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Abstract

Objective—HIV-infected patients are at an increased risk of developing atherosclerosis, in part 

due to downmodulation and functional impairment of ATP-Binding Cassette A1 (ABCA1) 

cholesterol transporter by the HIV-1 protein Nef. The mechanism of this effect involves Nef 

interacting with an endoplasmic reticulum (ER) chaperone calnexin and disrupting calnexin 

binding to ABCA1, leading to ABCA1 retention in ER, its degradation and resulting suppression 

of cholesterol efflux. However, molecular details of Nef-calnexin interaction remained unknown, 

limiting translational impact of this finding.

Approach and results—Here, we used molecular modeling and mutagenesis to characterize 

Nef-calnexin interaction and to identify small molecule compounds that could block it. We 

demonstrated that interaction between Nef and calnexin is direct and can be reconstituted using 

recombinant proteins in vitro with a binding affinity of 89.1 nM measured by surface plasmon 

resonance. The cytoplasmic tail of calnexin is essential and sufficient for interaction with Nef, and 

binds Nef with affinity of 9.4 nM. Replacing lysine residues in positions 4 and 7 of Nef with 

alanines abrogates Nef-calnexin interaction, prevents ABCA1 downregulation by Nef, and 

preserves cholesterol efflux from HIV-infected cells. Through virtual screening of the NCI library 

of compounds, we identified a compound, 1[(7-Oxo-7H-benz[de]anthracene-3-
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yl)amino]anthraquinone, which blocked Nef-calnexin interaction, partially restored ABCA1 

activity in HIV-infected cells, and reduced foam cell formation in a culture of HIV-infected 

macrophages.

Conclusion—This study identifies potential targets that can be exploited to block the pathogenic 

effect of HIV infection on cholesterol metabolism and prevent atherosclerosis in HIV-infected 

subjects.
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INTRODUCTION

HIV-1 infection, via activity of viral protein Nef, impairs cholesterol efflux mediated by the 

cholesterol transporter ATP-Binding Cassette A1 (ABCA1) 1. ABCA1 is the main cellular 

cholesterol transporter regulating delivery of cellular cholesterol to extracellular acceptor, 

apolipoprotein A-I. Studies in animal models demonstrated that this activity of Nef may be 

responsible for hypoalphalipoproteinemia and high risk of atherosclerosis observed in HIV-

infected subjects 2–4. Our recent study identified calnexin, an integral endoplasmic reticulum 

(ER) membrane lectin-like chaperone, as a key player in the mechanism of Nef-mediated 

inhibition of ABCA1 and cholesterol efflux 5. Calnexin (CNX) and its homologue 

calreticulin (CRT) regulate folding and maturation of newly synthesized glycoproteins by 

engaging them in a CNX/CRT cycle 6.

ABCA1 is a highly glycosylated protein 7. Although no evidence for the role of CNX in 

ABCA1 biogenesis is available, two well-studied ABC transporters, ABCC7 (also known as 

cystic fibrosis transmembrane conductance regulator, CFTR) and ABCB1 (also known as 

multidrug resistance protein 1 or P-glycoprotein 1), interact with CNX, and folding mutants 

of these transporters are retained within the ER by CNX and eventually degraded 8, 9. 

Importantly, ABCC7 and ABCB1 mutants that escape CNX binding do not achieve mature 

glycosylation and these mutations result in reduced transporter function 8, 9. Our recently 

published study demonstrated that ABCA1 interacts with CNX, and reduction of CNX 

expression by RNAi resulted in a significant decrease in functional activity of ABCA1, 

evidenced by reduced cholesterol efflux to ABCA1-specific acceptor apoA-I 5. We also 

showed that Nef impairs interaction between ABCA1 and CNX, and this effect of Nef is 

essential for inactivation and downregulation of ABCA1 5. Importantly, inhibition of 

ABCA1-CNX interaction by Nef is specific, as interaction between ABCA1 and two other 

proteins, dystrophin and serine palmitoyltransferase, shown previously to bind ABCA1 10, 

was not affected. Also not affected was the interaction between calnexin and HIV-1 envelope 

glycoprotein, gp160; in fact this interaction was even enhanced by Nef 5. These findings 

suggested that Nef modulates activity of CNX, but the mechanism of this effect and 
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molecular details of Nef/CNX interaction remained unknown. Moreover, it was unclear 

whether the interaction between Nef and CNX is direct, making screen for inhibitory 

compounds difficult.

Calnexin is a 592-amino acid Type I transmembrane protein composed of three parts: a 

lumenal fragment consisting of a globular β-sandwich domain responsible for the interaction 

with carbohydrates and a proline-rich tandem sequence repeat domain (the P domain) 

involved in protein-protein interactions, a transmembrane domain, and a cytoplasmic domain 

of 90 residues 11, 12. The cytoplasmic tail of CNX can undergo phosphorylation and 

palmitoylation which regulate CNX association with a number of proteins and protein 

complexes that influence functional activity of this chaperone 13–18. For example, 

palmitoylation of the C-tail of CNX mediates its association with the ribosome-translocon 

complex, which is essential for the ability of CNX to capture its client proteins as they 

emerge from the translocon 18. Ribosome association of CNX is also regulated by 

phosphorylation on Ser534 and Ser544 by casein kinase 2 and on Ser563 by protein kinase 

C/proline-directed kinase 11. In addition, phosphorylation at Ser563 has been shown to play 

essential role in quality control function of CNX 15. Therefore, the C-tail of CNX may play 

a functional role regulating activity of the chaperone both directly, by affecting ER lumenal 

events involving CNX, and indirectly, via modification of CNX localization in the ER.

Here, we demonstrate that the C-tail of CNX is targeted by the HIV-1 protein Nef, which 

uses this interaction to disrupt CNX-assisted maturation of ABCA1 and impair cholesterol 

efflux. We characterize important structural features of the Nef/CNX interaction and identify 

a small molecule compound that blocks this interaction and reverses negative effects of HIV 

infection on cellular cholesterol metabolism.

MATERIALS AND METHODS

Materials and Methods are available in the online-only Data Supplement.

RESULTS

Cytoplasmic domain of calnexin is necessary for interaction with Nef

In our previous study we have shown that HIV-1 Nef interacts with the ER chaperone 

CNX 5. To test which region of CNX is necessary for binding to Nef, we used CNX 

constructs that had deletion of the lumenal repeat segment (aa 276-409) or truncation of the 

C-terminal cytoplasmic domain (aa 504-586) (Fig. 1A). We co-transfected HEK293T cells 

with Nefcons-expressing vector and HA-tagged variants of wild-type (WT) calnexin or the 

deletion mutants and performed co-immunoprecipitation. Figure 1B shows that WT CNX 

interacted strongly with Nef, whereas CNX construct with internal repeat motif deletion 

(CNXΔ276-409) exhibited partially reduced binding (40% reduction). However, binding of 

Nef to CNX construct carrying the truncation of the C-terminal cytoplasmic tail 

(CNXΔ504-586) was reduced dramatically (70% reduction). This finding highlights the 

importance of the cytoplasmic region of CNX in interaction with Nef. The role of CNX 

cytoplasmic tail in the interaction with Nef is consistent with Nef’s predominant localization 

to the cytoplasm 19, and with the charges of the interacting domains: the cytoplasmic domain 
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of CNX is composed mainly of negatively charged amino acids, which may promote 

interaction with the N-terminal region of Nef (see below) enriched in positively charged 

residues. The modest effect that deletions in the lumenal repeat motif of CNX had on Nef 

binding (40% reduction of binding), and residual binding (30%) of Nef to CNX construct 

with deleted cytoplasmic domain may be due to artefacts caused by overexpression. In 

addition, mutations in the lumenal domain may affect binding properties of the cytoplasmic 

domain via reverse signal transduction mechanism (see Discussion). These results provided 

an initial lead, which was followed in subsequent experiments.

Computational model of Nef-CNX interaction

Experimentally solved molecular structure of CNX is available only for the lumenal 

domain 12, and to obtain three-dimensional structure of CNX cytoplasmic domain we 

performed its modeling with several modeling servers implementing different methods, 

which produced a number of models ranging from the fully folded structures to structures 

that included natively disordered regions. The models have been assessed for accuracy and 

final round of modeling performed with the server QA-RecombineIt. The final model had a 

loosely folded structure (Fig. 2A, panel a). Computational prediction of Nef-CNX 

complexes showed Nef N-terminal alpha-helix forming the interaction interface with CNX 

cytoplasmic domain (Fig. 2A, panels b and c).

In comparison with the CNX cytoplasmic domain model, the model of Nef was based on a 

number of experimental structures 20–24 and thus had better accuracy. Nef-CNX interaction 

has been modeled by global docking using four different docking servers, Cluspro, HEX, 

SwarmDock, and Zdock. Combined set of the best Nef-CNX docking models produced with 

these servers contained 80 models. The advantage of this approach is that the resulting 

models represented Nef-CNX interaction modeled by four different, unrelated methods and 

therefore it was more reliable than using a single server. From these, 49 models have been 

filtered out as possibly interfering with interaction of Nef with ER membrane. 

Intermolecular interactions in the remaining subset of 31 models have been identified. There 

are several distinct clusters of interactions, with sharp maxima for Lys7 and Arg in positions 

8, 19, 22, 75 and 109 (Fig. 2B). Notably, similar analysis of interactions carried out on the 

full initial dataset of 80 docking models showed similar clustering and maxima (not shown). 

We can therefore hypothesize that the identified residues represent the overall favorable Nef-

CNX interaction sites. All these residues, except Lys7 and Arg8, have been also identified as 

participating in interactions in the experimental structures of complexes which included Nef 

(Table 1). A representative model of Nef-CNX binding is shown in Figure 2A, panels b and 

c. Analysis of the conserved residues in Nef performed with ConSurf 25 revealed several 

such conserved positions in the N-terminal region, including Lys4, Ser6, Lys7 and Arg19. 

Multiple sequence alignment of the human HIV Nef sequences from Uniprot showed that 

Lys7 is highly conserved across the spectrum of HIV-1 and HIV-2 sequences. Conserved 

residues indicate structurally and functionally important positions, including interaction 

sites. Therefore, Lys7 represents a new interaction site predicted by us, which was not 

previously identified in Nef interactions with other proteins (Table 1).
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Lysine residues of Nef in positions 4 and 7 are critical for Nef-CNX interaction

From the perspective of drug design, targeting viral proteins has lower potential for side 

effects than targeting cellular partners. We thus focused our efforts on Nef. According to 

docking modeling and sequence conservation results, Lys7 possibly represents a new 

binding site in Nef and accordingly it has been selected for mutagenesis experiments. Lys4 

has been also selected since it is a Lys7 near neighbor and, as demonstrated in the Nef 

model, it plays a key structural role for the N-terminus (Fig. 2A, panel d). Therefore, 

mutation of both Lys4 and Lys7 was predicted to invoke structural rearrangement in the Nef 

N-terminal region thus disrupting the interaction between Nef and calnexin. Alanine 

substitution of basic residues at the N-terminus of Nef has previously been shown to 

preserve membrane association and CD4 down-regulation by Nef 26, and intracellular 

localization of the mutant Nef was indistinguishable from that of Nef WT 27.

To verify the role of these residues in Nef interaction with CNX, we used the mutant HIV-1 

NL4-3 clone carrying Nef with Lys4 and Lys7 changed to valine and alanine, respectively 

(NefK) 27. Calnexin was immunoprecipitated from HEK293T cells transfected with WT or 

mutant HIV-1 clones and the precipitate was immunoblotted for Nef. As shown in Figure 

3A, interaction with CNX was evident for Nef WT, but not for NefK. Interaction with the 

double mutant was reduced by 95%, indicating that the lysine residues in positions 4 and 7 

are essential for Nef interaction with CNX.

In order to look at the individual contribution of the two lysine residues to the interaction 

with CNX, we mutagenized the Nefcons plasmid to create single and double lysine mutant 

constructs. To minimize variables introduced by co-transfection, we used HeLa cells that 

stably express ABCA1-GFP, transfected them with WT or mutant Nef constructs and 

analyzed the amount of Nef that co-immunoprecipitates with CNX. Based on densitometric 

analysis, interaction of CNX with NefK4A was reduced by 80%, whereas interaction with 

NefK7A was reduced by 70% when compared to interaction with WT Nef (Fig. 3B). 

Interaction of CNX with double mutant NefK4,7A was undetectable. The reduced 

interaction observed with the Nef single mutants was sufficient to down-regulate ABCA1, as 

shown in Figure 3C. NefK4A and NefK7A mutants reduced ABCA1 abundance as much as 

the wild-type Nef, whereas near control level of ABCA1 was observed when both lysine 

residues were mutated (Fig. 3C). This result highlights the importance of both residues in 

ABCA1 down-regulation, and suggests that under Nef overexpression conditions even 

reduced interaction with CNX observed for NefK4A and NefK7A mutants is sufficient for 

ABCA1 downregulation. It also supports conclusions of the previous study that 

demonstrated that Nef-CNX interaction is essential for Nef-mediated retention of ABCA1 in 

ER and subsequent degradation 5.

To rule out the possibility that mutation of these residues grossly affected the behavior of the 

N-terminal domain of Nef, we tested the interaction of the mutant Nef with ABCA1. 

Previous studies demonstrated that interaction between Nef and ABCA1 also involves the N-

terminal domain 1, although the specific residues involved have not been identified. Co-

precipitation analysis revealed about a 30% reduction in NefK4,7A interaction with ABCA1 

as compared to ABCA1 interaction with wild-type Nef (Fig. 3D). The reduction, however, 
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remains in stark contrast to the >95% loss of interaction observed in the Nef-CNX 

interaction studies (Fig. 3A).

To visualize the effect of mutations on Nef-calnexin interaction, HEK 293T cells were 

transfected with vectors expressing wild-type or mutant (NefK4,7A) Nef, stained with a 

combination of anti-Nef rabbit polyclonal and anti-CNX mouse monoclonal antibody 

followed by a combination of Alexa Fluor®647 anti-rabbit IgG (green) and DyLight 550 

anti-mouse IgG (red), counterstained with DAPI (blue), and analyzed by confocal 

fluorescent microscopy. Images were processed using Volocity software to identify co-

localizing pixels (magenta staining). Consistent with our previous report 5, wild-type Nef co-

localized with CNX (Fig. 3E, left panels). However, the co-localization between CNX and 

NefK4,7A was dramatically reduced (Fig. 3E, right panels), confirming the key role of these 

residues in Nef-CNX binding.

Functional analysis of Nef mutants

In our previous study, we reported that Nef plays a central role in the down-modulation of 

ABCA1 expression and function 1. This phenotype was associated with Nef’s ability to 

interact with CNX and disrupt CNX interaction with ABCA1 5. Identification of Nef 

residues required for interaction with CNX provided an opportunity to verify the critical role 

of this interaction for the effects of Nef on cellular cholesterol metabolism. To assess the 

functional consequence of losing the Nef/CNX interaction for ABCA1 functionality, we co-

transfected HEK293T cells with ABCA1 and HIV-1 NL4-3 infectious clones that express 

either Nef WT or Nef K4VK7A (NefK) 27. Lysates were immunoblotted for ABCA1 (Fig. 

4A). Consistent with results obtained with Nef-expressing vector (Fig. 3C), total ABCA1 

abundance was significantly reduced in the presence of Nef WT, however, expression of 

ABCA1 in the presence of NefK was comparable to that of the control sample, which was 

transfected with an empty vector. This result is consistent with conclusions of the previous 

study that identified Nef as the key viral factor responsible for ABCA1 downregulation 1.

We further analyzed the effect of mutations disrupting Nef/CNX interaction on the ability of 

Nef to downregulate apoA-1 specific cholesterol efflux. THP-1 cells were differentiated into 

macrophages using PMA and were infected with HIV-1 expressing either wild-type Nef or 

NefK. Given that the virus used in this experiment was the X4-tropic strain NL4-3, we 

pseudotyped it with VSV-G to ensure one-cycle replication. Both Nef WT and NefK viruses 

successfully infected the cells, establishing similar levels of Nef expression (Fig. 4Ba). 

Seven days after infection, cholesterol efflux assay was performed. In agreement with 

previous reports 1, 5, 28, cells infected with the wild-type virus had significantly reduced 

cholesterol efflux relative to mock-infected cells (Fig. 4Bb). However, infection with the 

virus carrying NefK did not lead to efflux decrease.

Interaction between Nef and CNX is direct

To test whether Nef and CNX interact directly with each other, we expressed CNX and the 

cytoplasmic tail of CNX (CNX-CT) in E coli and purified recombinant proteins by column 

chromatography. For purification of full-length calnexin, we have developed and 

implemented a novel purification system based on the ultra-high affinity (Kd ~ 10−14–
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10−17M) small protein complex of genetically inactivated colicin 7 DNAse (CL7) and its 

inhibitor, immunity protein 7 (Im7) 29–32. We have attached a CL7 variant, which possesses 

no DNAse activity but retains full Im7 affinity, as a C-terminal tag on His-tagged CNX 

construct (Fig. 5A, left side). A cleavage site for the pre-scission protease (PSC) inserted 

between CNX and CL7 allowed for elution of CNX from the Im7 column through cleavage 

by PSC. A single purification step provided an excellent yield of ~90% pure protein (Fig. 

5A), in which major contamination represented CNX molecules (confirmed by mass-spec), 

most likely, truncated from the N-terminus. The CNX-CT construct was designed with a 

single N-terminal His-tag and was purified using the standard procedure (Fig. 5A, right 

side).

Binding of myristoylated NefSF2 33 to CNX and its cytoplasmic domain was analyzed using 

surface plasmon resonance (Fig. 5B). CNX and CNX-CT were immobilized on microchip 

surfaces and myristoylated Nef was injected over the surface. NefSF2 directly bound to 

calnexin with an affinity (KD) of 89.1 nM (ka = 1.338E5 M−1s−1, kd = 0.01192 s−1, Chi2 = 

2.77 RU) (Fig. 5B, left panel). Binding to CNX-CT was observed to have higher affinity of 

KD=9.4 nM (ka = 9.083E5 M−1s−1, kd = 0.008569 s−1, Chi2 = 0.474 RU) (Fig. 5B, right 

panel). Taken together, these experiments demonstrate that Nef/CNX interaction is direct 

and involves the cytoplasmic domain of calnexin.

Virtual screening for compounds interfering with Nef-CNX interaction

Docking-based virtual screening has been performed on compounds from the Zinc NCI 

Plated 2007 dataset with docking program Vina 34. Nef model described in Figure 2 has 

been used, with the interaction site for ligand docking selected to cover amino acid residues 

Lys4 and Lys7. The dataset consisted of 139,735 compounds. Ten putative ligands were 

identified and prioritized according to the Vina ranking, and structural alignment of these 

compounds to the Nef-CNX complex is shown in Figure 6A (panel a). The model shows that 

these compounds can block Nef/CNX interaction at the CNX residues Glu529, Glu532 and 

Glu533. Docking of NSC 13987, which turned out in the later studies to be the most 

effective inhibitor of the Nef-CNX interaction, is shown in panel b (Fig. 6A). Interactions of 

the compound with Nef include two hydrogen bonds with Nef amino acid residues Ser6 and 

Tyr124. Three of the 10 compounds, NSC 1758, NSC 13987, and NSC 92938 have been 

submitted for experimental testing. The chemical names and molecular structures of these 

compounds are shown in Figure 6B.

Testing the compounds’ activity

To test whether the compounds identified in our virtual screen can interfere with Nef-CNX 

interaction, we first performed co-immunoprecipitation assay. HEK293T cells were 

transfected with plasmid encoding for Nefcons and 6 h post-transfection were treated with 

NSC 1758 (4 μM), NSC 13987 (5 μM), or NSC 92938 (5 μM). These concentrations of the 

compounds were determined by the MTT assay to reduce cell metabolism by less than 10% 

during 5-day incubation (Fig. 6C). Among the 3 compounds tested, one compound, NSC 

13987, inhibited co-immunoprecipitation of Nef and CNX by over 50%, whereas the effect 

of NSC 1758 and NSC 92938 showed a partial inhibition of Nef/CNX binding, which did 

not reach statistical significance (Fig. 6D). We have previously shown that membrane 
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localization of Nef is important for interaction of Nef with CNX 5. In order to rule out the 

possibility that the compound interferes with membrane localization of Nef, we tested 

whether NSC 13987 affects interaction between Nef and ABCA1, as ABCA1-Nef 

interaction also requires membrane localization of Nef 1. As shown in Fig. 6E, ABCA1-Nef 

interaction remained unaffected in the presence of compound indicating that the inhibition 

was specific for the molecular interaction of Nef and CNX.

We next tested whether the three compounds could prevent impairment of cholesterol efflux 

by Nef. THP-1 cells were transfected with a Nef encoding plasmid and drug treatment was 

started 6 h after transfection. The following day, cells were activated with PMA after which 

cholesterol efflux assay was performed. Drug treatment was continued throughout the 

duration of the experiment. Figure 7Aa shows cholesterol efflux measured in untreated cells 

or cells treated with DMSO or each of the 3 compounds. Cholesterol efflux in Nef-

transfected untreated or DMSO-treated cells was reduced by over 2-fold relative to mock-

transfected cells. NSC 13987, which showed inhibition of Nef-CNX interaction (Fig. 6D), 

significantly increased cholesterol efflux as compared to DMSO-treated Nef expressing 

cells, although the rescue was partial and did not completely reverse the inhibition. Two 

other compounds did not significantly rescue Nef-suppressed cholesterol efflux. Treating 

untransfected THP-1 cells with the compounds did not lead to any changes in cholesterol 

efflux (Fig. 7Ab). This result implies that the impact in efflux capacity observed in the 

presence of NSC 13987 was specific to the compound’s activity in Nef-expressing cells. It 

also demonstrates that the compounds were not toxic to cells.

To test the effect of NSC 13987 in the context of natural infection, we infected monocyte-

derived macrophages (MDM) with HIV-1 ADA, treated them with NSC 13987 and 

measured cholesterol efflux. Viral replication in the presence of the compound was reduced 

(Fig. 7Ba), and fold change analysis showed on average a 2-fold reduction in reverse 

transcriptase (RT) activity measured in three independent experiments with cells from 

different donors (Fig. 7Bb), consistent with demonstrated rescue by the compound of Nef-

inhibited cholesterol efflux (Fig. 7A) and previous studies demonstrating anti-HIV activity 

of ABCA1 and ABCA1-stimulated cholesterol efflux 28, 35, 36. Consistent with previous 

studies 1, 5, 36, cholesterol efflux from HIV-infected cells was decreased by 60%, whereas 

HIV-infected cells treated with NSC 13987 showed cholesterol efflux not significantly 

different from that of mock-infected cells (Fig. 7Ca). Fold change in cholesterol efflux from 

two independent experiments with cells from different donors showed consistent efflux 

rescue by the compound (Fig. 7Cb). A more potent reversal by NSC 13987 of cholesterol 

efflux inhibited by HIV-1 infection (Fig. 7C) than by Nef transfection (Fig. 7Aa) is likely 

due to higher levels of Nef expression in transfected cells, and a combined effect of reduced 

virus replication and inhibition of the Nef-CNX interaction in HIV-infected cells.

Lack of a small animal model of HIV-associated atherosclerosis prevented us from testing 

the anti-atherogenic potential of NSC 13987 in vivo. We therefore used the best available in 
vitro approximation of HIV-associated pro-atherogenic changes, conversion of HIV-infected 

macrophages into the foam cells 1. In this experiment, we employed the vesicular stomatitis 

virus (VSV) G protein-pseudotyped HIV-1 NL4-3 and its Nef-deficient mutant 

(HIV-1ΔNef), which can go through only one cycle of replication in MDM cultures. This 
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approach allowed us to eliminate the drug’s effect on viral replication, leaving changes in 

cholesterol metabolism as the only cause of potential effects on lipid droplets accumulation. 

Indeed, virus replication, as measured by RT activity in culture supernatants, was 400–500 

cpm/μl for both wild-type and ΔNef viruses treated or untreated with NSC 13987. As 

revealed by bright field microscopy, MDM cultures infected with wild-type HIV-1 (Fig. 

7Da, top left panel) were enriched in Oil Red O (ORO) stained lipid droplets compared to 

mock-infected cells (middle left panel), and treatment with NSC 13987 (top right panel) 

reduced the number of stained cells and decreased intensity of staining to the level observed 

in mock-infected cells. Importantly, infection with the Nef-deficient HIV-1 did not increase 

the number of lipid droplets (Fig. 7Da, bottom left panel), indicating that the observed effect 

was mediated by Nef expression. Of note, treatment with NSC 13987 of mock-infected 

MDM or MDM infected with the ΔNef virus did not decrease lipid droplets, indicating the 

compound’s effect was dependent on Nef. Quantitative analysis of the images performed on 

55 cells from each condition is presented in Fig. 7Db. Histograms in the left panel 

demonstrate a shift of RGB pixel distribution to low-intensity area (indicative of reduction 

of ORO-stained lipid droplets) in MDMs infected with wild-type HIV-1 and treated with 

NSC 13987 relative to HIV-infected untreated culture, whereas treatment of mock-infected 

cultures or cultures infected with the ΔNef virus did not significantly affect pixel 

distribution. Importantly, histograms obtained with HIV-infected cells treated with NSC 

13987 were similar to those with mock-infected cells, indicating that the drug fully reversed 

HIV-induced accumulation of lipid droplets. The pie-chart graphs on the right show the 

distribution of cells according to ORO-stained area. 65% of HIV-infected cells had over 20% 

of cell area stained with ORO, whereas such cells constituted only 42% and 44% in mock- 

and HIV-1ΔNef-infected MDMs, respectively. NSC 13987 reduced the percentage of such 

cells in HIV-infected MDM to 22%, which was even smaller than in drug-treated uninfected 

cells.

To better visualize lipid droplets, we used fluorescent microscopy. We also employed 

macrophage-tropic HIV-1 isolate ADA to better mimic natural conditions. The diameter of 

ORO-stained lipid droplets in HIV-infected cells varied from 0.1 to 3 μm (Fig. 7Dc, middle 

panel). The size of lipid droplets accumulated in HIV-infected MDMs treated with NSC 

13987 was visibly reduced and did not exceed 0.5 μm (right panel); in fact, it was similar to 

the size of the droplets in mock-infected cells (left panel).

Taken together, these results provide a proof of concept for the idea that HIV-induced 

impairment of cholesterol efflux can be reversed pharmacologically by blocking the 

Nef/CNX interaction.

DISCUSSION

Highly active anti-retroviral therapy (HAART) has transformed treatment of the HIV disease 

changing prognosis from acutely lethal to chronic illness, and lifespan of HIV-infected 

subjects approximates that of uninfected individuals. However, HAART does not cure HIV, 

and chronic HIV infection is associated with a number of co-morbidities, such as premature 

atherosclerosis and cardio-vascular disease 37. An essential component in pathogenesis of 

cardio-vascular disease in HIV-infected subjects is HIV-associated dyslipidemia, which is 
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caused both by drugs used to treat HIV infection and by the effects of HIV itself on 

cholesterol metabolism 38. In this report, we identify a small-molecule compound that 

blocks HIV-mediated impairment of cellular cholesterol metabolism. Excitingly, this 

compound also inhibited replication of HIV, suggesting that, if developed into a drug, it can 

target both HIV infection and virus-induced metabolic co-morbidities.

Our previous studies demonstrated that HIV critically depends on interaction with host 

cholesterol metabolism and modifies it for optimization of viral replication 1, 2, 28, 35, 36. 

Specifically, HIV, through viral protein Nef, reduces abundance and impairs functional 

activity of ABCA1, a key transporter in cholesterol efflux pathway 1. As a result, host cells 

accumulate excessive cholesterol promoting formation of plasma membrane lipid rafts, 

which are sites of HIV entry, assembly and budding 39. Recently, we demonstrated that an 

important mechanism of down-regulation and/or functional impairment of ABCA1 by HIV 

is Nef-mediated inhibition of the interaction between ABCA1 and the ER chaperone, 

CNX 5. The current study provides the first characterization of the exact molecular 

structures involved in Nef-CNX interaction.

First, we established that interaction between Nef and CNX involves the cytoplasmic 

domain of CNX. While this finding is consistent with demonstrated localization of Nef to 

the cytoplasmic side of membranes 27 and lack of evidence for Nef localization to ER, it is 

surprising given that the C-tail of CNX is not involved in the interaction between CNX and 

ABCA1, which is disrupted by Nef 5. Indeed, CNX interactions with glycosylated proteins 

are mediated by its lumenal domains 12. Therefore, Nef interaction with the C-tail alters 

activity of the lumenal domains of CNX. How Nef is doing it is unknown and several 

possibilities can be considered. Binding of Nef may prevent post-translational modifications 

of the C-tail of CNX, such as phosphorylation on Ser563 that has been shown to regulate 

CNX interaction with α1-antitrypsin and a number of other glycoproteins 15. However, 

docking analysis did not reveal Ser563 as a likely site for interaction with Nef (Fig. 5B). The 

same argument can be applied to SUMOylation at Lys506, which has been shown to regulate 

CNX interaction with another ER protein, protein tyrosine phosphatase 1B 40: Lys506 is not 

among the preferred sites for Nef binding. It is likely that Nef binding to the cytoplasmic 

domain of CNX results in signal transduction from the cytoplasmic to the lumenal domain, 

e.g., via a conformational change in CNX. This explanation is consistent with the partial 

reduction of Nef binding to CNX carrying deletion in the lumenal domain (Fig. 1B), which 

may be due to reverse signaling from lumenal to cytoplasmic domain. Mechanistic details of 

such an effect await careful structural analysis. Regardless of the mechanism, this finding 

provides the first example of a pathogen utilizing the CNX C-tail to regulate functional 

activity of this chaperone.

Second, we identified the Nef residues critical for interaction with CNX: mutation of lysine 

residues in positions 4 and 7 of Nef abrogated Nef-CNX binding, prevented ABCA1 

downregulation, and restored cholesterol efflux in cells infected with HIV-1. Our finding that 

Nef-CNX interaction involves the flexible N-terminal region of Nef was surprising, as this 

region has not been implicated before in protein-protein interactions (Table 1). However, 

molecular modeling (Fig. 2) suggests that Lys4 of Nef forms a hydrogen bond with Asp90 

located in an alpha-helix, thus contributing to stabilization of the structure of the N-terminal 
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region, and therefore acts as a structural anchor for the Nef Lys7 interaction with CNX. Nef 

Lys7 is predicted to form a strong interaction with Glu533 in CNX through the hydrogen 

and ionic bonds. Thus, mutation of both lysine residues destabilizes the structure of Nef, and 

cancels the strong interaction with CNX provided by Lys7, which explains the dramatic 

effect of these mutations on Nef-CNX interaction. The N-terminal region of Nef has not 

been involved in protein-protein interactions, but its basic and hydrophobic residues were 

shown to be essential for membrane association of Nef 41. Interestingly, lysine residues at 

positions 4 and 7, which participate in interaction with CNX, were not essential for the 

membrane association of Nef 42. Therefore, our study identified a novel epitope on Nef 

involved in the interaction with the cytoplasmic tail of CNX.

Using this information, we performed virtual screening for compounds that can potentially 

disrupt Nef-CNX interaction, and identified a number of candidates. One of these 

compounds, 1[(7-Oxo-7H-benz[de]anthracene-3-yl)amino]anthraquinone (NSC 13987), 

prevented co-precipitation of CNX with Nef, reversed Nef-mediated effect on ABCA1 

abundance, and restored cholesterol efflux impaired by Nef, thus effectively reversing the 

effects of Nef on host cholesterol metabolism. In addition, the compound resulted in a near 

2-fold inhibition of viral replication (Fig. 7B). This latter effect may have two main 

explanations. First, the compound prevents ABCA1 downregulation by Nef, and ABCA1 

has been shown to inhibit HIV-1 replication by reducing lipid rafts abundance on the plasma 

membrane and affecting production and infectivity of nascent virions 3, 28, 35, 36. Second, 

previous reports presented evidence that anthraquinone derivatives inhibit the ribonuclease H 

function of HIV-1 reverse transcriptase 43, 44. Therefore, the action of compound NSC 13987 

in HIV-1-infected cells may be a combination of inhibiting Nef-CNX interaction and a 

separate antiviral activity. This, together with differences in Nef expression, could explain 

why the rescue of the cholesterol efflux by the compound was only partial in Nef-transfected 

cells (Fig. 7Aa), but almost complete in HIV-infected macrophages (Fig. 7C). Our findings 

provide basis for using NSC 13987 as a foundation for development of novel treatment 

approaches for HIV-associated atherosclerosis and other Nef-dependent metabolic co-

morbidities. Indeed, the effects of Nef secreted from HIV-infected cells may be responsible 

for many lipid-related complications of HIV disease, such as atherosclerosis, diabetes, 

lipodistrophy and neurodegeneration, so the compounds similar to the one identified in this 

study may reverse HIV-induced impairment of cholesterol metabolism in uninfected cells 

mitigating lipid-related complications of HIV infection.

Unfortunately, no small animal model is available to test in vivo whether NSC 13987 

reverses development of atherosclerosis associated with HIV infection. Indeed, mice do not 

develop atherosclerosis unless certain genes (apoE or ldlr) are knocked out, and 

humanization of such mutant mice to make them susceptible to HIV infection has not been 

attempted. Injection of Nef into mice reproduces only some features of the disease and it 

remains uncertain whether these effects of Nef involve CNX 4. Here, we demonstrated that 

NSC 13987 inhibits accumulation of lipid droplets in HIV-infected macrophage cultures 

(Fig. 7D), which is a characteristic feature of foam cells, and foam macrophages are a 

hallmark of the development of atherosclerosis 45. Our findings indicate that the effect of 

NSC 13987 is specific for Nef-expressing cells, as the compound did not affect lipid droplets 

in mock-infected macrophages or cells infected with Nef-deficient HIV-1 (Fig. 7D). This 
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result supports our conclusion that the protective effect of NSC 13987 is due to inhibition of 

the Nef-CNX interaction, rather than to an off-target effect on cholesterol metabolism.

Calnexin is an ER-integral membrane protein and is responsible for the folding of several 

glycoproteins. Depletion of CNX has been shown to result in the elevation of several other 

ER-folding factors minimizing aberrant protein folding and expression 46. This is mainly 

true for glycoproteins which are common substrates of other soluble ER chaperones like 

CRT. However, solubility and oligosaccharide variability impose a limit on this 

commonality, making CNX vital for expression and function of proteins like ABCA1 and 

several others 5, 47, 48. Nef’s ability to target several host factors, such as CD4, MHC I, 

CXCR4, may in part be due to the limitation Nef imposes on the access of these proteins to 

CNX. Therefore, the protective effect of compound NSC 13987 may well extend to restoring 

the expression and function of other proteins targeted by Nef.

In conclusion, in this study we identified the molecular mechanisms and structural epitopes 

involved in interaction between HIV-1 Nef and host CNX and characterized a compound 

capable of reversing the effects of Nef, thus presenting potential utility in treatment of HIV-1 

infection and its metabolic side effects.
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CNX calnexin

CRT calreticulin
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PSC pre-scission protease
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Im7 immunity protein 7

CL7 colicin 7

MDM monocyte-derived macrophages

RT reverse transcriptase
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HIGHLIGHTS

• HIV-1 Nef interacts directly with the cytoplasmic tail of the 

endoplasmic reticulum chaperone calnexin

• Mutation of lysine residues in positions 4 and 7 of Nef disrupts Nef-

calnexin interaction and prevents Nef-mediated inhibition of ABCA1 

and impairment of cholesterol efflux

• Anthraquinone derivative NSC 13987 blocks Nef-calnexin interaction, 

reverses impairment of cholesterol efflux and reduces accumulation of 

lipid droplets in HIV-infected macrophages
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FIGURE 1. Nef interacts with the cytoplasmic domain of calnexin
(A) HA-tagged full-length and mutant CNX constructs used for transfection. Green, blue, 

brown and black boxes represent globular domain, tandem repeat motif (P domain), TM 

domain and C-terminal cytoplasmic tail, respectively. Red boxes represent deleted 

fragments. CNXWT represents full length calnexin, CNXΔ504-586 has 81 out of the 89 

cytoplasmic tail residues deleted while maintaining the ER localization sequence RKPRRE; 

CNXΔ276-409 construct has 132 residues of the P domain deleted. (B) HEK293T cells were 

co-transfected with vectors expressing Nef and HA-tagged CNXWT, CNXΔ504-586 or 

CNXΔ276-409 and blotted for HA, Nef and GAPDH (lysate). Calnexin variants were 

immunoprecipitated 48 h post-transfection using anti-HA coupled agarose beads (upper 

panel) and resulting immunoprecipitates were immunoblotted for calnexin and Nef. 

Numbers under the lanes show relative amounts of co-precipitated Nef obtained by gel 

densitometry.
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FIGURE 2. Intermolecular interactions between Nef and calnexin
(A) Schematic representation of Nef-CNX binding. (a) Schematic representation of the CNX 

structure. Lumenal domain is represented by the model structure; the transmembrane region 

is shown as a helical domain according to the Uniprot (calnexin, P27824) domain 

classification. Calnexin cytoplasmic domain and Nef are represented by models built as 

described in Experimental Procedures, and Nef-CNX binding is shown according to the 

results of docking. (b) Docking model of the CNX cytoplasmic domain (green) – Nef 

(magenta) interaction. The binding interface is formed by the Nef N-terminal alpha-helix, 

with Lys 7 and Arg 8, 19, and 22 forming interactions with CNX. (c) Lys7 in Nef (magenta) 

displays strong interaction with Glu533 in CNX (green) formed by the hydrogen and ionic 

bonds. (d) Lys4 plays a key role in the N-terminal region of Nef structure model (magenta). 

It forms a strong intramolecular interaction with Nef Asp90 with hydrogen and ionic bonds, 

supporting structural rigidity of the Nef N-terminal alpha-helix relative to the rest of Nef 

structure. (B) Interactions in Nef-CNX docking models mapped on Nef and CNX sequences. 

Bars show the number of interactions, with the numbers for each maximum showing 

sequence number. In the Nef sequence, there are three distinct interaction clusters centered 

on residues 7, 22, 75 and 109, with sharp maxima for lysine 7, and arginines in positions 8, 

19, 22, 75 and 109. Two interaction clusters in the CNX sequence are formed by amino 

acids 528 – 533 and 545 – 557; they include glutamic acid residues in positions 529, 532, 

533.
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FIGURE 3. Mutation of Nef lysine residues 4 and 7 blocks interaction with calnexin
(A) HEK293T cells transfected with HIV-1 molecular clones encoding for Nef WT or Nef 

K4VK7A (NefK), or (B) HeLa ABCA1 cells transfected with pcDNA plasmids expressing 

Nef WT or mutants Nef K4A, Nef K7A or NefK4,7A were lysed 48 h post-transfection. 

Endogenous CNX was immunoprecipitated using monoclonal anti-CNX antibody and 

immunoprecipitates were blotted for Nef and CNX (top panels). Whole cell lysates were 

analyzed for expression of CNX, Nef and GAPDH (bottom panels). Numbers under the Nef 

panels show relative amounts of co-precipitated Nef obtained by gel densitometry. (C) 

HeLa-ABCA1-GFP cells were transfected with Nef WT or mutants Nef K4A, Nef K7A or 

Nef K4,7A. Cells were lysed 48 h post-transfection and lysates were analyzed for expression 

of ABCA1, Nef and GAPDH. Numbers under the ABCA1 panel show relative amounts of 

ABCA1 obtained by gel densitometry. (D) HEK293T cells were co-transfected with 

ABCA1-FLAG and Nef WT or NefK4,7A and were lysed 48 h post-transfection. ABCA1 
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was immunoprecipitated using anti-FLAG beads and precipitates were blotted for ABCA1 

and Nef (top panel). Whole cell lysates were analyzed for expression of ABCA1-FLAG, Nef 

and GAPDH (bottom panel). Numbers under the Nef panel show relative amounts of co-

precipitated Nef obtained by gel densitometry. (E) HEK293T cells were transfected with Nef 

WT (left panels) or NefK4,7A (right panels), stained with Alexa Fluor®647 conjugated 

antibody for Nef (green), DyLight 550 conjugated antibody for calnexin (red), and DAPI for 

nuclei (blue), and analyzed by confocal fluorescent microscopy. Large panels show overlay 

of all three channels, whereas small panels show red channel (calnexin, top panels), green 

channel (Nef, middle panels), and magenta staining for co-localization obtained using 

Volocity software (bottom panels). Scale bar equals 26.7 μm.
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FIGURE 4. HIV-1 clones expressing mutant Nef K4VK7A do not down-regulate ABCA1 or 
cholesterol efflux
(A) HEK 293T cells were co-transfected with ABCA1 and HIV-1 molecular clones 

encoding Nef WT or Nef K4VK7A (NefK). HIV-1 clone with a Nef deletion (DNef) was 

used as control. Cells were lysed 48 h post-transfection and immunoblotted for ABCA1, Nef 

and GAPDH. (B) THP-1 cells were infected with VSV-G pseudotyped HIV-1 molecular 

clones used in A. Western blot shows expression of Nef in cell lysates (a). Cholesterol efflux 

was measured 7 days after infection (b). Results show apoA-I specific cholesterol efflux as 

mean ± SEM of quadruplicates.
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FIGURE 5. Nef directly binds to CNX and its cytoplasmic tail
(A) Purification of CNX and CNX-CT. Steps of purification of full-length CL7-tagged 

calnexin (CNX-CL7) are shown in detail. Whole cell lysate (WCL) was centrifuged to 

remove cell debris, the supernatant (SN) was treated with 0.07% polyethylene-emine (PE) to 

precipitate DNA, the pellet (PL), which contained most of CNX protein, was washed with 

detergent-containing buffer to release CNX into solution, centrifuged and the resulting 

supernatant was loaded on Immunity protein 7 (Im7) column. Bound proteins were eluted by 

treating the column with pre-scission protease (PSC) (EL lane), whereas flow-through (FT) 

lane shows unbound proteins. DCNX – truncated CNX fragment; SUMO – SUMO domain; 

Hunegnaw et al. Page 22

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



P(PSC), P(SUMOP) – cleavage sites for the PSC and SUMO proteases, respectively; H8 – 

8-Histidine tag. (B) Surface plasmon resonance experiments were done in a Biacore T-200 

by using a CM5 chip. CNX (left panel) and CNX-CT (right panel) were captured by amine 

coupling, and myristoylated NefSF2 protein was injected over the chip surface at 6 different 

concentrations (6.25 nM – 200 nM range) in triplicates. Colored lines represent actual data 

and black lines represent curve fit to a monovalent analyte binding model in BiaEvaluation 

software.
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FIGURE 6. Characterization of compounds targeting Nef-CNX interaction
(A) a - Ten compounds with the best score (grey) from virtual screening performed on the 

Zinc NCI Plated 2007 dataset. Their overall location in the structural alignment with the 

model of Nef (magenta) - CNX (green) complex is shown as translucent molecular surface 

(cyan). The model shows that these compounds can block the Nef/CNX interaction at 

calnexin residues Glu529, Glu532 and Glu533. The set of compounds includes NSC 1758, 

NSC 13987, and NSC 92938 selected for experimental testing. b - Compound NSC 13987 

docked to Nef binding site, which is centered on Lys4 and Lys7. Interactions of the 

compound with Nef include two hydrogen bonds with Nef amino acid residues Ser6 and 

Tyr124. (B) Chemical structures and names of compounds NSC 1758, NSC 13987, and NSC 

92938. (C) Dose-response effect of NSC 1758, NSC 13987 and NSC 92938 on viability of 

THP-1 cells. THP-1 cells were treated with indicated compounds for 5 days and cytotoxicity 

was measured using MTT assay. (D) HEK 293T cells were transfected with HA-tagged Nef, 
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treated with compounds NSC 1758, NSC 13987 or NSC 92938, and lysed. Nef was 

immunoprecipitated using anti-HA agarose beads and bound complexes were 

immunoblotted for Nef and CNX (left panels labeled IP: αHA). Densitometric 

quantification of calnexin co-immunoprecipitated with Nef is presented in the right panel. 

Results are presented as mean ± SD of 3 independent experiments, and p values are shown 

above the bars. Whole cell lysates were analyzed for amount of CNX, Nef and GAPDH (left 

panels labeled Lysate). (E) HEK293T cells were co-transfected with ABCA1-FLAG and 

Nefcons and treated with compound NSC 13987. Cells were lysed 48 h post-transfection and 

ABCA1-FLAG was immunoprecipitated using anti-FLAG beads. Precipitated complexes 

were blotted for ABCA1 and Nef (top panels). Input amount was analyzed from whole cell 

lysates by immunoblotting for ABCA1, Nef and GAPDH (bottom panels).
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FIGURE 7. Compound NSC 13987 prevents impairment of cholesterol efflux by HIV-1 and Nef
(A) THP-1 cells were transfected with Nef (or mock-transfected, control) and incubated with 

compounds NSC 1758, NSC 13987 and NSC 92938 or DMSO, and cholesterol efflux was 

measured 5 days post-transfection (panel a). Cholesterol efflux was measured in THP-1 cells 

treated only with compounds NSC 1758, NSC 13987 and NSC 92938 or DMSO (panel b). 

Results are presented as mean ± SEM (n=4; one-way ANOVA with post-hoc Tukey HSD 

test). (B) Primary MDM were infected in triplicates with HIV-1 ADA. Compound NSC 

13987 (5 μM) or DMSO was added 3 days after infection and maintained thereafter, and 

virus replication was monitored by measuring RT activity in the supernatant over a 14-day 

period. Results of 3 measurements are shown as mean ± SEM, (n=3, * p< 0.05; ** p< 0.07 

by Student’s unpaired t-test) (panel a). Fold change in RT activity was calculated from three 

independent experiments performed using macrophages from three donors. Error bars show 

SD (n=3, p value was calculated using Student’s unpaired t-test) (panel b). (C) MDMs were 

infected with HIV-1 ADA or mock-infected and treated with DMSO or NSC 13987 as in B. 

Cholesterol efflux was measured 14 days post-infection in quadruplicate wells. Results are 

presented as mean ± SEM (n=4; one-way ANOVA with Tukey’s HSD test) (panel a). 

Cholesterol efflux in MDM obtained from two donors was measured independently and fold 

change in efflux activity in the presence of drug is shown (panel b). Results are presented as 

mean ± SEM (n=2, student’s unpaired t-test). (D) a - MDMs were infected with VSV-G-

pseudotyped HIV-1 NL4-3 (upper row), mock-infected (middle row), or infected with VSV-

G-pseudotyped Nef-deficient HIV-1ΔNef NL4-3 (bottom row). NSC 13987 (5 μM) was 
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added on day 5 post-infection and maintained thereafter. Ten days post-infection, cells were 

stained with ORO and analyzed by bright field microscopy at 100x magnification. b – 

Analysis of images in panel a was performed using Image J program. Histograms in the left 

panel represent pixel distribution along the 256 RGB shades, averaged from 55 cells in each 

condition. Pie charts in the right panel show percentage of cells in each condition with ORO-

stained area over or under an arbitrarily selected value of 20%. c - MDMs were infected with 

HIV-1 ADA or mock-infected. NSC 13987 was added on day 5 and maintained thereafter. 

On day 14 post-infection, cells were stained with ORO, counterstained with DAPI and 

analyzed by fluorescent microscopy at 100x magnification.
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Table 1
Comparison of Nef predicted interacting residues with interactions identified in 
experimentally determined structures

Nef amino acid residues predicted in this study to form interactions with calnexin are compared with the 

interactions identified in experimental structures of complexes which include Nef. Comparison is done on the 

basis of structure/sequence alignments of the Nef model used to predict interactions with calnexin, and PDB 

experimental structures. Nef interacting partners in the experimental structures are listed as they are given in 

the corresponding PDB files.

Predicted interaction clusters
PDB structures UniProt code

HIV virus 
subtype (isolate)Matching Residues PDB ID Nef interacting partner

Lys7 No hits

Arg8 No hits

Arg19 Arg19 4emzC AP-1 COMPLEX
SUBUNIT MU-1

Q90VU7_9HIV1
Human 
immunodeficiency 
virus 1

Arg22 Arg22 4emzC AP-1 COMPLEX
SUBUNIT MU-1

Q90VU7_9HIV1
Human 
immunodeficiency 
virus 1

Arg75

Thr71 4emzC, 4en2B AP-1 COMPLEX
SUBUNIT MU-1

Q90VU7_9HIV1
Human 
immunodeficiency 
virus 1

Arg71 1efnB FYN SH3
DOMAIN

P03406 
(NEF_HV1BR)
Human 
immunodeficiency 
virus type 1 group 
M subtype B 
(isolate BRU/
LAI)

Arg71 4d8dB FYN SH3
DOMAIN

P03406 
(NEF_HV1BR)
Human 
immunodeficiency 
virus type 1 group 
M subtype B 
(isolate BRU/
LAI)

Arg75 3rebA, 3rbbA, 3reaA TYROSINE-PROTEIN KINASE HCK

P03407 
(NEF_HV1A2)
Human 
immunodeficiency 
virus type 1 group 
M subtype B 
(isolate ARV2/
SF2)

Arg75 4orzB FYN SH3
DOMAIN

P03407 
(NEF_HV1A2)
Human 
immunodeficiency 
virus type 1 group 
M subtype B 
(isolate ARV2/
SF2)

Arg109 Arg105 4neeC AP-2 COMPLEX
SUBUNIT ALPHA-2

P04601 
(NEF_HV1H2)
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Predicted interaction clusters
PDB structures UniProt code

HIV virus 
subtype (isolate)Matching Residues PDB ID Nef interacting partner

Human 
immunodeficiency 
virus type 1 group 
M subtype B 
(isolate HXB2)
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