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A combined molecular dynamics simulation and
DFT study on mercapto-benzamide inhibitors
for the HIV NCp7 protein

Cardia R.,ab Cappellini G., ac Valentini M. b and Pieroni E. *b

Molecular dynamics and quantum simulations are performed to elucidate some aspects of the action

mechanism of mercapto-benzamides, a proposed class of antivirals against HIV-1. These molecules act

as prodrugs that, after modifications in the biological environment, are able to denature the HIV

nucleocapsid protein 7, a metal binder protein, with two zinc finger motifs, vital for RNA maturation and

viral replication. Despite their attractive features, these molecules and their biological target are not well

understood. Simulations were performed to support a proposed action mechanism, based on the

activation of mercapto-benzamides by acetylation, targeting a relatively rare protein hydrolyzed state,

followed by trans-molecular acetylation from the molecule to the protein and finally the direct

interaction of the molecular sulphur atom of mercapto-benzamides with the zinc atom coordinated by

the protein. Our simulation results are in agreement with the NMR data about the zinc finger binding

protein equilibrium configurations.

Introduction

In recent years, the treatment of acquired immunodeficiency
syndrome (AIDS), caused by human immunodeficiency virus 1
(HIV-1), has made great advances, due to the development of
highly effective antiretroviral combined therapies.1,2 Such
therapies are partly able to transform the severe pathological
condition into a chronic disease state, although with the
presence of adverse side effects, often delayed and severe, cost
issues (and thus world-wide treatment access difficulties) and
above all the drug resistance onset.3,4

A class of new viral maturation inhibitors have been
proposed5,6 and have recently been tested in vitro and in animal
models.7 These antivirals are based on structural modifications
of a benzamide core bound to a thiol derivative group, which
presents an active sulfhydryl group. Mercapto-benzamide (MB)
compounds can be easily and economically synthesised and are
quite well tolerated by animal models. They base their antiviral
properties on the ability to denature the HIV-1 nucleo-capside
protein 7 (NCp7), a metal binding protein, with two zinc-finger
motifs, thus impeding effective viral replication.5–7

The NCp7 zinc-knuckle is a structure with three cysteines
and one histidine, coordinating a central zinc atom (Fig. 1).

This motif is fundamental for the protein’s function of binding
and stabilising viral RNA. Zinc coordination is pivotal for the
correct folding of the protein, which is essential for viral
replication and maturation.5,6 Due to its relevance for virus
reproduction, the NCp7 gene is little or not mutated across HIV
strands and undergoes relatively marginal mutation even upon
host infection, in contrast to what occurs with genes targeted by
other drugs.5,6 Therefore, inhibition of NCp7 is a very attractive

Fig. 1 HIV nucleocapsid protein 7 (NCp7) C-terminal zinc finger motifs
(referred in text as model O). The four highlighted residues (CYS 413, CYS
416, HIS 421 and CYS 426) are those bonded to the Zn central atom
(Zn atom in grey, S in yellow, H in white, N in blue and O in red).
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antiretroviral mechanism, able to get rid of viral survival
strategies based on frequent mutations and adaptations to
therapies, even upon host infection.8

The presented facts, in principle, pave the way for the
development of a new class of low-cost, effective and well
tolerated HIV-1 antivirals targeting NCp7. Unfortunately,
NCp7 is a relatively difficult biological target. In particular,
zinc-finger motifs exist in the biological environment as an
equilibrium of distinct structures, of which the most relevant
for the inhibitory effect seems to be the rarer one.9,10 On the
other hand, even MBs are potentially able to coexist in the body
in distinct chemical structures. For this reason, MBs are thus
able to bind other targets or the same targets in distinct
configurations.11 Therefore, to date, we miss a coherent frame
to understand the MB-NCp7 interaction in its entireness.12–14

The interaction mechanism recently proposed10,11 is that, in
the body biological environment, the MB247 molecule (Fig. 2A)
is acetylated to the form AcMB247, where the thiol SH group is
replaced by the acetyl group SOCH3 (Fig. 2B). On the other
hand, the NCp7 (C-terminal) finger motif fully coordinating a
zinc atom is in equilibrium with its other two hydrolyzed
structures. Among these three equilibrium structures, the one
relevant for our purposes is the structure C represented in
Fig. 3. This structure is characterised by hydrolyzed cysteine,
namely CYS413, which is thus partly freed by the central zinc

atom coordination. Therefore, when the AcMB247 molecule
interacts with the zinc finger motif in the C-form, the acetyl
group is transferred from AcMB247 to NCp7 CYS413 (Fig. 4).
Moreover, the MB247 sulphur atom, now free and negatively
charged (Fig. 2C), interacts directly with the motif coordinating
zinc, thus interfering with the zinc coordination exerted by the
remaining two cysteines and one histidine. The presented
process eventually leads to protein misfolding or even unfold-
ing. The full mechanism path is presented in Fig. 5. Accord-
ingly, to the model proposed in the literature,10,11 the next step
(not simulated in the present work) is the intramolecular
transfer of the acetyl group from CYS413 to the region close
to LYS415, thus allowing the sulphur atom on CYS413 to create
disulfide bonds and thus helping in the zinc ejection. Finally,
we briefly present three more details of the MB-NCp7 inter-
action that are to date poorly understood and deserve to be

Fig. 2 MB247 mercapto-benzamide inhibitor in the (A) standard form,
(B) acetylated form AcMB247 and (C) corresponding ionised form after
zinc finger motif transacetylation.5–7

Fig. 3 The three equilibrium configurations of the NCp7 zinc-knuckle
motif. The crystallographic structure (PDB id 2L44) is represented by
(A). The two hydrolyzed rare equilibrium configurations are represented
by (B and C). The proposed MB247 action mechanism targets the NCp7
protein in its form (C). This model is proposed in the published literature on
the basis of purely experimental data.10,11

Fig. 4 Model AcHO, used as the initial configuration for the DFT simula-
tion, in balls and sticks representation. The acetyl group is linked to
CYS413, due to transacetylation from AcMB247. The OH group is bonded
to Zn (grey) as an effect of hydrolysis, with a position and orientation
derived from the output of the MD in the explicit water simulation (C atoms
in green, S in yellow, H in white, N in blue and O in red).
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elucidated.7,8 First, the MB inhibitory action against NCp7 is
highly modulated by the structural details of the specific MB
molecule, with IC50 values ranging from 1 mM to 100 mM,
strongly depending on very subtle changes to the aromatic ring
and chain composition. Second, some MB structures are active
in vitro while they lose their effectiveness in vivo. The last fact is
that the NCp7 protein is made up of two zinc finger motifs, but
only the C-terminal one is involved in the inhibitory action by
MBs. In this paper, we briefly discuss only the first point, the
subject of our previous quantum simulation work.15

Molecular modelling

We adopted a combination of classical and quantum ab initio
techniques in order to study the inhibitory action of the MB
molecules on the HIV-1 NCp7 protein, in accordance with the
last published findings and hypotheses on the MB action
mechanism.10,11

At first, the rationale behind the modelling protocol is
presented, and subsequently, the details are discussed. From
the PDB databank, we obtained a 3D structure of the NCp7 zinc-
knuckle region with a coordinated central zinc atom, namely
model #1 of the PDB ID 2L44 NMR bundle.16,† This is used as
the reference structure to build a reliable molecular homology
model17 O for the C-terminal zinc finger motif (chain 1 in the
2L44 structure, Fig. 1). In our previous work, the O model was
subjected to two quantistic DFT simulations, in a vacuum and
in implicit water environments. In both cases, the zinc finger
motif remained stable and misfolding was not observed.18,19

We also performed the quantum simulation of the interaction
between the O motif and different MB molecules. In this way,
we showed that a specific MB molecule, namely MB247 (Fig. 2B
and 6A), has the potential to denature the zinc finger motif

(Fig. 1), while a slightly modified version of it (Fig. 6B) does
not.7,8,15 Back to the present work, the second step of our study
was to perform the molecular dynamics (MD) simulation20 of
the model O in water and to identify the closest water molecule
to zinc during system evolution. Precisely, this water molecule
was used to hydrate the finger motif. By hydration we mean the
binding of an oxydrile group to the coordinated zinc and an
hydrogen atom to the sulphur group of a specific cysteine side
chain (Fig. 3). In this way, we obtained the target structure that
is truly active for the inhibitory effect, the hydrolyzed motif HO
(Fig. 4). As extra bonuses we obtained (i) the model O refine-
ment and energy minimisation in explicit water and eventually
(ii) the sampling of the three O equilibrium configurations
(Fig. 3). It should be noted that MB247 was not subjected to the
MD simulation. In this way, we were able to build an MD-based
accurate model of the Zn finger hydrolyzed motif HO. In turn,
this motif will be acetylated positioning manually the acetyl
group to simulate the initial interaction with the deacetylated
active MB247 molecule and to prepare the initial state for the
quantum simulation. More precisely, an acetyl group was
migrated from acetylated MB247 to the CYS413 sulphur atom,
thus obtaining the model AcHO (Fig. 4). The final model AcHO
and the active ionised MB247 molecule (Fig. 2C) were thus

Fig. 5 Proposed10,11 action mechanism of MB247 for NCp7 inhibition. (A) Motif form O (Fig. 3A) is in equilibrium with the hydrolyzed form HO (Fig. 3C).
(B) MB247 in equilibrium in the body with its acetylated form, thanks to the mediation of acetyl-coenzyme (A). (C) Acetylated MB247 reacts with the
hydrolyzed form HO by first transferring the acetyl group to CYS413. The resulting products, namely the ionised active MB247 and the AcHO motif (both
reported in the picture), react together by the S–Zn direct interaction.

Fig. 6 (A) Effective MB247 inhibitor (Fig. 2A) and (B) a slightly modified
version, with oxygen replaced by two hydrogens. C atoms are colored in
grey, S in yellow, O in red, N in violet and H in white.

† PDB structure at https://www.rcsb.org/structure/2L44.
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subjected to the DFT simulation in the implicit water environ-
ment to eventually observe motif denaturation.

Therefore, we combined the best of two worlds. We adopted
the MD simulation in water to identify the most accurate model
for the hydrated protein, being impossible for computational
reasons to insert a large number of explicit water molecules in
the DFT simulation. In this way, as added values, we optimised
the structure in water and confirmed the proposed protein
equilibrium configurations. On the other hand, MD requires
too long simulation times to model charged systems and to
highlight the formation of new bonds, while DFT can perform
both these tasks efficiently and fairly accurate.

Materials and methods: molecular dynamics

MD simulations have been performed using NAMD.21 We
selected model #1 from the PDB NMR structure 2L4416,† for
the C-terminal zinc knuckle of the HIV-1 NCp7 protein.‡ The
structure consists of 19 amino acids, representing the zinc
knuckle motif,§ corresponding to NCp7 protein amino acids
411–429. Starting from this model we built a cubic simulation
box of dimensions [82.55 Å, 78.55 Å, 74.65 Å], obtained by
solvating the protein with 16088 water molecules described by
TIP3P potential.22

The size of the simulation box and of the water layer around
the protein is chosen large enough to prevent edge artefacts due
to periodic boundary conditions. The system topology was
constructed using VMD23 autopsf routines¶ using the
CHARMM36 force field.24 To preserve the motif structural
peculiarities, given the short amino acid sequence, we have
minimised the energy and performed MD simulations keeping
the backbone atoms fixed. The unrestrained MD simulation of
this short 19 amino acid chain is too unstable to be significant,
while the fixed backbone approach allows the rearrangements
of the side chains to be observed, which are the keys through
which the MB247–motif interaction mechanism acts. We
selected the lowest energy model (namely #1) from the PDB
NMR bundle, but we also checked that the 20 NMR models
display a very little deviation of the backbone (RMSD = 0.16A),
thus further confirming that the restrained MD simulation is
appropriate. An initial MD equilibration of the system has been
achieved by 1000 ps simulation steps. This short run served to
minimise the energy – through the conjugate gradient method
– and to relax any atomic contact eventually present in the
initial configuration. A subsequent MD run has been per-
formed in the NPT ensemble, with an initial temperature of
310 K, maintained using a Langevin thermostat with a damping
coefficient of 1 ps�1 and the pressure was kept constant by the
Nosé–Hoover Langevin method at 1.03 bar, with a period of
100 fs and a decay time of 50 ps. Long-range Coulomb interac-
tions are treated by Particle Ewald Mesh with a tolerance of
10�6, a Ewald coefficient of 0.257 and a grid size of [84 Å, 80 Å,
80 Å]. The molecular dynamics was carried out up to an overall

duration of 136 ns, with an integration time step of 2 fs and
constraining the bonds involving hydrogen. The system con-
figurations were saved every 5000 time integration steps in
order to obtain the trajectories for the subsequent analysis.
This protocol is fairly standard and adopted by many authors
for the protein simulation.25,26

Materials and methods: DFT

We have performed all the calculations within the density
functional theory (DFT)18,19 framework, as implemented in the
GAUSSIAN1627 package. In detail, we performed the geometri-
cal optimization of the structure using the Berny structural
relaxation algorithm,28 with the following convergence
criteria: maximum force = 1.5 � 10�5 Ha/Bohr, RMS force =
1.0 � 10�5, maximum displacement = 3.0 � 10�5 Å and RMS
displacement = 4.0 � 10�5 Å8.

Geometry optimizations have been obtained using the Becke
three-parameter Lee–Yang–Parr (B3LYP) hybrid exchange cor-
relation functional,29,30 which has proved to have a stable
behaviour, with few well-documented limitations.31 Our inves-
tigation involves only the study of the structural behaviour of
the system and not an analysis of the excited states; therefore, it
was not necessary to use the diffuse function basis sets. The
extra bonus is a smaller computational effort to reach conver-
gence. In this framework, we can thus approximate the wave
functions using the Pople 6-31G* basis-set,32 a valence double-z
set augmented with d polarisation functions. The structural
optimization of the system was performed without imposing
symmetry constraints. The procedure described has been suc-
cessfully tested for many different atomic systems, both organic
and inorganic, with different sizes and degrees of complexity.33–39

Before the DFT simulation, the system is pre-optimised using the
Avogadro internal optimization tool and the General AMBER
Force Field, with default parameters.40

We observe that, being mainly interested in the evolution of
the protein structure, we can perform simulations with a higher
total number of atoms than that normally used in the standard
DFT structural optimization. The simulations were performed
using a reliable implicit solvent model, namely the density
corrected polarizable continuum model,41,42 in order to take
into account at least the first order effects of the water environ-
ment in cells. The DFT calculations also allowed the exact
ground state to be obtained for binding molecules, the target
protein and their complexes.

Results and discussion

The main result can be summarised in two figures: Fig. 4 shows
the initial DFT simulation configuration, with the central zinc
atom coordinated by the NCp7 motif, while Fig. 7 shows the
denatured NCp7 protein and the uncoordinated zinc, due to the
effect of the MB247 inhibitor. As anticipated, in our previous
work, we showed that this is not an artefact, being the O model
alone stable during quantum simulations.18,19 Table 1 reports‡ HIV-1 NCp7 protein, with Uniprot id Q74084.

§ The zinc finger motif is CYS413-X2-CYS416-X4-HIS421-X4-CYS426.
¶ https://www.ks.uiuc.edu/Research/vmd/plugins/autopsf/. 8 https://gaussian.com/basissets/.
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the distances among the coordinating amino acids and the zinc
atom for the crystallographic structure and the quantum simu-
lation initial (Fig. 4) and final systems (Fig. 7). In Table 1, the
high value obtained for the CYS413–Zn distance at the simula-
tion end is highlighted. The energy trend observed along the
DFT optimization ensures that the process is convergent
(Fig. 8). The distance between the Zn atom and the NCp7

CYS413 S atom, involved in zinc coordination, is slightly
different in the crystallographic data and in the initial model
for the DFT simulation (Table 1, first and second columns).
This difference is primarily due to the effect of MD in explicit
water and secondarily to the preparation of the hydrated and
acetylated initial system for the DFT run. In Table 1, it is shown
that, after the interaction with MB247, the zinc atom is defi-
nitely not anymore coordinated with CYS413. Thus, now the
zinc atom is able to interact directly with the MB247 S atom,
finally leading to protein misfolding, as reported in Fig. 7.
Therefore, provided one carefully prepares the hydrolyzed
system, in particular with a MD in explicit water, the DFT
simulation of the hydrated motif in implicit water is thus able
to show that NCp7 misfolds and ejects the zinc atom under the
action of MB247.

Back to intermediate results, to obtain some clues about the
presence of distinct hydrolyzed configurations (Fig. 3), we
studied the water molecule dynamics around the protein.
Therefore, from the equilibrated part of the MD simulation of
model O in explicit water (Fig. 1), we extracted the histograms
for the distances between the Zn atom and, respectively, the
CYS413 sulphur atom (CYS413.S, Fig. 9), the closest water
hydrogen (Fig. 10) and the closest water oxygen (Fig. 11). More-
over, we plotted the histogram of the distance between
CYS413.S and the closest water H atom (Fig. 12). Similarly, we
evaluated the histogram of the distance of the HIS421 Ne2 atom
(HIS421.NE2, Fig. 13) from the closest water H atom (Fig. 13).
All histograms are evaluated in a 5 Å radius ball from the Zn, S
or N atom. All these spheres, at the equilibrium, contain on
average two water molecules.

The histogram of the distance Zn-CYS413.S (Fig. 9) repre-
sents the harmonic coordination of the Zn atom by CYS413,
with an average distance of 2.9 Å. The two histograms Zn–H
and Zn–O (Fig. 10 and 11) clearly show the dynamic presence of
a close water molecule with an O atom at an average distance of
2 Å from Zn, with other water molecule oxygens quite far away
(distance greater than 4 Å). In detail, the MD simulation
reduces the Zn–O distance, with the last frames sampling the

Fig. 7 Final configuration of the DFT simulation. The Zn atom is dislo-
cated (see table Table 1) and the NCp7 protein is misfolded. Colours are
shown as in Fig. 4. The dashed lines report the distance in Å.

Table 1 Distances between the zinc atom and the NCp7 residues
involved in the zinc coordination (S for CYS or Ne2 for HIS). The first
column reports the distances obtained from the crystallographic NMR
structure 2L44 (see footnote †).16 The second (third) column reports the
distances at the beginning (end) of the quantum simulation

Distances
Zn–CYS/HIS

NCp7 (crys)
[Å]

AcHO-MB247
(t = 0) [Å]

AcHO-MB247
(t = tfin) [Å]

Zn–CYS413 2.30 2.63 6.09
Zn–CYS416 2.27 2.33 2.38
Zn–HIS421 2.05 1.95 2.00
Zn–CYS426 2.37 2.25 2.28

Fig. 8 Total energy of the NCp7-MB247 system during the DFT simula-
tion. The energy values synthesise the system structural evolution that can
be interpreted as a protein unfolding process. The relevant aspects are the
trend and the convergence of the optimisation process, while the peaks
are just artefacts due to eventual temporary steric hindrance or orbital
overlaps. Fig. 9 Histogram of the distance CYS413.S–Zn during MD simulations.
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lowest part of the distance distribution (Fig. 11). In particular,
the minimal Zn–O distance MD frame, used as an input for the
subsequent DFT simulation, displays a Zn–O distance of 1.9 Å.
Moreover, this distance changes very little during the quantum
simulation, with a final value of 1.8 Å. This is in very good
agreement with the typical Zn–O first coordination distance for
many species of hydrated zinc, spanning the range 1.8–2.1 Å.43

Precisely, the position and orientation of the closest water
molecule during the simulation was used to hydrate the Zn
atom for the subsequent DFT simulation. Furthermore, a
hydrogen atom is also sampled at a minimal distance of 2.4 Å
from CYS413.S (Fig. 12).

From the histograms in Fig. 10–12, it is evident that the
hydrolyzed motif configuration, with OH very close to Zn and H
as close as possible to CYS413.S, as allowed by MD force fields,
is less frequent than others with farer H atoms and should be
the representative of the rare equilibrium configuration C in
Fig. 3.

Therefore, we can conclude that the MD of the model O in
water seems to be able to sample the for-our-purposes relevant
hydrolyzed O structure (Fig. 3C), coherently with the published
experimental data.10,11 We also observe that using the MD
simulation we were able to sample the structure B in Fig. 3,
with HIS421.NE2 as close as possible (approximative range of
2.5–3.5 Å from Fig. 13) to an H atom from the closest water
molecule.

Fig. 14 reports the highest occupied molecular orbital
(HOMO) for the full system, composed by the MB247 molecule
and the acetylated and hydrated NCp7. In Fig. 15, a detailed
zoom of the molecular orbitals (MOs) is reported and located
around the CYS416 and CYS421 residues, Zn atom, OH group
linked to Zn, MB247 S atom and ring. From Fig. 14 and the
enhanced view reported in Fig. 15, as expected, it is evident that
the entire region around the Zn atom represents a very reactive
area. The MOs around the MB247 ring and the S atom are a
clear signal that this part of the MB247 molecule is

Fig. 10 Histogram of the distance (closest water H)–Zn during MD
simulations.

Fig. 11 Histogram of the distance (closest water O)–Zn during MD
simulations.

Fig. 12 Histogram of the distance (closest water H)–CYS413.S during MD
simulations.

Fig. 13 Histogram of the distance (closest water H)–HIS421.NE2 during
MD simulations.
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participating in a chemical reaction with NCp7. Comparing the
MOs of the isolated molecule MB247 (Fig. 15B and C) with
those of the bound molecule (Fig. 15A), it is evident that the
MOs around MB247 remain almost unchanged as regards
the shape and distribution of the charge. This fact indicates
the maintenance of the activity and reactivity of the MB247
compound, even after the transacetylation reaction and bind-
ing with Zn.

Conclusions

The action of MB molecules on the HIV zinc-finger protein
NCp7 has been analysed with the use of a combined MD and
quantum parameter-free scheme, in order to highlight drug
action mechanisms and which specific MB and which protein
configuration are involved in the MB antiviral effect. The NCp7
zinc-finger protein has been modelled by MD in explicit water
to prepare the hydrolyzed model and sample its distinct hydro-
lyzed equilibrium configurations. This resulted in identifying
the closest water molecule to zinc. This water molecule will be

explicitly embedded in the DFT simulation. The DFT simula-
tion involved the de-acetylated charged active form of MB247
and the acetylated and hydrolyzed NCp7 structure identified as
the antiviral target. To deal with charged molecules and build
up reactive chemical reactions, the quantum simulation was
performed. The present work integrates and extends our pub-
lished preliminary study, where we observed that the zinc
finger motif not interacting with the MB247 molecule was
stable.

The results obtained here showed that acetylated MB247 is
able to induce misfolding in the target hydrolyzed NCp7 zinc-
finger motif. This is due to the subsequent combined action of
(i) weak zinc coordination by CYS413 in the rare hydrolyzed
structure, (ii) further zinc coordination weakening by transace-
tylation of CYS413 from acetylated MB247, (iii) zinc coordina-
tion sharp rerouting from CYS413 to the charged sulphur in
MB247. All these steps resulted in zinc ejection, eventually
helped by the final intra-protein acetyl group transfer from
CYS413 to LYS415.

Overall, the results presented unveil specific MB HIV-1
antiviral properties, explain some experimental results and
confirm the proposed pro-drug action scheme. The presented
approach can be extended to study the NCp7 rare equilibrium
hidden states that could be targeted by antivirals, the role of
MB structural changes and the CYS–LYS intramolecular acet-
ylation, thus in general boosting the rational design of MBs
with desired HIV-1 antiviral properties.
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