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Abstract

HIV-1 Env protein is essential for host cell entry, and targeting Env remains an important 

antiretroviral strategy. We previously found that a peptide triazole thiol KR13 and its gold 

nanoparticle conjugate AuNP-KR13 directly and irreversibly inactivate the virus by targeting the 

Env protein, leading to virus gp120 shedding, membrane disruption and p24 capsid protein 

release. Here, we examined the consequences of targeting cell-surface Env with the virus 

inactivators. We found that both agents led to formation of non-infectious virus from transiently 

transfected 293T cells. The budded non-infectious viruses lacked Env gp120 but contained gp41. 

Importantly, budded virions also retained the capsid protein p24, in stark contrast to p24 leakage 

from viruses directly treated by these agents and arguing that the agents led to deformed viruses by 

transforming the cells at a stage before virus budding. We found that the Env inactivators caused 

gp120 shedding from the transiently transfected 293T cells as well as non-producer CHO-K1-

gp160 cells. Additionally, AuNP-KR13 was cytotoxic against the virus-producing 293T and CHO-

K1-gp160 cells, but not untransfected 293T or unmodified CHO-K1 cells. The results obtained 

reinforce the argument that cell-surface HIV-1 Env is metastable, as on virus particles, and 

provides a conformationally vulnerable target for virus suppression and infectious cell 

inactivation.
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While the receptor-induced conformational change program built into the HIV-1 Env spike 

complex is intrinsic to the protein on the virus surface and used for virus-cell infection, it 

also can function with Env on infected cell surfaces to arm newly forming infectious viruses 

and to promote cell-to-cell fusion (Herschhorn et al., 2011; Moore et al., 2006). Hence, one 

may predict that the mature gp120/gp41 complex formed on infected cells possesses similar 

metastability as on viruses and could be targeted by agents that can trigger inactivating 

rearrangements of Env protein.

We previously identified a peptide triazole (PT) class of entry inhibitors that binds to HIV-1 

Env gp120 with nanomolar affinity, inhibits cell infection by a broad range of virus subtypes 

and inactivates virus before host cell encounter by triggering gp120 shedding (Bastian et al., 

2013; Bastian et al., 2011; McFadden et al., 2012). The ability of PTs to inhibit both CD4 

and co-receptor binding sites in gp120, and the virus-inactivation functions of this class of 

inhibitors, appear to derive from entrapment of Env gp120 in a conformationally-disrupted 

and functionally-inactivated state. Importantly, we recently found that peptide triazole thiols 

and a multivalent form of the PT thiol KR13 displayed on gold nanoparticles (AuNP-KR13) 

were able to disrupt the virus particles, causing leakage of the internal protein p24 (Bastian 

et al., 2013; Bastian et al., 2011). The Env-inactivating functions of KR13 and AuNP-KR13 

rely on the ability to disrupt the intrinsically metastable Env gp120/gp41 complex on the 

virus surface (Bastian et al., 2013; Bastian et al., 2015).

In view of the ability to bind and inactivate Env gp120 on HIV-1 virions at high potency, we 

investigated here whether PTs could be used to inactivate cell-surface gp120.

Effect of KR13 and AuNP-KR13 on infectious HIV-1 production

For this study, peptide triazole thiol KR13 (PTT), with C-terminal Cys-SH, was prepared by 

solid phase synthesis (Bastian et al., 2013; Bastian et al., 2011; Bastian et al., 2015). Gold 

nanoparticles were synthesized using citric acid reduction (Frens, 1973) followed by AuNP-

KR13 (AuNP-PT) conjugation (Bastian et al., 2013; Bastian et al., 2011; Bastian et al., 

2015). We evaluated whether PT-based virus inactivators could suppress cellular production 

of infectious virus particles. KR13 and AuNP-KR13 treatments of virus-producing 

transfected 293T cells were conducted by transfecting Human Embryonic Kidney cells 

(HEK293T) with envelope (Env) and backbone viral DNA (Bastian et al., 2013; McFadden 

et al., 2012; Montefiori, 2005). Either wildtype (WT) HIV-1 BaL-01 Env DNA or DNA with 

S375W Env mutation to suppress peptide triazole binding (Biorn et al., 2004) was used. 

Envelope-deficient pNL4-3-Luc+Rev-Env−provirus was used for backbone DNA(Bastian et 

al., 2011; McFadden et al., 2012). Infected cells were re-seeded 24 hours after transfection 

and serial dilutions of KR13 or AuNP-KR13 were added to each well and incubated for 24 

hours. Cell supernatants were collected at 24 hours after media change/treatment and 

gradient-purified (Bastian et al., 2013; Bastian et al., 2011). Remaining cells were measured 

for viability using WST-1 (Takara). The treated cells, once the supernatant was separated 
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and collected, were washed 3 times with PBS to remove debris and other nonspecifically 

attached proteins, and then treated with 0.1% Triton X in order to release the gp120 from the 

cell surface without damaging the cells (Miranda et al., 2002). Collected fractions (virus-

containing and non-virus containing) were validated for p24 and gp41 contents using capture 

ELISA, for gp120 content using western blot, and for virus infectivity using luciferase 

reporter (Bastian et al., 2013; Bastian et al., 2011; Bastian et al., 2015; McFadden et al., 

2012).

Virions produced from cells treated with both KR13 and AuNP-KR13 showed dose-

dependent loss of infectivity (Figure 1A) and virus gp120 (Figure 1B) but retention of gp41 

(Figure 1C). Importantly, the virions produced from treated cells retained luminal p24 

(Figure 1D), in stark contrast to the previously observed dose- and time-dependent loss of 

p24 from cell-free virus treated with these agents (Bastian et al., 2013; Bastian et al., 2011; 

Bastian et al., 2015). The p24 in the lumen of the virions treated with KR13 and AuNP-

KR13 were in the mature form as judged by size in the western blot analysis (Supporting 

Figure S1A). We surmise that the reduction in total p24 content in the virion fraction 

obtained from cells in the presence of AuNP-KR13 is due to the reduction in total virus 

production from these treated cells. We speculate that the virion decrease in this case is 

caused by disruptive effects on the cell surface before virion budding, as reflected by the loss 

of cell viability (Figure 1F). Nonetheless, retention of substantial luminal p24 in the inactive 

viruses produced from infected cells in the presence of KR13 and AuNP-KR13 argues 

strongly that the agents remove gp120 from the cell surface before budding of p24-

containing virions from treated cells. In turn, the consequent survival of p24-containing 

virions once formed in the presence of KR13 and AuNP-KR13 is due to the lack of gp120 

on the “bald” budded virions from the treated cells. This fits with results in Figure 1F and 

previous reports that lysis by the PTs requires functionally active surface gp120 (Bastian et 

al., 2013; Bastian et al., 2011; Bastian et al., 2015). Additionally, in a separate control 

experiment, we found that isolated virions produced from cells in the presence of KR13 as 

expected became refractory to freshly added KR13, while virions produced in the absence of 

KR13 were not (Supporting Figure S1B). No impairment of produced virus infectivity 

(Supporting Figure S2A) or gp120 content (data not shown) was found from cells treated 

with unconjugated AuNP or AuNP conjugated to inactive sequence-scrambled KR13S 

peptide (RINNWXISEAMMβAQβAC-CONH2) (Bastian et al., 2015). The overall results 

argue that both KR13 and AuNP-KR13 cause formation of inactive virus particles upon 

interaction with cell-surface gp120.

Fate of HIV-1 virus-producing cells in the presence of KR13 and AuNP-KR13

Virus-producing 293T cells treated with KR13 or AuNP-KR13 were both found to shed 

gp120 (Figure 1E). In contrast, 293T cells transfected with the PT-resistant S375W mutant 

Env (Bastian et al., 2015) exhibited no gp120 shedding after either treatment, confirming 

that cell gp120 shedding requires specific gp120 binding. That gp120 shedding occurs upon 

PT binding has already been shown in a kinetic analysis of Env breakdown in HIV-1 

pseudoviruses treated with KR13 (Bastian et al. 2013). Importantly, the viability of HIV-1 

Env expressing cells treated with AuNP-KR13, but not with KR13, decreased precipitously 

(Figure 1F). The viability of S375W-Env expressing cells was unaffected by AuNP-KR13 
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(Figure 1F), verifying that AuNP-KR13 cytotoxicity was due to specific interaction with cell 

surface gp120. Also, no cytotoxicity was observed when cells not expressing Env were 

treated with AuNP-KR13 (Supporting Figure S2B). Cell viability was unaffected by either 

unconjugated AuNP or AuNP conjugated to the inactive variant KR13S (Supporting Figure 

S2C).

Effects on cells stably expressing gp160 in the absence of virion budding

CHO-K1 (engineered Chinese hamster ovary) cells stably transfected with gp160 (from 

Robert Blumenthal, NCI) were seeded at 100,000 cells/well onto a 24-well plate and treated 

for 24 hours with KR13 or AuNP-KR13 at the same concentrations used in the 293T cell 

assays. Cell supernatants were collected and spun at 1000 rpm for 5 min to pellet cell debris. 

Wash fractions were collected and quantified for the gp120 removed from the cell surfaces 

with Triton X, as described above for transfected 293T cell analyses. Treated cells were 

tested for cell viability using the WST-1 assay. As shown in Figure 1G, both KR13 and 

AuNP-KR13 caused gp120 shedding from CHO-K1-gp160 cells. That KR13 and AuNP-

KR13 caused gp120 shedding from these cells reinforces the argument that Env spikes 

expressed on the cell surface are in a structurally vulnerable metastable state prior to virus-

incorporation and hence can be exploited to inactivate Env spikes on the plasma membrane 

of infected cells before virion budding.

For AuNP-KR13, shedding showed a strong inverse correlation with viability of CHO-K1-

gp160 cells (Figure 1G), further supporting that AuNP-KR13 interaction with gp120 is key 

to causing cytotoxicity. Prior observations argue that KR13 and AuNP-KR13 elicit viral 

lysis by different mechanisms, with KR13 prematurely triggering fusion-related membrane 

transformation (Bastian et al., 2013) versus simultaneous engagement of AuNP-KR13 with 

multiple Env spikes on the virus (Bastian et al., 2015).

Breadth of AuNP-KR13 and KR13 Functions in Cells Producing Replication-

Competent Viruses

We evaluated the breadth of action of KR13 and AuNP-KR13 on cells producing 

replication-competent viruses. HEK293T cells were transfected with replication-competent 

virus DNA plasmids followed by re-seeding of infected cells and introduction of serial 

dilutions of KR13 and AuNP-KR13. Collected produced virus was quantified for p24 by 

capture ELISA as previously (Bastian et al., 2013; Bastian et al., 2011; Bastian et al., 2015). 

Infectivity was determined with a TZMB-1 assay (Montefiori, 2005) and compared to 

untreated, virus-only control. Treatment of infected cells with either KR13 or AuNP-KR13 

led to production of noninfectious virions in all strains tested (Figure 1H). In addition, 

decreasing cell viability was seen across the range of Env subtypes treated with AuNP-

KR13, with quantitative differences observed between strains. The overall finding of 

significant breadth in KR13 and AuNP-KR13 effects on cell-surface Env is consistent with 

PT breadth of action observed previously with virus Env, including with fully infectious 

virus (Bastian et al., 2013; McFadden et al., 2012).
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Overall, the results reported here demonstrate that agents targeting the metastability of Env 

gp120/gp41 complex are capable of inactivating not only infectious virus but also infected 

cells producing the virus. In so doing, PT-based Env inactivators, can suppress virus 

proliferation from infected cells. This will open up exploring cellular effects of a recently-

discovered class of metabolically-stable and high-potency macrocyclic PT Env inactivators 

(Chaiken and Rashad, 2015; Rashad et al., 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights for Paper Titled “Targeting cell surface HIV-1 Env protein to 
suppress infectious virus formation”

• Both peptide triazole thiols and their multivalent conjugates on AuNPs can 

inactivate HIV-1 Env.

• HIV-1 Env protein inactivators can target Env gp120 proteins on virus-

producing cells.

• Targeting virus-producing cells suppresses new infectious virus formation.

• Metastability of HIV-1 Env is a strategic vulnerability of both viruses and 

cells.

• Env targeting by multivalent inactivators has potential for infected cell killing.
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Figure 1. 
Properties of virions obtained from 293 T producer cells in the presence of KR13 or AuNP-

KR13 treatments. (A) virus infectivity; (B) virus gp120 retention; (C) virus p24 content (D) 
virus gp41 content. Error bars represent standard deviation of the mean, n = 3. Effects of 

KR13 and AuNP-KR13 on cells expressing surface Env as either WT gp120 or the S375W 

peptide-resistant gp120 mutant: (E) Env gp120 retained on 293T cells 24 hours after 

beginning KR13 or AuNP-KR13 treatment; (F) Viability of transfected 293T cells 24 hours 

after beginning KR13 or AuNP-KR13 treatment. Positive and negative controls were cells 
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treated with 0.1% triton X and cells treated with PBS respectively. Error bars represent 

standard deviation of the mean, n = 3. (G) Effects of KR13 and AuNP-KR13 on CHO-K1 

cells stably expressing gp160 complex. (Left Y-Axis, Solid Line) Env gp120 released from 

the surface of CHO-K1-gp160 cells 24 hours after beginning KR13 or AuNP-KR13 

treatment. (Right Y-Axis, Dotted Line) Cell viability of CHO-K1-gp160 cells 24 hours post 

KR13 or AuNP-KR13 treatment. Positive and negative controls were cells treated with 0.1% 

triton X and with PBS respectively. Error bars represent standard deviation of the mean, n = 

3. (H) Breadth analysis of KR13 and AuNP-KR13 inhibition of infectious virus formation. 

Viruses tested included YU2 (clade B, tier 1, CCR5 tropic), JR-CSF (clade B, tier 2, CCR5 

tropic), NL4-3 (clade B, tier 1, CXCR4 tropic), HXB2 (clade B, tier 1, CXCR4 tropic) and 

R3A (clade B, tier 2, dual tropic). (Top) Infectivity of the produced virions 24 hours after 

beginning KR13 or AuNP-KR13 treatment. (Bottom) Viability of transfected 293T cells 24 

hours after beginning KR13 or AuNP-KR13 treatment. Positive and negative controls were 

cells treated with 0.1% triton X and with PBS respectively. Error bars represent standard 

deviation of the mean, n = 3.
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