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a b s t r a c t

HIV-1 infection impairs cellular cholesterol efflux by downmodulating the cholesterol transporter ABCA1,
leading to metabolic co-morbidities like cardio-vascular disease. The main mechanism of this effect is
impairment by the HIV-1 protein Nef of the ABCA1 interaction with the endoplasmic reticulum chaper-
one calnexin, which leads to a block in ABCA1 maturation followed by its degradation. However, ABCA1 is
also downmodulated by Nef delivered with the extracellular vesicles, suggesting involvement of a direct
Nef:ABCA1 interaction at the plasma membrane. Here, we present an optimized model of the Nef:ABCA1
interaction, which identifies interaction sites and provides an opportunity to perform a virtual screening
for potential inhibitors. Interestingly, the predicted sites on Nef involved in the ABCA1 interaction overlap
with those involved in the interaction with calnexin. The compounds previously shown to block
Nef:calnexin interaction were among the top ranking ligands in docking simulations with ABCA1-
interacting sites on Nef, suggesting the possibility that both interactions can be inhibited by the same
chemical compounds. This study identifies a series of compounds for potential development as inhibitors
of Nef-mediated co-morbidities of HIV infection.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

HIV-1 protein Nef is a major viral pathogenic factor, as Nef-
deficient virus causes only a mild disease in animals and people
[1,2]. This multifunctional protein stimulates HIV-1 replication
by counteracting activity of the innate anti-viral proteins SERINC3
and 5 [3,4] and impairs the anti-HIV immune responses by down-
regulating CD4 and MHC I on the immune cells [5]. Nef also con-
tributes to HIV-associated co-morbidities, such as cardio-vascular
disease and neurological impairment, which persist even after sup-
pression of the virus with anti-retroviral treatment (ART) [6]. The
reason for this phenomenon is likely a continuous release of
Nef, as a component of extracellular vesicles (exNef), from
HIV-infected cells located in the viral reservoirs [7–13].
Although the detailed mechanism of HIV-associated co-
morbidities’ pathogenesis has not been fully understood, an impor-
tant component of these pathologies is impairment of cholesterol
metabolism [7,14,15]. Nef is a key viral factor responsible for
cholesterol metabolism impairment via downmodulation of the
cellular cholesterol transporter ABCA1 [16]. ABCA1 is a transmem-
brane protein, which, together with ABCG1, mediates cholesterol
efflux to HDL [17]. Nef-mediated downregulation of ABCA1
involves impaired delivery to the plasma membrane and increased
degradation of the newly synthesized ABCA1, as well as increased
endocytosis and impaired recycling of the plasma membrane
ABCA1 [18,19].

Nef downregulates CD4, MHC I and several other cell surface
molecules important for immune responses by binding to the cyto-
plasmic tails of these molecules and targeting them to degradation
pathways [20]. Our studies demonstrated that Nef interacts with
ABCA1 via a specific region in the ABCA1, the C-terminal cytoplas-
mic region [18,21]. However, deletion of this region, while prevent-
ing Nef:ABCA1 interaction, did not prevent ABCA1
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downmodulation in Nef-transfected cells [18]. Later studies identi-
fied an alternative mechanism: Nef can bind to the endoplasmic
reticulum chaperone calnexin and disrupt its interaction with
ABCA1, thus impairing ABCA1 maturation and leading to its even-
tual degradation [22–24].

To screen for potential inhibitors of the Nef:calnexin interac-
tion, we created a molecular model of this interaction using global
docking based on the models of Nef and calnexin built by us previ-
ously [22,23]. The produced model showed interaction sites in
both Nef and calnexin and was utilized to perform virtual screen-
ing, which gave a number of potential inhibitors predicted to target
these sites [23]. The sites identified in Nef were 1-MGGKWSKRS-9
(site I), 75-RPQVPLRPMTYKAALD-90 (site II), and 121-TQGY-124
(site III). An extended site II appeared to be a major site interacting
with calnexin [22]. Virtual screening using this interaction model
produced a number of potential inhibitors.

These inhibitors were tested for functional activity pointing at
ZINC03953858 (NSC13987) as the most potent inhibitor of the
Nef:calnexin interaction [23]. NSC13987 is a highly lipophilic com-
pound due to the presence of benzanthrone and anthraquinone
moieties. The anthraquinone and secondary amine were identified
as critical for the biological activity. Thus, to improve solubility and
functional activity, our initial ligand refinement efforts were aimed
at preserving these structural elements and focused on iterative
alterations to the benzanthrone ring, leading to the development
of AMS-55 [22].

The mechanism described above explains the ABCA1 downmod-
ulation in Nef-transfected and HIV-infected cells. Recent studies
demonstrated that ABCA1 downmodulation and cholesterol efflux
impairment are also observed when cells are treated with exNef
[15,25]. This activity is particularly important in the ART era, as
HIV suppression dramatically decreases the number of HIV-
infected cells, leaving circulating exNef as themain potential source
of this pathogenic factor. Given that exNef delivers Nef to the
plasma membrane of the target cells, where functional ABCA1 is
localized, we surmised that in this case, increased endocytosis and
impaired recycling of the plasmamembrane ABCA1may be the pri-
mary event in ABCA1 downmodulation, and direct Nef:ABCA1 inter-
action may play the key role in exNef-mediated pathogenesis.

To initiate the development of inhibitors of Nef:ABCA1 interac-
tion, we relied on the computational strategy, including molecular
modeling, virtual screening, docking andmolecular dynamics. Such
approach has been previously used to discover a number of inhibi-
tors for potential therapeutic applications [26–30]. These results
identified candidate molecules for future development efforts.
2. Methods

2.1. Study workflow: This study was composed of the following steps.

1. Global docking was performed, using several servers, of the
Nef structure built by us previously [22,23] to ABCA1 struc-
ture modeled as described in the Structure modeling section
below. This resulted in 64 Nef:ABCA1 complexes.

2. The docking results were superposed with the ABCA1 struc-
ture embedded in a membrane. All Nef molecules overlap-
ping with the membrane were removed from the dataset.
This led to 21 complexes of Nef:ABCA1. Out of these 21 com-
plexes, those in which Nef did not interact with the mem-
brane were excluded, as we are interested in the
interaction at the membrane where both ABCA1 and Nef
are targeted [31,32]. The resulting 8 complexes were used
for further tests.

3. The 8 complexes of Nef:ABCA1 from the global docking were
processed in MD simulations for 50 ns.
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4. The details of the Nef:ABCA1 interaction were obtained by
QASDOM metaserver [33] via analysis of the dataset of the
8 Nef:ABCA1 complexes after MD from the previous stage.

5. The Nef:ABCA1 interaction sites I-IV in the Nef structure
were identified from the data obtained at the previous stage.

6. For each of the 4 sites in the Nef structure, a grid box for vir-
tual screening was assigned (Supplementary Table S1).

7. A structure-based virtual screening using the 4 grid boxes
from the previous step was conducted using program Vina,
of the following compounds. (1) Freely available small mole-
cule compounds from the NCI Plated 2007 dataset, and (2)
Derivatives of the compounds previously found to inhibit
Nef:calnexin interaction (AMS compounds) [22,23]. AMS
derivatives were docked to each of the four interaction sites
of Nef, resulting in 4 different complexes for each of the AMS
analogs.

8. Each of the complexes obtained by virtual screening, with
the best Vina ranking, was processed by MD simulation for
30 ns to test if the ligand remains in docking pocket or
moves away.

9. Overlap parameter was calculated as a number of atomic
contacts between Nef interaction site and ligand normalized
to the number of site residues for each of the interaction
sites.

10. Ligands were ranked according to the overlap parameter.

The concise version of the above workflow is shown in the
graphical abstract.

Structure modeling: ABCA1modeling was based on the PDB:5XJY
structure [34] (uniprot entry O95477, ABCA1_HUMAN). A model
was prepared containing the transmembrane and cytoplasmic
parts of ABCA1, where interaction with Nef was expected [18,21]
and a fragment of the lipid membrane. For this purpose, regions
49–623 and 1371–1635 belonging to the extracellular part of the
transmembrane domain have been locked by GGG tripeptide
sequences. The N- and C-termini of these regions in the initial
structure were separated from each other by approximately
7.5 Å, therefore replacing them with short flexible loops should
not disrupt the transmembrane domain structure. The resulted
structure was inserted into the bilayer membrane made of DDPC
lipids with the CHARMM-GUI membrane builder server [35] in
accordance with uniprot data on the ABCA1 transmembrane
regions. Then it was relaxed in water solution with 0.15 NaCl with
a molecular dynamics (MD) run for 100 ns using Gromacs software
[36].

Nef modeling was performed for the target sequence P03407
(HIV-1 group M subtype B isolate ARV2/BRU) and the model was
built by us using several servers for protein structure prediction:
Phyre2 [37], iTasser [38], RaptorX [39], M4T [40], SwissModel
[41]. The final structure was built using server QA-RecombineIt
[30], as described in [20].

Modeling of interaction interfaces: Prediction of Nef:ABCA1 inter-
action sites was carried out by modeling the complete interfaces of
protein–protein interaction. Modeling was performed by global
docking on different docking servers using the approach developed
by us [31] and QASDOM metaserver (http://qasdom.eimb.ru) [32].
The Cluspro [33], HEX [34], SwarmDock [35] and Zdock [36] mod-
eling servers were used. From the entire set of Nef:ABCA1 docking
models, biologically incorrect complexes (i.e., those where Nef had
no contact with the membrane or overlapped the membrane
region) were excluded. For the remaining structures, MD simula-
tions of the system that included Nef and the membrane were car-
ried out for 50 ns to obtain the relaxed and energetically favorable
complexes. Interaction sites in ABCA1 and Nef in these complexes
were selected according to the QASDOM criteria as linear clusters
(stretches of sequence) with the number of residue interactions
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greater than the dataset median, and where the number of atom–
atom interactions was greater than the median for the dataset.

Molecular dynamics simulations: All the molecular dynamics
simulations were performed with Gromacs software package [36]
and CHARMM36 force field. All initial structures were inserted in
DPPC bilayer membrane with CCHARMM-GUI server [35] and
energy was minimized consecutively with the steepest descent
and conjugated gradients algorithms. Then they were equilibrated
in water with the NaCl concentration of 150 mM during six consec-
utive MD runs under position restraints for 1,875 ps according to
the usual equilibration protocol for the membrane calculations or
200 ps NVT and NPT equilibration for the protein–ligand systems.
Simulations were carried out using the particle mesh Ewald tech-
nique with repeating boundary conditions and 1.2 nm cut-offs in
a Verlet cutoff-scheme, using the LINCS constraint algorithm with
a 2-fsec time step. Vdw type was cutoff and vdw-modifier was
force-switch. For temperature coupling, the V-rescale algorithm
was used and a constant temperature of 300 K was maintained.

Virtual screening for inhibitors: Docking-based (structure-based)
virtual screening was performed with locally installed software
package AutoDock VINA 1.1.2 (http://vina.scripps.edu/) [42]. The
three-dimensional Grid box for virtual screening was set using
AutoDock tool 1.5.6 [43]. The Grid box was positioned to include
active binding sites and all essential residues. The box vectors var-
ied from 12 to 30 A. Detailed information on grid boxes for each
interaction site is listed in Supplementary Table S1. Eight cpu cores
were used for each virtual screening procedure. As a database of
low molecular weight compounds, the publicly accessible ZINC
database (http://zinc.docking.org/) [44] was used. For compatibil-
ity with our previous work [23], we used the NCI Plated 2007 data-
set of 139,735 compounds (http://zinc.docking.org/catalogs/ncip).
We also docked 26 AMS-series compounds derived from AMS-55
[22].

Ligand preparation: All the ligand structures and their modeling
parameters were obtained from Automatic Topology builder [45]
by semi-empirical quantum mechanics calculations according to
their SMILES strings or PDB structures from ZINC database.
3. Results

Global docking of Nef to ABCA1 provided a large dataset of com-
plex structures, where substantial part was biologically irrelevant,
i.e. the structures that contradicted the accumulated experimental
data describing these proteins. For example, there have been com-
plexes in which Nef interacted with the transmembrane regions of
ABCA1, rather than with the cytoplasmic domains [21]. To elimi-
nate such models, we have superimposed the docking results on
ABCA1 structure with the membrane and removed all Nef struc-
tures that were embedded in the membrane or did not contact it,
since it is known that Nef interacts with the membrane [31].

Thus, we have obtained 8 docking models (out of 64 models
provided by global docking) of Nef:ABCA1 complexes that included
the membrane. Of note, only cytoplasmic domains of ABCA1 were
considered for these models. Global protein–protein docking gives
only a rough approximation of interprotein interaction since rigid
protein structure models are mostly used in that kind of docking.
To rectify such models, molecular dynamics simulations of the
resulting complexes with the membrane have been performed
for 50 ns to obtain relaxed equilibrium structures. Final structures
viewed from the top (panel A) or from the side (panel B) are shown
in Fig. 1, and side views for each of the 8 docking models are shown
in Supplementary Figs. S1-S8. The TM-score calculated for 8 ABCA1
structures from these models was 0.572, indicating a close struc-
tural similarity [46,47]. For the Nef protein, the TM-score
of 8 Nef structures was 0.649. The structures are very similar as
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illustrated in the Supplementary Fig. S9, which shows superim-
posed Nef structures after 50 ns of MD. Supplementary Table S2
lists the Nef amino acids involved in the interaction with ABCA1
in each model. Although some sites were present in several mod-
els, there were significant differences between the models
(Table S2). To organize the data, the complex structures were ana-
lyzed by QASDOM server [33] to identify the Nef:ABCA1 interac-
tion sites, showing that in 4 out of 8 docking models Nef was
interacting with the same region of ABCA1 (Fig. 2A). Targeting
the Nef sites was chosen as a preferred approach in developing
inhibitory compounds, so the same analysis was performed for
Nef. Compact regions displaying strong interaction with ABCA1
are clearly seen (Fig. 2B).

To put these regions in the context of previously identified inter-
actions between Nef and other cellular proteins, these interaction
sites are overlayed on Fig. 2B. We have identified four
potential sites in Nef for inhibition of Nef:ABCA1 interaction:
1-MGGKWSKRSMGG-12 (Site I), 75-RPQVPLRPM-83 and 121-
TQGY-124 (Site II), 84-TYKAALDI-91 (Site III), 201-ELHPEYYKDC-
210 (Site IV) (Fig. 3). These sites, together with previously identified
sites of Nef interaction with other cellular proteins, are shown in
Supplementary Fig. S10. Nef regions 37-VSRDLE-42 and 55-
TNADC-59 that showed strong interactions in the MD simulations
have been excluded from the final data set because they are located
in highly disordered parts of long loop areas of the protein and dis-
play high levels of RMSF (Fig. S11), indicating the extreme flexibil-
ity. Therefore, virtual screening for these areas would be unreliable.
Two of the sites (Sites II and III) are contiguous and could be treated
as one larger site (75-RPQVPLRPMYKAALD-90). However, the 75-
RPQVPLRPMT-84 is a non-structured region, i.e. a loop stretched
along the protein surface (Fig. 3), with length of about 25 A. As
the mean length of the ligand is 15 A, we decided to break this long
site into two separate sites (Site II and Site III) with the size consis-
tent with ligand length.We also noticed in our previous studies that
Autodock Vina does not work properly with larger grid boxes, lead-
ing to artifacts: usually all the dockedmolecules in a large boxwere
placed in the same small area. This was avoided with grid boxes of
20 A or smaller (Table S1). Yet another reason to break the entire
docking area into several smaller fragments is that, because of flex-
ibility, the location of the docking site I relative to sites II and III var-
ies considerably during MD simulations and therefore we did not
observe a fixed docking pocket in this part of the protein even if
the sites were treated as a single docking interface.

To search for potential inhibitors of the Nef:ABCA1 interaction,
the following virtual screening runs have been carried out. (1) Vir-
tual screening of Nef sites I-IV by docking program Vina [42] using
ZINC NCI Plated 2007 dataset, which was used in our virtual screen
for inhibitors of the Nef-calnexin interaction [23]. Ten putative
ligands have been identified for each of the four sites and priori-
tized according to the Vina ranking (Table S3). (2) Since Sites I-III
of the Nef:ABCA1 interface overlapped with the Nef sites previ-
ously modelled by to interact with calnexin [22,23], we have
included in the current screening the compounds ZINC03953858
(NSC13987) and AMS-55, which were predicted and experimen-
tally confirmed in the above studies to bind to these sites and block
Nef:calnexin interaction. We also docked a series of AMS-55-
derived compounds, modified to improve potential effectiveness
(see Discussion) and solubility (Table S4). In addition, 3 com-
pounds provided by Dr. Smithgall (FC-8052 [48], FC-7976 [48],
and DFP-4AP [49]), which have been shown to bind Nef with high
affinity and potently inhibit HIV replication [48], were docked to
each of these four sites (Table S5). In total, 144 putative ligands
have been obtained (40 compounds from the ZINC screening and
26 additional compounds each docked to four sites). To improve
the accuracy of docking of these compounds, a 30 ns MD simula-
tions of each Nef:ligand complex in water with 0.15 M NaCl and
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Fig. 1. Results of 50 ns molecular dynamics simulations of the best 8 docking models of Nef:ABCA1 interaction. ABCA1 is colored orange, interaction regions are shown as
surfaces of different colors. A – view from above the membrane, B – lateral view. Only the cytoplasmic part of ABCA1 was modeled (on top of the membrane in panel B). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Number of atom–atom contacts between ABCA1 and Nef after 50 ns of MD, overall data for 8 complex models. A - ABCA1 residues, B - Nef residues. Color shading
shows residues involved in Nef interactions with other cellular proteins. MHC-I and AP-1 interaction sites 66–69 and 76–79 are shown with red; PTE1 interaction site 112–
128 is colored green; binding region 152–184 to ATP6V1H is colored yellow; amino acids 168-LL-169 and 178-ED-179, necessary for CD4 internalization are colored light
blue; the SH3 binding site 73-PVRPQVPLRP-82 is colored violet. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. Potential ABCA1 interaction sites in Nef identified using the MD simulations.
Site I is colored green, Site II is colored magenta, Site III is colored cyan and Site IV is
colored red. Flexible (after MD simulations) sites 37-VSRDLE-42 and 55-TNADC-59
are shown in dark blue. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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pH of 7.0 was performed. Ten best putative ligands are listed in
Table 1. Tables S3 and S5 provide the full dataset of the predicted
putative ligands. The tables list the predicted inhibitory effective-
ness parameters and ligand ranking for each of the compounds
obtained from ZINC screening and the AMS-analogs. Tables
S6–S9 show the detailed data of the compounds interactions with
each of the 4 Nef sites for each of the 144 compounds, including
docking affinity and description of the interaction between the
compound and Nef after MD simulation.

The resulting structures of the Nef:ligand complexes were ana-
lyzed with QASDOM metaserver [33]. The overlap parameter has
been calculated as a number of all Nef residues interacting with
the putative ligand (compound) divided by the number of residues
located in the site, for every site in every structure. Total overlap
parameter is the sum of overlap parameters for four Nef sites, it
characterizes the overall effectiveness of a compound as a putative
ligand for all sites. This shows relative predicted effectiveness of
inhibitors for the whole Nef:ABCA1 interaction in general. After
MD simulations, the ligand either stayed at the initial docked posi-
tion, or shifted to another site, or alternatively lost interaction with
the protein (in the last case the ligand was excluded from the final
data). As a result, the ligand could appear as docked to a single site
or more than one site. In the detailed table of Nef interactions with
ligands (Table 1) it can be seen that the cases where the ligand was
interacting with two sites simultaneously or has shifted to the
neighboring interaction site were quite frequent. For the formal
analysis of all these cases for each of the putative ligands, overlap
parameters for each of the four docking sites have been calculated.
Notably, a compound can appear more than once in the screening
results for different sites if it was identified by the Vina rating sys-
tem for more than one site. For such ligands, there is more than one
MD result available, as was seen for the AMS-55-derived ligands,
resulting in an increase in overlap parameter for such compounds.

Hence, in every Nef:ligand complex structure after MD, overlap
parameters have been calculated for each site and then summa-
rized across all the MD systems (Tables S3, S5). In the tables, the
total overlap parameters are given. The sum of these overlap
parameter values for each site for a ligand can be treated as an
indicator of its effectiveness in putative blocking of the interactions
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between ABCA1 and Nef. The ligands from the ZINC screening that
appeared more than once subsequently gained an increase in rat-
ing. The cumulative ranking of the compounds across all 4 sites
is shown in Table 1 and Tables S6-S9. These tables show that
AMS-55-derived ligands previously found to block Nef:calnexin
interaction [22] demonstrated stronger interaction with all the
predicted ABCA1 binding sites in Nef, compared to the newly iden-
tified ZINC compounds.

The most effective ligands in our MD simulations were AMS-55
and its derivatives, AMS-11, AMS-123, AMS-188, AMS-191, and
AMS-201 (Tables 1 andS5). Toprove the stablebindingof the ligands
to Nef, we calculated the root mean square deviation (RMSD), root
mean square fluctuation (RMSF), solvent accessible surface area
(SASA), and Hbond binding energies of the AMS-55 ligand after
MD simulation. Results presented in Supplementary Fig. S11 show
values consistent with stable binding of the ligand to Nef.
4. Discussion

In this study, we built a computational model of the interaction
between Nef and ABCA1. This model refines our previously pub-
lished model [21], which focused on ABCA1, and identified the sites
in Nef responsible for the interaction. We believe that, given the
central role that ABCA1 plays in cholesterol metabolism [50], tar-
geting the sites in Nef is a better approach for development of com-
pounds that block the exNef-mediated downregulation of cell
surface ABCA1. Interestingly, the Nef sites identified in this study
to mediate interaction with ABCA1 overlapped with the sites
involved in the interaction with calnexin [22,23]. Nef is a relatively
small protein (210 amino acids), but plays a major role in HIV
pathogenesis by interacting with several cellular proteins (re-
viewed in [51]). Therefore, overlapping of some interaction sites
may be expected.

We have performed docking and virtual screening, and used
molecular dynamics to evaluate potential inhibitors of the Nef:
ABCA1 interaction. In addition to the new compounds obtained
from the virtual screening of the ZINC library, we docked to the
Nef interaction sites a number of AMS compounds derived from
the compound ZINC03953858 (NSC13987), which was identified
in the previous screen and shown to block Nef-calnexin interaction
[2223]. The NSC13987 compound also appeared in the two ZINC
screening results in this study, for Nef sites I and III. It was not
the only compound appearing in screening results for more than
one site, but it was the best of all 40 compounds from the ZINC
screening dataset according to its total overlap parameter. In addi-
tion, we docked to Nef sites 3 previously characterized Nef inhibi-
tors, FC-8052 [48], FC-7976 [48], and DFP-4AP [49]. The MD
approach provided an opportunity to fine-tune the ranking of the
compounds according to their potential inhibitory activity. Unex-
pectedly, AMS-55 and some of its derivatives turned out to be
among the top ranked compounds among the potential inhibitors
of Nef:ABCA1 interaction. This appears to be a result of similarity
in the interaction areas of Nef with ABCA1 and calnexin predicted
by docking. This result suggests that these compounds may poten-
tially inhibit both arms of the Nef effects on ABCA1: the effect on
ABCA1 maturation in the endoplasmic reticulum via prevention
of Nef-mediated disruption of the ABCA1:calnexin interaction,
and the effect on the plasma membrane ABCA1 via prevention of
the Nef interaction with ABCA1.

NSC13987 had a total overlap parameter of 2.67 (Table S5) and
showed good rating for 3 out of 4 ABCA1 binding sites in Nef. It also
came up in the ZINC screening results for 3 sites out of 4 (Table S3).
There, because of a different screening (docking) method, it had a
lower total overlap parameter. NSC13987 is a highly lipophilic
compound due to the presence of benzanthrone and anthraqui-



Table 1
Top 10 putative ligands for Nef interaction sites in the Nef:ABCA1 complexes. Ligands were selected after 30 ns MD simulations by the highest value of the overlap parameter
from the full dataset of the predicted ligands.

Ligand name Image Overlap parameter of
each interaction site after
MD simulations of Nef – ligand
complexes. I-IV – Nef sites.

Total overlap
parameter of
interaction sites
with the ligand

AMS-55

I 2.0

3.87

II 0.77
III 1.0
IV 0.1

FC-8052

I 1.25

3.84

II 0.77
III 1.22
IV 0.60

AMS-188

I 1.58

3.76

II 0.85
III 1.33
IV 0.0

AMS-123

I 1.67

3.6

II 1.15
III 0.78
IV 0.0

AMS-191

I 1.08

3.24

II 1.38
III 0.78
IV 0.0

AMS-201 I 1.0 3.07
II 0.54
III 1.33
IV 0.2

(continued on next page)
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Table 1 (continued)

Ligand name Image Overlap parameter of
each interaction site after
MD simulations of Nef – ligand
complexes. I-IV – Nef sites.

Total overlap
parameter of
interaction sites
with the ligand

ZINC03953858 (NSC13987)

I 0.75 1.70
II 0.62
III 0.33
IV 0.0

ZINC05218086

I 0.25

1.38
II 0.31
III 0.22
IV 0.60

ZINC04522761

I 0.5

1.29

II 0.23
III 0.56
IV 0.0

ZINC03875800

I 0.58

1.26

II 0.46
III 0.22
IV 0.0

A.A. Adzhubei, A. Kulkarni, A.P. Tolstova et al. Computational and Structural Biotechnology Journal 19 (2021) 3876–3884
none moieties, therefore, a number of derivatives were included in
our virtual screening. We envisioned that simplifying the
NSC13987 structure by replacing the polycyclic, hydrophobic com-
ponents with relatively hydrophilic moieties would improve the
bioavailability and drug likeliness of the resultant compounds.
Chemically, NSC13987 is composed of three components: sec-
ondary amine, benzanthrone, and anthraquinone rings. The AMS-
55 derivative has naphthylamide moiety replacing benzanthrone.
This modification improved the solubility and activity of the com-
pound [22]. We hypothesized that the placement of polar moieties
on the phenyl ring in AMS-55 would improve the binding affinity
to the identified ABCA1 interaction sites in Nef. Thus, we included
in the test analogues with phenolic (AMS-191, AMS-192) and car-
boxylic acid (AMS-123) moieties on the phenyl ring. The benzene
3882
analogue (AMS-194) was designed to test the importance of naph-
thyl ring in AMS-55.

The redox-sensitive, toxic anthraquinone group was removed in
some compounds subjected for docking. We proposed quinone,
quinoxaline, and phenazine analogues that offered similar hydro-
gen bond donor–acceptor properties as anthraquinone. We
replaced the anthraquinone in AMS-55 with phthalic acid, mor-
pholine, piperazine and piperazinone in analogues AMS-201 to
AMS-204. Analogues AMS-205 and AMS-206 with acyclic sec-
ondary amine and carboxylic acid moieties were developed to
examine the impact of conformational freedom on biological activ-
ity. We also proposed the replacement of carboxamide with sulfon-
amide in analogues AMS-207 to AMS-209. Analogues AMS-201 to
AMS-209 feature at least one site for ionization at physiological



A.A. Adzhubei, A. Kulkarni, A.P. Tolstova et al. Computational and Structural Biotechnology Journal 19 (2021) 3876–3884
pH. Consequently, these compounds were predicted to display
improved aqueous solubility as compared to AMS-55 (Table S4).

The most effective ligands in our MD simulations were AMS-55
and its derivatives, AMS-11, AMS-123, AMS-188, AMS-191, and
AMS-201 (Tables 1 and S5). These compounds form stable interac-
tions with the interaction sites I-IV, however, the overall interac-
tion with site IV was weaker and less specific than it was with
sites I-III. This result was expected as these compounds were con-
structed to block Nef:calnexin interaction sites, overlapping with
the Nef:calnexin interaction sites I–III. In contrast with these
ligands, the newly identified ZINC compounds were potentially
more effective in blocking individual Nef sites. When these com-
pounds appeared in more than one complex with Nef, the interac-
tion was weaker and the blocked area smaller than that of the
majority of the AMS-55-derived ligands.

The finding that one of the 3 previously characterized Nef inhi-
bitors, the hydroxypyrazole compound FC-8052, exhibited impres-
sive activity in binding to the predicted Nef sites involved in the
interaction with ABCA1 was unexpected, as this compound was
initially used as a negative control. The binding sites of this com-
pound on HIV Nef have not been identified, but it was found to
inhibit Nef dimerization [48]. The site responsible for Nef dimer-
ization (Arg105-Asp123 [52]) overlaps with part of Site II
(Thr121-Tyr124) of the Nef:ABCA1 interaction interface (Figs. 2
and S10). However, our computational model predicts a strong
interaction between FC-8052 and Nef at two other sites: site III
(aa 83–91) and site IV (aa 201–210 at the C-end). Unique H-bond
donor/acceptor characteristics in FC-8052 may account for its
potent binding to Nef. Given that hydroxypyrazole compounds
were shown to have potent anti-HIV activity [48], it will be impor-
tant to verify the ability of FC-8052 to suppress ABCA1 downmod-
ulation by exNef. If this activity is confirmed, this compound would
be a good candidate for further development, as it may inhibit both
active HIV infection and co-morbidities associated with active and
suppressed infection. Given the overlap between the polyproline
Nef site (73-PVRPQVPLRP-82), which is responsible for Nef interac-
tions with MHC-I, AP-1 and SH3 domain of Src-family kinase (SFK)
[53,54], with ABCA1 binding Site III, it is possible that other Nef
inhibitors targeting these sites, such as Nef:SFK interaction inhibi-
tors [55,56], may be effective in blocking the Nef:ABCA1
interaction.

The mechanism by which exNef induces ABCA1 internalization
remains unknown. We have previously noticed that endogenously
expressed Nef reduces ABCA1 exposure on the cell surface [19] and
that exNef selectively reduces ABCA1 in the lipid rafts [15]. These
activities may be mediated by the known ability of Nef to connect
certain plasma membrane proteins to the cell’s endocytosis
machinery, directing them to the lysosomes for degradation [57].
Indeed, increased lysosomal degradation of ABCA1 was observed
in Nef-expressing cells, and lysosome degradation inhibitor chloro-
quine reversed Nef-mediated depletion of ABCA1 [19].

In summary, a model of Nef:ABCA1 interaction described in this
report allowed identification of potential inhibitory compounds
that are predicted to inhibit the inactivating effect that Nef has
on the activity of this critical regulator of cholesterol metabolism.
The next step is to perform the in vitro testing of the high ranking
candidates. Since some of them (e.g. AMS-55) have been shown to
reverse the effects on ABCA1 of endogenously expressed Nef [22], it
appears likely that they will be effective against exNef. Further
optimization based on the created model will accelerate the devel-
opment efforts. Given the established role of the pathogenic effect
of Nef on ABCA1 function and cholesterol metabolism in pathogen-
esis of HIV-associated co-morbidities [7], development of these
inhibitors is expected to advance therapeutic options in treatments
of these diseases.
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