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Reactive molecular dynamics simulations
investigating ROS-mediated HIV damage from
outer gpl20 protein to internal capsid protein

Cunjia Pan,? Qiaoyue Chen,? Danfeng Liu,® Mingming Ding {2 *2® and Lili Zhang {2 *@
Molecular dynamics (MD) with the ReaxFF force field is used to study the structural damage to HIV capsid
protein and gpl120 protein mediated by reactive oxygen species (ROS). Our results show that with an
increase in ROS concentration, the structures of the HIV capsid protein and gpl120 protein are more
severely damaged, including dehydrogenation, increase in oxygen-containing groups, helix shortening or
destruction, and peptide bond breaking. In particular, we noticed that extraction of H atoms from N
atoms by ROS was significantly higher than that from C atoms. There was no significant difference in the
effect of ROS on dehydrogenation and shortening or breaking of the helices. In contrast, the impact of
O on the increase in oxygen-containing groups and the fracture of peptide bonds in the gp120 protein is
more significant than that of Oz, and the effect of Oz is greater than that of "“OH. In addition, the degree
of structural damage of the gp120 protein was greater than that of the capsid protein. These detailed
findings deepen our understanding of the role of ROS in regulating the structure and function of the HIV
capsid protein and gp120 protein and provide valuable insights for plasma therapy for acquired immune

rsc.li/rsc-advances deficiency syndrome (AIDS).

1 Introduction

Cold atmospheric plasma (CAP) is a partially ionized gas that
possesses the characteristics of being generated at atmospheric
pressure and operating under room-temperature/physiological-
temperature conditions.”” It is composed of ions and free
electrons, which form and produce reactive oxygen species
(ROS) and reactive nitrogen species (RNS) after energetic exci-
tation, including ground-state oxygen atoms (O), hydroxyl
radicals ("OH), ozone molecules (O3), peroxynitrite (HNO3) and
nitric oxide (NO).® Based on the above characteristics of plasma,
it has important potential for application in biochemistry,
materials, and physics.”** For example, Okada et al. treated
green algae cells with plasma, reducing the activity of the green
algae cells and thus reducing the fluorescence effect of chlor-
ella.’® Dave et al. modified a catheter substrate by irradiating it
under plasma and found that the treated catheter substrate
successfully prevented biofilm formation.”” Guo et al. used
plasma to degrade tetracycline antibiotics. After the reaction,
hydroxylation, dehydroxylation, aldehyde formation, deammo-
niation, carbonylation, and other phenomena occurred, with
the overall process being efficient and environmentally friendly,
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and having low energy consumption.’® Therefore, under-
standing the interaction between plasma and matter is of great
scientific importance.

Since ROS can directly interact with organisms and be
targeted,** they can effectively change biological structure,
activity, function, etc., such as regulating cell growth rate,
inactivating viruses, and other effects that more and more
researchers are paying attention to.>*>' For example, Attri et al.
treated plant seeds and found that the treated seeds had
enhanced antioxidant activity.*> Yang et al. used plasma to
oxidize coronavirus spike proteins, destroying and inactivating
their molecular structure.*

The HIV capsid protein is the key factor of the HIV structure.
It is involved in the process of virus assembly, maturation, and
immune escape. If the HIV capsid protein is destroyed, it can
effectively inhibit HIV transmission and replication.** For
example, Link et al. designed GS-6207 to bind tightly at the
conserved interface between capsid protein monomers, making
the capsid protein unable to interact with other proteins,
thereby inhibiting HIV replication.®® The gp120 protein is
located on the surface of the virus particle. It is responsible for
recognizing and binding to the CD4 receptor on the host cell’s
surface, thus initiating the virus invasion process.*® The struc-
ture and function of the gp120 protein have an important
influence on the infectivity and virulence of HIV.?” For example,
Huang et al. used 35022-specific antibodies to bind to the
¢p120 protein and gp41 protein, which significantly reduced the
binding of HIV to host cells in patients.*® Featherstone et al.
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used SERINCS5 cell protein to bind to HIV protein to change the
gp120 protein conformation, and found that HIV-1 infection
could be significantly inhibited.?”

Reactive molecular dynamics (RMD) simulations can track
molecular structure, especially the breaking and formation of
chemical bonds, which is of great significance for under-
standing the interaction effect of ROS and RNS on biological
macromolecules. Attri et al. simulated the interaction of mate-
rials such as RONS produced by plasma with Mdm2-p53.3* After
oxidation, the Mdm2 protein could not inhibit the activity of
tumor suppressor protein p53, resulting in high activity of anti-
tumor protein p53. Ding et al. simulated the reaction of ROS-
oxidized hyaluronic acid (HA) with drugs and found that the
acetylamino group in HA was oxidized to an unsaturated acyl
group, which led to cross-linking between HA and the drug.*

This work uses RMD simulations to investigate ROS-
mediated HIV damage from the outer gp120 protein to
internal capsid protein. In the second part, we introduce the
parameters related to the simulation and the statistical method
used in the data. In the third part, we analyze the obtained data
from the primary structure of the proteins to the tertiary
structure. Our research showed that ROS-mediated damage
mainly involved dehydrogenation, the increase of oxygen-
containing groups, and the breaking of peptide bonds. In the
fourth part, we summarize our findings and provide insights
into potential applications.

2 Model and methods
2.1 ReaxFF

The ReaxFF force field was proposed by Van Duin et al. in 2001
based on the theories of classical mechanics and quantum
mechanics.” The force field uses the bond order to judge the
breaking of the chemical bond between two atoms and
describes the change in the chemical bond in the simulation
process,* which is commonly used in RMD.*"*

The total energy of the system is divided into the bond
energy (Epong); over/under coordination energy (Eover/under);
valence angle energy (E,.)); penalty energy (Epen); torsion energy
(Etors); conjugation energy (Econj); non-bonded van der Waals
interaction (Eyqwaals); and Coulomb interaction (Ecouiomp); that
is,

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors
+ Econj + EvdWaals + ECoulomb

This work uses a ReaxFF force field that contains C/H/O/N/S
elements and is suitable for calculating the reaction of proteins
in a water environment.*® For example, it successfully simulates
the reactions of glucose in aqueous solutions and the plasma
degradation of aflatoxin B;.***

2.2 Simulation model

As shown in Fig. 1, a cube simulation box with periodic
boundary conditions was constructed using Packmol. The
gp120 protein obtained from the PDB database is 73.67 A x
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Fig. 1 Schematic diagram of a simulation box where the gp120
protein is placed in the center. ROS, namely Os (red), ‘OH (yellow), and
O (green), were randomly placed in the box, where water molecules
filled the box and were not shown.

89.55 A x 66.57 A, labelled 3TGR and located in the center of the
box, and the box length is 140 A.* Then we randomly put ROS
particles into the box, where O ; is red, "OH is yellow and O is
green. Finally, we filled the box with water molecules. In Fig. 2,
the capsid protein (labelled 6SLU) reaction simulator was con-
structed in the same way as that of the gp120 protein, where the
difference was that the box length was changed to 150 A.

We used LAMMPS to simulate the ROS oxidation mechanism
of the HIV capsid protein through Reaxff force fields.*****” We
adopted an NVT ensemble and set the time step to 0.5 fs and the
temperature to 277 K, which is the optimal temperature for the
survival of the gp120 protein.**** We found that after 140 ps, the
type and quantity of products no longer changed, so the reac-
tion could be considered complete. We still extended the reac-
tion time to 200 ps to ensure the reaction was completely
finished.*

We defined some parameters for better analysis, among
which Dq_y and Dy_y, obtained based on VESTA,*® are the
protein’s C-H and N-H bond reduction rates. Ic—o and Dgo-nu
represent the rate at which carbonyl groups increase in the

%e® 0
Co -OH

@ O

Fig. 2 Schematic diagram of a simulation box where the capsid
protein is placed in the center. ROS, namely Os (red), *OH (yellow), and
O (green), were randomly placed in the box, where water molecules
filled the box and were not shown.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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protein and the rate at which peptide bonds decrease, calcu-
lated with OpenBabel by converting the structure file after
reaction into a Simplified Molecular Input Line Entry Specifi-
cation (SMILES) format, including the information on chemical
bonds in the protein.*® Dy, represents the reduction rate of the
number of amino acids constituting the helices in the protein,
which was calculated using PyMOL.*® All results are the statis-
tical average with three independent calculations.

3 Results and discussion
3.1 ROS oxidise the gp120 protein

Our simulations show that ROS oxidation leads to significant
changes in the primary and tertiary structure of the gp120
protein, as shown in Fig. 3. For example, the amino acid
sequence at A changes from “CRNVSTVQCT” to
“GRNVSTVQCT”, indicating a change in the primary structure.
The helices in the secondary structure are shortened or disap-
pear. For example, the amino acid sequence on the helix at B
changes from “ESKWNHTLQKVGEEL” to “NNKTFNGTGP”, and
the helix at B is shortened due to the change in the primary
structure (amino acid sequence). In addition, peptide bonds are
broken, such as the amino acid sequence at C changing from
“RNGTYNHTG” to “RN-TYNH-TG”. In addition, it can be seen
from Fig. 3 that the tertiary structure changes significantly with
the reaction time.

The results in Table 1 show that Dy_y, Do_n, Ic—0, Dhelix, and
Dco-nu increase with the increase in Crog, which indicates that
the reaction occurred more vigorously. Specifically, Dy_y ranges
from 3.37% to 12.22%, D¢_y ranges from 0.03% to 0.40%, Ic—o
ranges from 51.25% to 117.21%, Dy.jix ranges from 50.23% to
56.46%, and Doy ranges from 7.75% to 13.05%. It is worth
noting that the maximum value of Ic—o exceeds 100%, indi-
cating a substantial increase in the number of carbonyl groups

()

Fig. 3 Schematic diagram of changes in the gpl20 protein when
oxidized by ROS with the increase in the reaction time, where (a) is the
initial moment, (b) is 50 ps, and (c) is 200 ps.
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in the gp120 protein. Based on the above phenomenon, we
concluded that the ROS concentration was one of the key
regulatory factors in the degree of oxidation of the gp120
protein, and the mechanism is multidimensional, which will be
discussed and analyzed below.

To distinguish the contribution of different ROS species to
gp120 protein oxidation, we calculated the degree of oxidation
of the gp120 protein at the concentrations of O, O3, and ‘OH in
Table 2. Dn-n, Dc-ny Ic—0y Dhelixy and Dco-npg Were positively
correlated with the increase in the concentration of O, O3, and
'OH. A horizontal comparison of O, O3, and "OH showed no
significant difference in Dy_g1, Dhelix, and Dco-nu. However, for
Ic—o, the effect of O is stronger than that of O3, and the effect of
O; is stronger than that of "OH. The main reason for this
phenomenon is that in the aqueous environment, different ROS
can be converted to each other, which makes the process more
complicated.” They can react quickly and directly with func-
tional groups in proteins, resulting in a decrease in the number
of peptide bonds and a corresponding increase in the number
of carbonyl groups.>* O; decomposes into O, and O at a lower
decomposition rate.”>*® As a result, O; has less effect than O.
'OH reacts with water to produce relatively low-oxidizing H,0,,
which results in the impact being minimal. This suggests that
although the three ROS species contribute similarly to dehy-
drogenation, they play different roles in peptide bond break-
down and carbonyl formation, which are key indicators of
protein oxidation.>*

Table 2 Statistics of the oxidization of the gp120 protein by ‘OH, Oz
and O with different concentrations, where C-on, Co,, and Co denote
the concentrations of "“OH, Oz and O, respectively

Co Dn-n Dcn Ic—o Dhelix Dco-nu
7.68 umol ml?! —1.64% —0.03% +50.00% —50.12% —8.07%
34.48 pmol ml™' —5.61% —0.13% +93.80% —63.17% —12.81%
103.6 umol ml™' —8.02% —0.17% +97.36% —63.78% —14.11%
C-on Dn-n Dc-n Ic—o Drelix Dco-nu
7.68 umol ml? —0.66% —0.08% +56.25% —53.41% —8.07%
34.48 umol ml™' —3.52% —0.10% +62.50% —55.19% —10.47%
103.6 umol ml™ —7.39% —0.23% +68.20% —61.20% —13.06%
Co, JONEY Dc-n Ic—o Drelix Dco-nu
7.68 umol ml™? —2.45% —0.02% +41.88% —52.41% —9.56%
34.48 pmol ml™' —5.59% —0.11% +65.50% —52.84% —11.27%
103.6 umol ml™' —8.79% —0.19% +82.52% —54.78% —13.41%

Table 1 Statistics of ROS oxidation of the gp120 protein. Cros is the ROS concentration, while Dc_ and Dy_p represent the reduction rate of
C-H and N-H bonds, respectively. Ilc—o and Dco-nH indicate the rate at which the carbonyl group increases and the rate at which the peptide
bond decreases, respectively, and Dy.iix denotes the reduction rate of amino acids comprising the helices

Cros Dn-n Dc-n Ic—o Dhelix Dco-nu
23.06 umol ml?! —3.37% —0.03% +51.25% —50.23% —7.75%
103.51 pmol ml™* —9.39% —0.18% +63.75% —53.78% —9.95%
311.46 pmol ml?! —12.22% —0.40% +117.21% —56.46% —13.05%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2 ROS oxidise the capsid protein

Similar to the gp120 protein, ROS-mediated oxidation of the
HIV capsid protein caused dehydrogenation, an increase in
oxygen-containing groups, helix shortening or elimination, and
peptide bond breakage. Our simulations show that the oxidative
effect of ROS causes significant changes in both the primary
and tertiary structures of the HIV capsid protein, as shown in
Fig. 4. For example, the amino acid sequence at A in the primary
structure changes from “TINEEAAEWD” to “MVHMEAAEWD”.
The helices in the secondary structure are shortened or disap-
pear. For example, the helix at B is changed from eleven amino
acids, “TLEEMMTACQG”, to seven, “EEMMTAC”. In addition,
the amino acid sequence at C changes from “PIVQNIQGQM” to
“PIV-NIQ-QM” with peptide bond breakage. In addition,
according to the diagram, the tertiary structure changes
significantly with the reaction time, which we will discuss and
analyze below.

The ROS-mediated structural damage of the HIV capsid
protein mainly includes dehydrogenation, increase in oxygen-
containing groups, shortening or elimination of helices, and
breaking of peptide bonds. Our simulation results are shown in
Table 3, with the corresponding variables in the caption. The
results showed that Dyn_y, Dc-n, Ic—0; Dhelixy aNd Dco-nu
increased with the increase in Cros, indicating that the reaction
was more violent and the structural changes in the HIV capsid
protein were more obvious. With the increase in Cros, Dn-i
ranges from 3.13% to 12.48%, and D¢_y ranges from 0.01% to
0.36%, indicating that ROS capture H atoms from N atoms
more strongly than H atoms from C atoms. Ic—o ranging from
31.41% to 41.03% showed a large increase in the number of
carbonyl groups, and there was a significant increase in Dco-ng,
which, combined with dehydrogenation, resulted in

Fig. 4 Schematic diagram of the change in the capsid protein when
oxidized by ROS with the increase in the reaction time, where (a) is the
initial moment, (b) is 50 ps, and (c) is 200 ps.

Table 3 Statistics of ROS oxidation of the HIV capsid protein. Cros is
the ROS concentration, while Dc_p and Dy represent the reduction
rate of C—H and N—-H bonds, respectively. /c—o and Dco_nn indicate
the rate at which the carbonyl group increases and the rate at which
the peptide bond decreases, respectively, and Dyeix denotes the
reduction rate of amino acids comprising the helices

Cros Dn-n D¢ Ic—o Dhelix Dco-nu
23.01 umol ml™t  —3.13% —0.01% +31.41% —51.54% —6.14%
103.28 pmol ml™' —8.00% —0.07% +34.62% —52.12% —7.01%
309.86 pmol ml™' —12.48% —0.36% +41.03% —55.13% —10.04%
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Table 4 Statistics of the oxidization of the HIV capsid protein by "OH,
Oz and O with different concentrations, where C.on, Co, and Co
denote the concentrations of "“OH, Oz and O, respectively

Co Dn-n D¢-n Ic—o Dhelix Dco-nu
7.09 umol ml™ —1.40% —0.03% +35.83% —55.23% —6.36%
31.85 pumol ml™' —4.74% —0.04% +42.05% —57.42% —8.88%
95.55 pmol ml™' —9.27% —0.15% +54.55% —64.50% —11.37%
C-on Dn-n D¢ n Ic—o Dhelix Dco-nu
7.09 umol ml™? —0.96% —0.01% +32.05% —50.54% —4.97%
31.85 pumol ml™' —3.08% —0.02% +39.42% —53.56% —6.54%
95.55 umol ml™ —6.07% —0.04% +44.55% —55.62% —7.22%
Co, Dn-n Dcn Ic—o Dhelix Dco-~nu
7.09 pmol ml™?t —1.40% —0.04% +30.77% —49.46% —5.51%
31.85 pumol ml™' —4.72% —0.06% +35.90% —50.32% —6.19%
95.55 pmol ml™? —9.34% —0.26% +50.00% —52.87% —10.01%

a significant decrease in the number of helices in the HIV
capsid protein.*

Similar to the previous part, to distinguish the contribution of
different ROS species to HIV capsid protein oxidation, we calcu-
lated the oxidation degree by O, O; and 'OH at different
concentrations. The results are shown in Table 4, where Cx
represents the concentration of X. As the concentration increases,
Dy11y De-11y Ic—0y Dhelixy and Dco-np increase in a positive corre-
lation. Horizontal comparison of O, Oz, and 'OH showed no
significant difference in Dy_yg, Dc-p1y Ic—0y Dhelixy @0d Deo-np-

These results indicate that dehydrogenation is one of the
main protein oxidation types, along with carbonylation, helical
reduction, and peptide bond breaking. As shown in Tables 3
and 4, and Fig. 4, we observed all the phenomena of ROS-
mediated oxidation of the HIV capsid protein. Dehydrogena-
tion can promote changes in the protein’s primary structure.
The increase in oxy-containing groups, such as carbonyl groups,
will increase the degree of helix reduction to a certain extent,
thus destroying the secondary structure of the HIV capsid
protein. The breaking of peptide bonds will produce a new
carbonyl group, breaking the peptide chain and affecting the
tertiary structure. With the increase in ROS concentration, the
oxidation degree of the HIV capsid protein increased signifi-
cantly, which would inhibit the replication and transmission of
HIV.

4 Conclusions

This work used MD simulations with ReaxFF force fields to
investigate ROS-mediated structural damage to the gp120
protein and HIV capsid protein. Our results show that with
increasing ROS concentrations, the structures of the gp120
protein and HIV capsid protein are oxidized more, especially via
dehydrogenation, increasing oxygen-containing groups, short-
ening or breaking the helices and disrupting peptide bonds,
and thus disrupting the primary, secondary, and tertiary
structures of the HIV capsid and gp120 proteins. In particular,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07023b

Open Access Article. Published on 03 January 2025. Downloaded on 7/19/2025 5:34:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

we found that ROS have a significantly higher ability to extract H
atoms from N atoms than from C atoms. At the same ROS
concentration, the degree of structural damage to gp 120 was
greater than that to the HIV capsid protein. The effect of O on
the increase in oxygen-containing groups and the fracture of
peptide bonds during the oxidation of the gp120 protein is more
significant than the effect of O3, and the effect of O; is greater
than that of "OH.

Our findings have important implications for understanding
the role of ROS in regulating the structure and function of the
HIV capsid protein and gp120 protein and for further elucida-
tion of the mechanisms of primary, secondary, and tertiary
structural disruption during the response. Currently,
researchers are working to develop microplasma devices that
are sufficiently tiny to potentially have applications in both
subcutaneous and internal structures, which may broaden the
scope of application, no longer limited to treating superficial
tissues.*® Thus, this work can provide new insights into therapy
for AIDS by utilizing ROS to destroy the proteins involved in HIV
replication. However, the problem of determining the safe dose
of ROS in normal cells and the effective dose to inhibit the
activity of the HIV capsid protein and gp120 protein remains
unresolved. The combination of experiments and simulations is
particularly important, as it may provide new insights into the
plasma treatment of HIV.
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