-1 IN

Through conformational comparison, we found that the CNT in-
duced a large conformational change of the CTD and NTD during
the CNT binding process (Fig. 2A). According to the trajectories
analysis, this domain-shift process was mainly divided into three
sub-steps: (1) part of the linking helix between the CTD and CCD
first released and thereby increased its flexibility; (2) with the help
of the linking segment, the CTD bent towards the CNT and at the
same time adjusted its surface residues to form the CNT-binding
channel; (3) due to the interactions between the CTD and NTD,
the NTD also moved in the same direction and towards the CNT.
After forming a stable CNT-bind channel, the three domains of
HIV-1 IN surrounded the CNT, leading to a compact conformation
that is very different from the starting conformation (Fig. 2B).

As mentioned before, HIV-1 IN needs to form a homodimer to
carry out its biological function. It has also been confirmed that
the HIV-1 IN dimer has a viral DNA binding channel formed by
the CCD from one monomer, and the CTD and NTD from the other
[30] (Fig. 2C). In our simulation, the domain-shift of HIV-1 IN al-
tered the relative positions of these three domains, especially that
of the CTD and NTD. Based on our dimer model, the CNT-binding
led the CTD and NTD to the opposite side from original dimeriza-
Fig. 2. Domain-shift induced by the CNT-binding. (A) Arrows indicate the move
directions of the CTD and NTD. (B) Conformation of HIV-1 IN after the CNT binding.
The released linking helix is shown as loop. (C) Arrow indicates viral DNA-binding
channel (black surface) of the HIV-1 IN homodimer, consists of CCD-1, NTD-1, and
CTD-2, respectively (dash arrow). (D) HIV-1 IN dimer conformation after the CNT
binding.
tion interface, which made it difficult for two HIV-1 IN monomers
to form the DNA-binding channel for the integration activity
(Fig. 2D). Thus, the CNT-binding could disrupt the binding of the
viral DNA to the HIV-1 IN dimer, and thereby inhibit activity of
the HIV-1 IN. Therefore, our MD simulation showed that the CNT
could serve as an allosteric inhibitor of HIV-1 IN.
3.3. CNT sealed HIV-1 IN inhibitor

Nanoparticles have been shown to have the capability to deliver
drugs to their targets due to their unique properties, especially
their cavity for containing small molecules [31]. Meanwhile, our
MD simulation above has shown that the CNT could stably bind
to the CTD of HIV-1 IN. Based on these, one might use the CNT as
a drug delivery system to target HIV-1 IN. To test this hypothesis,
further MD simulation was performed to study the capability of
the CNT to carry a small-molecular inhibitor. 5ClTEP, a known
HIV-1 IN inhibitor that binds to the active site of the CCD, was
placed inside the CNT (Fig. 3A) and went through 10-ns simulation.

To examine the behavior of 5ClTEP within the CNT, we calcu-
lated its RMSD values with respect to the initial position in the
CNT (Fig. 3B). The RMSD results showed that during the period of
simulation, 5ClTEP experienced certain fluctuations with respect
to its original position. However, 5ClTEP was never observed to
move outside of the CNT, even two ends of the CNT were uncapped
during the simulation (Fig. 3A). This indicated that 5ClTEP could be
stably ‘trapped’ in the CNT and delivered to a target to which the
CNT is able to bind. So the CNT could serve as a drug delivery sys-
tem of HIV-1 IN. Besides, release of the carried inhibitor from the
CNT would become necessary when reaching HIV-1 IN. According
to the study by Chaban and Prezhdo [32], such problem might be
solved using release-assistant stimuli like carbonic acid (H2CO3)
to generate substantial pressure to push drug molecules outside
of the CNT.
Fig. 3. MD simulation of HIV-1 IN inhibitor 5ClTEP within the CNT. (A) 5ClTEP (grey
arrow) is placed into a CNT. Double-headed arrow indicates the fluctuation of
5ClTEP within the CNT. (B) RMSD values of 5ClTEP with respect to its starting
position.
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3.4. CNT as a dual-functional inhibitor of HIV-1 IN

Simulation results have shown that the CNT could stably bind to
the CTD of HIV-1 IN and induce a domain-shift which may influ-
ence the viral DNA binding to HIV-1 IN. Meanwhile, it was showed
that the CNT could serve as a drug delivery system carrying HIV-1
IN inhibitors. Taken together, our study suggested that the CNT
could be a potential dual-functional inhibitor of HIV-1 IN.

When the CNT enters into the infectious cells, it could bind to
the CTD of HIV-1 IN monomer. Even after dimerization, HIV-1 IN
also exposes the CTD, which may leave a chance for the CNT bind-
ing. So there are two identical targets for the CNT before HIV-1 IN
enters into the nucleus: monomer and homodimer (Fig. 4A). Based
on our results, the CNT could attach to the CTD for a long time per-
iod after binding to the HIV-1 IN monomer. Such binding ensures
the CNT to release the drug molecule near the HIV-1 IN surface.
Consequently, the drug could inhibit the HIV-1 IN active site in a
relatively short time. Obviously, such a CNT-based drug delivery
system would reduce both the drug dosage and side effects
(Fig. 4B).

Furthermore, the CNT would act in an allosteric way when bind-
ing to the homodimer. Before the CNT binding, the HIV-1 IN dimer
could bind to the viral DNA through a channel consisting of the
CCD and NTD from one monomer and the CTD from the other
(Fig. 4C). However, if the CNT bound to the HIV-1 IN dimer, it
would change the dimer conformation by inducing a domain-shift,
which would disrupt the viral DNA binding channel and prevent
the viral DNA from binding to the HIV-1 IN dimer (Fig. 4D). There-
fore, besides carrying small-molecular inhibitors to the HIV-1 IN
surface, the CNT could also serve as an allosteric inhibitor.

Our study strongly implied that the CNT could act as a promis-
ing HIV-1 IN inhibitor. Simulation revealed several key residues in-
volved in CNT binding process, especially Arg231, Lys236 and
Lys258. So mutations of these three residues might strongly affect
the CNT-binding capability of CTD. Since the full-length, native
HIV-1 IN may not be obtained easily from crystallization, frag-
Fig. 4. The CNT serves as a potential dual-functional inhibitor. (A) Two targets of
the CNT. Infected cell is shown as a white circle with its nucleus as a grey circle
inside. Dash arrows indicate two identical targets of the CNT: HIV-1 IN monomer
and homodimer. (B) The CNT serves as a drug delivery system. Arrow indicates that
HIV-1 IN inhibitor released from the CNT inhibits the active site of HIV-1 IN. (C)
HIV-1 IN dimer before CNT binding. DNA molecule is shown as cartoon. Arrow
indicates a channel for DNA binding. (D) HIV-1 IN dimer after CNT binding. DNA
molecule and the CNT are shown as cartoon. Arrow indicates the failure of DNA
binding to HIV-1 IN dimer.
ments crystal structure containing CTD could be used to test this
prediction. Besides, based on the simulation of 5ClTEP in the CNT
sealing, to apply the CNT as a drug delivery tool is of great interest
for other HIV-1 IN inhibitors such as L-CA [33], coumarin-like [34],
etc.

In summary, we have used MD simulation to verify that the CNT
could serve as a potential dual-functional HIV-1 IN inhibitor. Our
results showed that the CNT could stably bind to the CTD of HIV-
1 IN. The CNT also induced a domain-shift which disrupted the
binding channel for the viral DNA and thereby inhibited the HIV-
1 IN activity. Further MD simulation showed that the HIV-1 IN
inhibitor, 5ClTEP was successfully sealed inside the uncapped
CNT. Therefore, we concluded that the CNT could serve as a prom-
ising dual-functional HIV-1 IN inhibitor, not only to carry HIV-1 IN
inhibitors to the HIV-1 IN surface, but also to act as an allosteric
inhibitor by inducing the domain-shift of HIV-1 IN.
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