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Abstract

Human immunodeficiency virus (HIV-1) envelope glycoproteins (Envs) are a main focus of 

immunogen design and vaccine development. Broadly neutralizing antibodies (bnAbs) against 

HIV-1 Envs target conserved epitopes and neutralize multiple HIV-1 viral strains. Nevertheless, 

application of bnAbs to therapy and prevention is limited by resistant strains that are developed or 

preexist within the viral population. Here we studied the HIV-1NAB9 Envs that were isolated from 

a person who injects drugs and exhibits high and broad resistance to multiple bnAbs. We identified 

an insertion of 11 amino acids in the V1 loop that allosterically modulates HIV-1NAB9 sensitivity 

to the PGT145 bnAb, which targets the Env trimer association domain and supports high level 
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viral infectivity. Our data provide new insights into the mechanisms of HIV-1 resistance to bnAbs 

and into allosteric connectivity between different HIV-1 Env domains.
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Entry of human immunodeficiency virus (HIV) into target cells is mediated by the 

interactions of the viral envelope glycoproteins (Envs) with the CD4 receptor and CCR5/

CXCR4 coreceptor.1–4 HIV-1 Envs are arranged in trimeric spikes on HIV-1 surface, 

andeach spike composes of three subunits of gp120 noncovalently associated with three 

subunits of membrane-anchored gp41.5 Binding of HIV-1 Envs to the CD4 receptor 

triggers structural rearrangements that lead to Env transitions from a closed to more open 

conformations and expose the coreceptor binding site. Subsequent interactions between 

the coreceptor and HIV-1 Envs guide the next step on the entry pathway and lead to 

gp41-mediated fusion of viral and cellular membranes, facilitating HIV-1 entry into the 

target cell.5–10

HIV-1 Envs are the sole target of neutralizing antibodies. Broadly neutralizing antibodies 

(bnAbs) against HIV-1 Envs target conserved epitopes and neutralize multiple HIV-1 

viral strains.11–14 Accordingly, bnAbs hold promise for future therapeutic and preventive 

interventions and may inform efforts to develop an effective vaccine.15 Several sites of 

HIV-1 Env vulnerability that are targeted by bnAbs have been identified including: (1) the 

CD4 binding site (CD4-bs), (2) the V1/V2 loop at the Env trimer apex, (3) the V3-glycan, 

(4) the silent face center of gp120, (5) the interface of gp41-gp120, (6) the gp41 fusion 

peptide, and (7) the membrane proximal external region (MPER) of gp41.11 Nevertheless, 

the application of bnAbs to therapy and prevention is limited by rapid development of 

resistant strains as well as by the prevalence of HIV-1 strains with pre-existing bnAb 

resistance.16,17 Especially concerning are multi-bnAb resistant strains, which can resist the 

combinations of different bnAbs.16,18 Thus, it is important to study and understand the 

different mechanisms of HIV-1 resistance to bnAbs.

People who inject drugs (PWID) may be exposed more frequently to multiple HIV-1 

infection events involving more than one HIV-1 strain and providing a productive 

environment for viral recombination and increased viral diversity.19 Thus, HIV-1 strains 

from PWID may potentially be enriched in bnAb resistant strains. Here we studied the 

HIV-1NAB9 Envs that were isolated from a person living with HIV-1 who also injects drugs 

to investigate mechanisms of HIV-1 resistance to bnAbs.18,20 Notably, HIV-1NAB9 Envs 

exhibit high and broad resistance to multiple bnAbs with complete resistance to many 

bnAbs that target the V1/V2 loop, V3-glycan, and gp120-gp41 interface while still sensitive 

to bnAbs directed against the CD4-bs and MPER gp41 (Table S1).18 We compared the 

Env amino acid sequence of HIV-1NAB9 with those of two primary isolates and identified 

an insertion of 11 amino acids in the V1 loop of HIV-1NAB9 Env. We focused on the 

mechanism of resistance to bnAbs targeting the V1/V2 loop and studied the effect of the V1 

insertion on HIV-1 Env function and properties. Our data support a model in which the 11 
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amino acid insertion in V1 loop can allosterically modulate the binding site of the V1/V2 

bnAb PGT145, which targets the Env trimer association domain (TAD). These changes 

support high level viral infectivity.

To identify elements that are important for the resistance of HIV-1NAB9 Envs to multiple 

bnAbs, we aligned the amino acid sequence of HIV-1NAB9 Envs with the Env sequence of 

several primary isolates including: HIV-1BG505, HIV-1JRFL, and HIV-1AD8 as well as with 

the reference strain HXBc2 and the consensus sequence for HIV-1 clade B and M (Figure 

1 and Supporting Information (SI), Figures S1 and S2). The primary reference isolates are 

relatively resistance to antibodies developed in people living with HIV-1 (tier 2 isolates) and 

have been intensively characterized in the past in numerous studies. Comparison with the 

reference strains identified amino acid insertions in three regions of HIV-1NAB9 Envs: the 

signal peptide (5 amino acids), V1 loop (11 amino acids), and V2 loop (2 amino acids). 

Interestingly, the 11 amino acid insertion in the V1 loop introduced a new N-glycosylation 

site on an Asn residue within the insertion and removed the NxT/S N-glycosylation motif 

related to potential glycosylation of Asn 142 (two residues upstream to the 11 amino acid 

insertion). Both changes may potentially alter of glycan pattern on NAB9 Env in vivo. 

We further focused on the long, 11 amino acid insertion, in the V1 loop, and mapped this 

region on an available structure of BG505 SOSIP trimer (Figure 2). Within this structure, 

the V1 loop is positioned next to the HIV-1 Env trimer apex and is largely exposed on the 

trimer surface. Moreover, the insertion is located at the tip of the V1 loop, where additional 

residues can be incorporated and potentially extended into the surrounding environment. 

This may provide a possible explanation for the ability of HIV-1 Env to tolerate such long 

insertion and still remain functionally active (Figure 2). Similar patterns of long V1 loop 

have been also observed in other studies and with clinical isolates,22 making this flexibility a 

relatively common strategy of HIV-1 Env.

To evaluate the effect of the V1 insertion on HIV-1 function and sensitivity to ligands, we 

introduced several changes in this region. We generated four HIV Envs mutants with the 

complete or partial deletions of the V1 insertion resulting in Env variants with different 

length (Figure 2). First, we generated a mutant with a complete deletion of the 11 amino 

acids (designated NAB_Δ11AA), and subsequently we generated two mutants (NAB_Δ5AA 

and NAB_Δ6AA) to study the effects the could be mapped to the C-terminal region of 

the insertion (NAB_Δ5AA) or to the N-terminal region of the insertion (NAB_Δ6AA). 

One additional change (NAB_Δ8AA) included an unintentional additional three amino acid 

relative to NAB_Δ5AA, and it was included in the current study. We produced recombinant 

single-cycle HIV-1 viruses in 293T cells for each mutant and tested the viruses in different 

assays.

Pseudoviruses displaying the wild-type (WT) HIV-1NAB9 Envs, and the four mutants were 

all infectious but exhibited different levels of infectivity (Figure 3a). A complete deletion 

of the V1 loop insertion (NAB9_Δ11AA) reduced viral infectivity to 59% compared to 

WT, but deletion of only five amino acids (NAB9_Δ5AA) resulted in pseudovirus that 

retained WT infectivity, indicating that the five amino acids Thr-Asn-Ser-Asp-Asn were 

dispensable for maintaining high levels of infectivity. The N-glycosylation site motif was 

still present in NAB9_Δ5AA and may contribute to entry compatibility and high infectivity 
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as NAB9_Δ6AA, which did not contain the N-glycosylation site motif, exhibited low 

infectivity similar to NAB9_Δ11AA. Partial deletion of eight amino acids (NAB9_Δ8AA) 

significantly reduced viral infectivity to even lower levels than that observed for the 

complete deletion of the V1 insertion, suggesting that the Gly-Asn/Ser amino acids were 

beneficial only in the context of the complete insertion.

We next tested the sensitivity of the NAB9 variants to exposure to cold (Figure 3b). We 

and others have observed that HIV-1 Envs that frequently sample more open conformations 

that are associated with lower stability on ice, probably because these Envs expose elements 

that are more sensitive to low temperature, which are typically masked in most primary 

isolates.8,23,24 We detected subtle differences between the cold sensitivity of WT NAB9 

and NAB9_Δ5AA, NAB9_Δ6AA, and NAB9_Δ11AA mutants, but destabilization of none 

of these mutants resulted in >50% reduction of infectivity after 96 h incubation on 

ice. Notably, NAB9_Δ8AA, which exhibited the lowest infectivity levels, maintained this 

level of infectivity throughout the long incubation on ice. To study the effect of the V1 

insertion on the function of HIV-1 Envs, we also studied the cell–cell fusion activity and 

Env sensitivity to sCD4 for the different NAB9 variants (Figure 3c, and SI, Figure S3). 

Interestingly, although WT NAB9 exhibited the highest viral infectivity relative to the other 

mutants, the cell–cell fusion activity of the WT was comparable to the virus carrying the 

complete 11 amino acid deletion and significantly lower than all the Envs that carried partial 

deletions in this region, and this difference was statistically significant for the comparison 

of WT with the NAB9_Δ6AA and NAB9_Δ8AA mutants (see below and SI, Table S2), the 

latter exhibiting lowest infectivity and highest cell–cell fusion activity among the different 

viruses in our study. In contrast, the sensitivity of NAB9 mutants to sCD4 neutralization was 

not significantly different than the sensitivity of WT NAB9.

To study the effect of the V1 insertion on bnAb sensitivity, we tested the WT NAB9 and 

panel of mutants against two V1/V2 directed bnAbs: PGT145 and PG9 (Figure 4). We also 

tested the same panel against PGT128, which is directed against the V3-glycan on HIV-1 

gp120. NAB9 mutants, carrying different V1 loop changes, exhibited diverse sensitivity to 

the PGT145 bnAb. Deletion of eight amino acids (NAB9_Δ8AA) increased virus sensitivity 

to PGT145 by 6-fold compared to the WT NAB9, and similar but less profound effect was 

observed when the complete V1 loop insertion was deleted. Sensitivity of NAB9_Δ8AA to 

PGT145 was comparable (~3-fold difference) to the average of 568 different HIV-1 strains 

that are sensitive to PGT145. The absent of glycosylation site motif within the insertion did 

not contribute significantly to PGT145 sensitivity, as NAB9_Δ6AA, which lacks this motif, 

was as sensitive as WT NAB9. Because generation of some of the NAB9 mutants altered the 

glycosylation motif related to the adjacent Asn 142 (2 residue upstream of the V1 insertion), 

we next tested the contribution of potential glycosylation in this site to PGT145 sensitivity. 

We generated the NAB9 N142A mutant, which cannot be glycosylated at this position, and 

tested its sensitivity of PGT145. NAB9 N142A mutant was about ~4 fold more sensitive to 

PGT145 than the WT NAB9 (Figure 4). Thus, alteration of Asn 142-related glycosylation 

motif in NAB9_Δ5AA, NAB9_Δ8AA, and NAB9_Δ11AA mutants could partially explain 

the increased sensitivity to PGT145. In contrast, NAB9_Δ6AA that maintained the Asn 

142-related glycosylation motif exhibited WT sensitivity. The resistance pattern of NAB9 

to PG9 and PGT128 bnAbs was mainly unchanged among the different mutants, but the 
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NAB9_Δ8AA was slightly more sensitive than the WT and other variants. To visualize 

the different properties and compare side-by-side the specific profile of each mutant, we 

normalized all parameters that were measured in the different viral assays to the values 

of WT NAB9 and plotted the Env function and bnAb-sensitivity profile for each variant 

(Figure 5). This analysis allowed us to detect a pattern of differences among the diverse 

NAB9 variants. Overall, we detected a trend of higher PGT145 sensitivity, decreased viral 

infectivity, and increased cell–cell fusion activity. These changes were most profound in the 

activity of NAB9_Δ8AA. We also calculated statistical differences between WT NAB9 and 

each of the mutants using Student’s t test. We found the most significant differences between 

WT and deleted mutants in the levels of viral infectivity and PGT145 sensitivity.

To gain additional structural insights into the significant effects of V1 loop changes on 

PGT145 sensitivity, we mapped the V1 loop insertion position on the available costructure 

of BG505 SOSIP in complex with PGT145 (Figure 6). Interestingly, BG505 contains a 

deletion in the V1 loop near the site of V1 insertion in NAB9. The binding mode of PGT145 

involves penetration of a long anionic complementarity determining region of the heavy 

chain (HCDR3) of PGT145 into the trimer association domain (TAD) and interaction with 

residues from all three Env protomers.25 Notably, the V1 loop insertion site and the binding 

site of PGT-145 heavy chain are far away from each other on the cocrystal structure, with 

about ~46 Å separating the V1 insertion site and residue Arg 100A of the PGT145 heavy 

chain. The long distance between the two sites makes unlikely the direct interaction between 

the V1 loop insertion and PGT145 or its epitope. A global change in Env conformation 

is also not supported by the data because: (a) the effects of V1 loop changes on Env 

sensitivity to cold and sCD4 are very small and not statistically significant, and (b) the 

changes in the V1 loop are mapped to the tip of the V1 loop, which is on the Env surface 

and may be extended potentially without structural clashes. Of note, despite the ability of 

PGT145 binding to interfere with sCD4 binding, which is likely related to steric clashes 

caused by prior Env binding of one ligand, the competition between the two Env ligands 

is not related to ability of each ligand (PGT145 or sCD4) to neutralize HIV-1 (SI, Figure 

S5). We conclude that the long distance between the tip of V1 loop and PGT145 binding 

site supports a model in which changes in the V1 loop allosterically modulate the TAD 

and alters PGT145 sensitivity. It is possible that direct changes in the TAD are deleterious 

to the trimer integrity and, thus, long-range subtle changes may provide fine-tuning to 

the conformation and orientation of the TAD without compromising its function. In this 

context, we emphasize that a partial or complete deletion of the V1 insertion resulted in 

only modest effects on viral sensitivity to PGT145 compared to the WT NAB9, and these 

effects can account only for part of the relative resistance of WT NAB9 to PGT145. The 

most sensitive variant among NAB9 mutants, NAB9_Δ8AA, was still 3-fold more resistant 

to PGT145 than the average of more than 200 primary HIV-1 isolates (Figure 4). Thus, 

it is likely that additional mechanisms contribute to the overall relative resistance of WT 

NAB9. The modest effect of V1 changes was mostly contributed by the glycosylation 

at residue 142 as the sensitivity of NAB9 N142A to PGT145 was comparable to the 

sensitivity of NAB9_Δ8AA to the PGT145 antibody. Overall, the combined effect of a 

change in residue 142 glycosylation and the insertion of the 11 amino acids in the V1 

loop, both changes are distant from PGT145 binding site on available structures, could 

Cervera et al. Page 5

ACS Infect Dis. Author manuscript; available in PMC 2022 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



partially explain the resistance of WT NAB9 to PGT145. Our finding provides insight into 

potential mechanism of HIV-1 resistance to PGT145 neutralization and adds to already 

known resistance mechanisms related to glycan shielding, changes in the target epitopes, and 

global conformational changes of HIV-1 Env. It is likely that all mechanisms of immune 

escape are important, especially as HIV-1 can potentially use multiple mechanisms to escape 

bnAbs. Thus, our work adds to current scientific knowledge on the different pathways of 

HIV-1 resistance to bnAbs.

Long gp120 V1 loop from an elite controller, which did not require antiretroviral therapy 

for the last 10 years, has been previously shown to confer HIV-1 resistance to neutralization 

by V3 glycan bnAb.22 The original Env containing a 49-long V1 loop region was resistant 

to V1/V2 targeting bnAbs, but this resistance was due to the absent of Asn at position 160, 

which is important for V1/V2 bnAb binding. In contrast, NAB9 Envs contain residue Asn at 

residue 160 and changes in the V1 insertion correlate with PGT145 sensitivity. It is possible 

that the outcome of such changes may depend on the overall architecture of the specific 

Envs

Our study provides new insights into the complex biological machine of HIV-1 Envs and 

adds evidence to the current knowledge on allosteric interactions within HIV-1 Env. We 

have previously showed that the β20-β21 element of HIV-1 Env is a regulatory allosteric 

switch of conformational changes that are initiated by the binding of the CD4 receptor.26 

Computational studies provided evidence for long-range allosteric immune escape pathways 

that facilitate HIV-1 Env resistance to neutralizing antibodies.27 Our current results support 

a model for allosteric control of the TAD by the V1 loop. Thus, the combination of different 

mechanisms, both direct and indirect, to control Env conformation and function may 

facilitate degenerate alternative modes of HIV-1 Envs to tolerate changes and still remain 

entry compatible. Understanding the flexibility and robustness of HIV-1 Env function will 

allow to develop new therapeutic and preventive strategies to block and prevent HIV-1 

infection.

METHODS

Cell Lines.

The 293T cells were purchased from the ATCC and the TZM-bl cells were obtained 

from the NIH AIDS Reagent Program. Cf2Th-CD4/CCR5 target cells were generated in 

the laboratory of Joseph Sodroski. Cell lines were tested periodically for mycoplasma 

contamination.

Cell Culture.

The 293T and TZM-bl cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 10% FBS, 100 μg/mL streptomycin, and 100 units/ml penicillin. Cf2Th-CD4/

CCR5 cells were grown in the same medium supplemented with 400 μg/mL G418 and 200 

μg/mL hygromycin B (both from Invitrogen, Carlsbad, CA).

Cervera et al. Page 6

ACS Infect Dis. Author manuscript; available in PMC 2022 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Plasmid Construction.

The HIV-1NAB9 Env-expression plasmid was kindly provided by Peter Rusert and Alexandra 

Trkola. Plasmids for expression of the HIV-1NAB9 Env mutants were constructed by site 

directed mutagenesis, and correct DNA sequences were verified by Sanger sequencing.

Production of Recombinant HIV-1 Expressing Luciferase.

We produced pseudoviruses by cotransfecting 293T cells with three plasmids: HIV-1NAB9 

Env plasmid (or HIV-1NAB9 Env mutants), pHIVec2.luc plasmid, and psPAX2 plasmid 

(catalogue no. 11348, NIH AIDS Research and Reference Reagent Program) in a ratio 

of 1:6:3 using calcium phosphate.28 To increase transfection efficiency, we added a final 

concentration of 25 μM of chloroquine directly to the cells and incubate for 5 min prior to 

transfection. Then 48 h after transfection, the cell supernatant was collected and centrifuged 

for 5 min at 600–900g at 4 °C. The amount of p24 in the supernatant was measured 

using an in house HIV-1 p24 antigen capture assay as previously described,29,30 and the 

virus-containing supernatant was frozen in single-use aliquots at −80 °C.

Viral Infection Assay.

A single-round infection assay was performed as previously described.8,29 Briefly, HIV-1 

Env ligands (antibodies and sCD4) were diluted in DMEM, and 30 μL of each tested 

concentration were manually dispensed in a 96-well microplates (Greiner bio-one; catalogue 

no. 655083). Then 30 μL containing 2 ng of p24 of viruses pseudotyped with specific 

Envs were then added, and after a brief incubation at room temperature, 30 μL of 1.7 

× 105 Cf2-CD4/CCR5 target cells/mL in DMEM were added. After 48 h incubation, the 

medium was aspirated and cells were lysed with 30 μL of lysis buffer [(25 mM Tris, 2 mM 

trans-1,2-diaminocyclohexane-N,N,N′,N′-tetra acetic acid monohydrate, 1% Triton X-100, 

10% glycerol, 2 mM dithiothreitol) titered with 15% phosphoric acid (H3PO4) to pH 7.8]. 

The activity of the firefly luciferase, which was used as a reporter protein in the system, was 

measured with a Centro XS3 luminometer (Berthold Technologies, TN, USA). The effect of 

exposure to cold on virus infectivity was measured as previously described in detail.29

Cell–Cell Fusion Assay.

Cell–cell fusion was monitored as previously described.29,31 Briefly, 500 000 293T cells 

in each well of 6-well plate were cotransfected with HIV Envs and HIV-1 tat expression 

plasmids at ratio of 1:6 (total 2 μg). After 48 h, the cells were detached with 5 mM EDTA/

PBS, and 10 000 cells were added to each well of TZM-bl reporter target cells that were 

preseeded (10 000/well) the day before. Cells were incubated for specified time and then 

lysed; luciferase activity was measured as described in the viral infection assay above, and 

the measurements were used to evaluate the extent of fusion.

Statistical Analysis.

Statistical significance was assessed by Student’s t test using Prism 7 program (GraphPad, 

San Diego, CA). Two-tailed P values are reported where applicable.
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Calculation of Half-Maximal Inhibitory Concentration (IC50).

Dose response curves of viral infection assay were fitted to the four-parameter logistic 

equation using Prism 7 program (GraphPad, San Diego, CA) after adding the equation to the 

program; IC50 values and the associated se are reported.32,33 Number of experiment repeats 

and replicates are provided in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Alignment of Env amino acid sequence of HIV-1NAB9 and other HIV-1 isolates. Amino acid 

sequences of HIV-1NAB9, HIV-1SF162, HIV-1JRFL, HIV-1AD8, HIV-1BG505, and consensus 

sequence of M group (M-Con) Envs were aligned using Clustal Omega (ref 34 see SI, 

Figures S1 and S2); residues are numbered on the right according to the HXBc2 consensus 

(CATNAP program). An 11 amino acid insertion in the V1 loop of NAB9 is in light blue, 

and all residues in NAB9 that are identical in all sequences are in red.
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Figure 2. 
Mapping the NAB9 V1 loop insertion on an available structure of BG505 SOSIP trimer. (a) 

(right) The BG505 SOSIP trimer structure (a single protomer) with gp120 highlighted in tan. 

(left) The position of the 11 amino acid insertion in the V1 loop of NAB9 were mapped on 

the BG505 SOSIP structure (Protein Data Base (PDB) 4TVP) and shown in light blue. The 

V1 loop is shown in red. Structure was visualized using the Chimera software.21 (b) NAB9 

variants. Env amino acid alignment of NAB9 wild-type (WT) and NAB9 deletion mutants 

generated in this study. Amino acids that are part of the 11 amino acid insertion are shown in 

light blue, and an Asn residue within an N-glycosylation motif is shown in red.
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Figure 3. 
HIV-1 Env function of different HIV-1NAB9 variants. (a) Virus infectivity. (top) 

Pseudoviruses displaying Envs of the different NAB9 variants were prepared in 293T cells 

and increasing p24 amounts for each variant were used to infect Cf2Th-CD4/CCR5 cells. 

Viral infectivity was evaluated by measuring the activity of the reporter protein firefly 

luciferase 48 h post infection. (bottom) 2 ng of p24 of each NAB9 variant was used 

to infect Cf2Th-CD4/CCR5 cells, and absolute values (left) or normalized to WT NAB9 

values (right) were plotted for the different viruses. (b) Cold sensitivity. Pseudoviruses were 

exposed to cold for the specified time and then allowed to infect Cf2Th-CD4/CCR5 cells. 

(c) Cell–cell fusion activity was measured as described under the Methods. Results are 

shown on logarithmic (left) or linear (right) scales. Color codes are identical in all panels. 

Results represent average ± standard deviation of 5–10 measurements (derived from 2–5 

independent experiments, each performed in 2–4 replicates).
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Figure 4. 
Sensitivity of NAB9 variants to bnAbs targeting the V1/V2 loop and V3 glycan. (a) The 

effect of increasing concentrations of the V1/V2 bnAb PGT145 on the entry of NAB9 

variants into Cf2Th-CD4/CCR5 cells was tested and the results used to plot normalized 

dose response curves for each NAB9 variant. AD8M was used as a positive control and 

JRFL as a negative control. Complete range of AD8M sensitivity is shown in SI, Figure 

S4 (b) Overlay of plots from (a) with the same color code. (c) Inhibition curve of NAB9 

N142A and WT NAB9. (d) Half-maximal inhibitory concentrations (IC50s) of PGT145, 

PG9, and PGT128 bnAbs for blocking the infection of NAB9 variants were calculated by 

nonlinear fitting of the dose response curves to the logistic (four-parameter) equation. (e) 

Viral population sensitivity of more than 200 HIV-1 strains expressed as geometric mean 

IC50 for the three bnAbs was retrieved from the HIV database (https://www.hiv.lanl.gov). 
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Results represent fitted IC50 ± standard error derived from the six measurements for each 

concentration (average of three independent experiments, each performed in duplicate).
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Figure 5. 
Profile of HIV-1 Env function and sensitivity to different ligands of the NAB9 variants. (a) 

Normalized plots. Infectivity (left) and PGT145 sensitivity (right) values of NAB9 mutants 

normalized to wild-type NAB9 values. (b) Integration of normalized plots. IC50, cell–cell 

fusion at 9 h, infectivity, and t1/2 values for each NAB9 mutant were normalized to WT 

NAB9 values and are shown on a single scale, generating a single profile that integrates 

all measurements for each mutant. *Values that significantly differ from WT NAB9 values 

(two-tailed P value <0.05; Student’s t test; exact values are shown in SI, Table S2).
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Figure 6. 
Spatial mapping the V1 loop insertion and PGT145 binding site. (a) The V1 loop insertion 

site was mapped on the costructure of BG505 SOSIP in complex with the PGT145 Fab 

(PDB 5V8L). Each HIV-1 Env trimer contains three protomers of gp120 noncovalently 

associated with gp41. (left) Protomer 1 is shown in light blue (gp120) and blue (gp41), 

and visualized using surface representation; protomer 2 is shown in cyan (gp120) and light 

green (gp41) and displayed using ribbon representation; protomer 3 is shown in gray at the 

back. The site of V1 loop insertion is shown in magenta. (right) Costructure is shown after 

rotation 90°, with the orientation from the trimer apex toward the viral membrane, and all 

protomers are displayed using surface representation. (b) Top view of the gp120 subunit 

of the three Env promoters that form the Env trimer (the gp41 subunits were removed for 

visualization). Approximate distance between the PGT145 binding site and the V1 insertion 

site is specified, and the position of the TAD and the V1 loop insertion site are labeled.

Cervera et al. Page 17

ACS Infect Dis. Author manuscript; available in PMC 2022 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	METHODS
	Cell Lines.
	Cell Culture.
	Plasmid Construction.
	Production of Recombinant HIV-1 Expressing Luciferase.
	Viral Infection Assay.
	Cell–Cell Fusion Assay.
	Statistical Analysis.
	Calculation of Half-Maximal Inhibitory Concentration (IC50).

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

