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Abstract

Camptothecin (CPT) is a natural product discovered to be active against various cancers through 

its ability to inhibit Topoisomerase I (TOP1). CPT analogs also have anti-HIV-1 (HIV) activity 

that was previously shown to be independent of TOP1 inhibition. We show that a cancer inactive 

CPT analog (O2-16) inhibits HIV infection by disrupting multimerization of the HIV protein Vif. 

Antiviral activity depended on the expression of the cellular viral restriction factor APOBEC3G 

(A3G) that, in the absence of functional Vif, has the ability to hypermutate HIV proviral DNA 

during reverse transcription. Our studies demonstrate that O2-16 has low cytotoxicity and inhibits 

Vif-dependent A3G degradation, enabling A3G packaging into HIV viral particles that results in 

A3G signature hypermutations in viral genomes. This antiviral activity was A3G-dependent and 

broadly neutralizing against sixteen HIV clinical isolates from groups M (subtypes A-G), N, and O 

as well as seven single and multi-drug resistant strains of HIV. Molecular modeling predicted 

binding near the PPLP motif crucial for Vif multimerization and activity. O2-16 also was active in 

blocking Vif degradation of APOBEC3F (A3F). We propose that CPT analogs not active against 

TOP1 have novel therapeutic potential as Vif antagonists that enable A3G-dependent 

hypermutation of HIV.
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Graphical Abstract

1. Introduction

Human APOBEC3G (A3G) is a member of the APOBEC family of cytidine/deoxycytidine 

deaminases that catalyze C to U deamination on single-stranded DNA (ssDNA) or RNA 

(Munk et al., 2012). The HIV antiviral mechanism for A3G includes: (i) packaging into 

virions by binding to Gag (Alce and Popik, 2004; Cen et al., 2004) and viral and host RNAs 

(Bach et al., 2008; Khan et al., 2007; Svarovskaia et al., 2004), (ii) impairing progression of 

Reverse Transcriptase (RT) by interfering with the viral replication machinery (Guo et al., 

2006; Li et al., 2007) and (iii) deaminating dC to dU on proviral minus-strand DNA 

resulting in degradation through DNA repair pathways and dG to dA hypermutations in the 

plus-strand viral protein coding regions (Harris et al., 2003; Mangeat et al., 2003). Although 

A3G is the most potent and abundant anti-HIV APOBEC3 (A3), other A3 family members 

A3F, A3H (haplotype specific), and A3D are capable of blocking HIV (Chaipan et al., 2013; 

Li et al., 2010a). However, HIV has a defense factor against A3 proteins known as viral 

infectivity factor (Vif) (Sheehy et al., 2002). Vif targets A3 proteins for polyubiquitination 

and proteasomal degradation (Stopak et al., 2003; Yu et al., 2003). Vif has also been shown 

to affect A3G translation through mRNA binding (Mercenne et al., 2010) and A3G 

transcription through its interaction with transcription factor core-binding factor-β (CBFβ) 

(Anderson and Harris, 2015).

Multiple protein-protein interactions (PPI) are crucial for Vif-dependent A3G degradation 

and are potential therapeutic targets (Letko et al., 2015; Salter et al., 2014). Vif promotes 

A3G polyubiquitination by acting as a SOCS-box type substrate receptor for an E3 ubiquitin 

ligase complex comprising Cullin5 (Cul5), Rbx2, ElonginB/C (EloBC), and CBFβ 
(Hultquist et al., 2012; Jager et al., 2012; Mehle et al., 2006; Yu et al., 2003; Zhang et al., 

2012). Another crucial PPI is Vif self-association involving the solvent-exposed 161-

PPLP-164 motif (Salter et al., 2014). The PPLP motif is required for A3G binding and 

degradation (Bergeron et al., 2010; Donahue et al., 2008; Salter et al., 2014; Wolfe et al., 

2010; Yang et al., 2001). Intracellular A3G abundance and its incorporation into viral 

particles were enhanced in the presence of peptides that were antagonists to the PPLP motif, 

leading to marked suppression of HIV infectivity (Miller et al., 2007). Mutating the PPLP 

motif produced a Vif multimerization dominant negative mutant that had significantly 

reduced interaction with A3G (Walker et al., 2010). Moreover, the PPLP motif highlights an 

interplay within the cell between Vif multimerization, A3G binding and RNA binding, as the 
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size of Vif oligomers in the cellular context were reduced in the presence of A3G (Batisse et 

al., 2013) and PPLP has been shown to influence Vif’s RNA binding properties (Bernacchi 

et al., 2011). Overall, Vif’s multiple interactions make it difficult to fully dissect the process 

by which Vif oligomerizes and finds A3G in the cell and shuttles it to the E3 ligase complex 

away from viral particles, but the highly conserved PPLP motif seems to be a linchpin in this 

process.

CPT is a natural product that was isolated from the Asian tree, Camptotheca acuminate, and 

discovered by Wall and colleagues (Wall et al., 1966) to be active against various cancers 

through its ability to form a complex with Topoisomerase I (TOP1). Inhibition of TOP1 

leads to double-stranded DNA breaks in actively replicating cells resulting in a G2 block and 

cell death (Burke and Adams, 2005). Many analogs of CPT have been tested clinically since 

its discovery, with two FDA-approved chemotherapeutic agents, Irinotecan and Topotecan, 

currently in use for a variety of cancers (Burke and Adams, 2005). Many analogs of CPT 

also were active against HIV, including 9-nitro CPT (Moulton et al., 1998), 7-hydroxy 

methyl CPT (Li et al., 2010b) and Topotecan (Zhang et al., 1997). Topotecan had strong 

anti-HIV activity in the CPT-K5 cell line. These cells express TOP1 with mutations at 

residues 533 and 583 that prevent Topotecan from binding and acting as a TOP1 inhibitor 

(Zhang et al., 1997). In this report, we demonstrate that the target for the antiviral 

mechanism of CPT derivatives in the absence of TOP1 inhibitory activity is Vif, and 

molecular modeling suggests the CPT analog interacts with Vif near the PPLP motif.

2. Materials and Methods

2.1. FqRET assay for Vif multimerization inhibition

The quenched fluorescence resonance energy transfer (FqRET) cell-based assay utilized 

expression of pNL4-3 Vif (accession no. M19921) tagged separately with either a EGFP 

fluorophore (EGFP-V5-Vif) or a REACh2 quencher (Vif-HA-REACh2) in the pIRES-P 

vector (Hobbs et al., 1998). The Vif multimerization assay was established through robotic 

co-transfection of HEK293T (293T) cells with Turbofect (Thermo) and optimized for input 

plasmid ratio (1:4, fluorophore to quencher) to achieve maximum quench of fluorescent 

signal. EGFP fluorescence was quantified 24 hours after transfection with a BioTek 

Synergy4 plate reader (ex = 485 nm, em = 528 nm) followed by the addition of 0–30 µM 

compound. The plates were read a second time 24 hours after compound addition. The 

differential between the first and second read in each well was quantified relative to the 

DMSO control to determine the change in relative fluorescence units (ΔRFU) (Fig. S2).

2.2. A3G and A3F degradation assay

A3G-V5-mCherry or A3F-V5-mCherry was stably expressed from the pIRES-P vector in 

293T cells under puromycin selection. Fifty ng of plasmid expressing Vif-HA (accession no. 

AB573087) was transfected into the cells in 384-well format with Turbofect on a liquid 

handling robot. Four hours after transfection the compounds were added to cells in a range 

from 0–30 µM. Twenty-four hours after compound addition mCherry fluorescence was read 

on a BioTek Synergy4 plate reader (ex = 587 nm, em = 610 nm). Relative fluorescence units 
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(RFU) from compound treated wells were quantified using thresholds set by the −Vif 

(positive control) and +Vif (negative control) (Fig. S3).

2.3. Pseudotyped virus infectivity

pDHIV3-GFP (+Vif virus) codes for all HIV genes except nef (replaced with EGFP) and 

env, and pΔVif-DHIV3-GFP (−Vif virus) contains a stop codon early within the vif gene. 

Producer cells of either 293T cells stably expressing A3G-V5-mCherry, A3F-V5-mCherry 

or transiently transfected with (+A3G) or without (−A3G) V5-A3G in pIRES-P were 

transfected with the viral vectors and VSV-G coat protein vector pVSV-G using Fugene HD 

(Promega). In the +A3G condition proviral DNA:VSV-G:A3G were added to cells with a 

ratio of 1:0.5:0.08, which establishes levels of A3G that are comparable to endogenous A3G 

(Soros et al., 2007). Virus producer cells were dosed with compound 4 hours after 

transfection and viral particles were harvested 24 hours later by filtering the media through a 

0.45-micron syringe filter.

2.4. Viral particle analysis

Viral particles (30–50 ng p24) isolated from producer cells (section 2.3) were normalized 

with a p24 ELISA (Perkin Elmer) and sedimented by ultracentrifugation through a 20% 

sucrose cushion at 100,000 x g. Proteins were resolved by SDS-PAGE and western blotted 

for V5 (Life Technologies) and p24 with antibody obtained through the NIH AIDS Reagent 

Program, NIAID: HIV-1 p24 Monoclonal (183-H12-5C) (Wehrly and Chesebro, 1997).

2.5. Nested PCR and next generation sequencing (NGS) analysis

TZM-bl cells (Platt et al., 1998) were infected with equal loads of virus (section 2.3) and 

genomic DNA was isolated from the cells 48 hours post-infection using a Wizard gDNA 

Isolation Kit (Promega) according to manufacturer’s protocol. HIV proviral vector (− 

Control) and isolated gDNA from infected TZM-bl cells (infected with: (1) + Control, −Vif/

+A3G virus; or (2) 33.3 µM O2-16 treated +Vif/+A3G and −Vif/−A3G viruses) were 

subjected to nested PCR and NGS, which is detailed in the Supplemental Materials and 

Methods.

2.6. CEM-SS and A3.01 Acute Infection

CEM-SS and A3.01 cells were infected in 96-well microtiter plates at ImQuest Biosciences 

(Frederick, MD). Fifty µL of solvent control and compound at final concentrations of 100, 

200 and 400 nM were added in triplicate to 50 µL of cells at final volume plated density of 

2.5 × 103 cells per well. HIV-1IIIB was added to the wells in a volume of 100 µL at 

predetermined titers to provide virus replication over the 14-day infection. Virus replication 

in the infected cells was monitored daily by RT assay as described previously (Buckheit and 

Swanstrom, 1991). Cultures were passaged on day 8 by performing a 1:5 split of the culture. 

Compound was replenished every other day. Uninfected cells at the same compound 

concentrations along with DMSO controls were evaluated in parallel with tetrazolium dye 

XTT to quantify the cell viability on days 5 and 14.
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2.7. PBMC acute infection

PBMC assays were performed as previously described (Ptak et al., 2008). Briefly, PHA-

stimulated cells from at least two normal donors were pooled, diluted in fresh media to a 

final concentration of 1 × 106 cells/mL, and plated in a 96-well round bottom microplate at 

50 µL/well (5 × 104 cells/well). Each plate contained virus control wells and experimental 

wells using different viral isolates as described in Supplemental Materials and Methods. Test 

drug dilutions were prepared at a 2X concentration and 100 µL of each concentration was 

placed in appropriate wells. Fifty µL of a predetermined dilution of virus stock was placed in 

each test well (final MOI ≅ 0.1). On day seven, cell-free supernatant samples were collected 

for analysis of RT activity as described previously (Ptak et al., 2008). Toxicity assays were 

run in parallel and cell viability was measured as described previously (Ptak et al., 2008).

2.8. Molecular modeling on the Vif crystal structure

The published Vif crystal structure (PDB: 4N9F) (Guo et al., 2014) was used to create a 

computational model in PyMol for in silico docking to Vif. AutoDock Vina (Trott and 

Olson, 2010) was used to model Vif and O2-16 interactions and assess binding affinities 

(kcal/mol). Polar hydrogen atoms were added to the structure, and a rectangular grid was 

created covering the exposed surface of Vif to scan it with O2-16 without bias to interrogate 

the surface for potential O2-16 binding sites.

3. Results

3.1. O2-16 is a CPT analog that lacks TOP1 inhibition activity

The crystal structure of Topotecan bound to TOP1 showed that the E-ring oxygen (Fig. 1A) 

is critical as a hydrogen bond acceptor in the catalytic pocket of the TOP1 enzyme (Staker et 

al., 2002). In order to isolate HIV antiviral activity from TOP1 inhibiting activity we 

contracted AsisChem to synthesize an analog of CPT (O2-16) in which the E-ring lactone of 

CPT was replaced with a lactam (Fig. 1A). This analog is ineffective as a TOP1 inhibitor 

and anti-cancer compound compared to native CPT and lactone-based analogs (e.g., 

Topotecan) (Jaxel et al., 1989). The critical hydrogen bond acceptor (O) is converted to a 

hydrogen bond donor (NH) in O2-16 (Fig. 1A) (Staker et al., 2002). The absence of TOP1 

inhibition by O2-16 was confirmed by an in vitro TOP1 inhibition assay (Topogen) in which 

CPT trapped plasmid DNA in open nicked circles but O2-16 did not (Fig. S1A). This result 

was further confirmed through analysis of cell cycle progression by flow cytometry (Fig. 

S1B), which showed that whereas CPT induced a G2 block and apoptosis, O2-16 was no 

longer effective in arresting cells at the G2 phase of the cell cycle (Fig. S1B).

3.2. O2-16 has a dose-dependent effect on Vif multimerization

The identification of O2-16 activity as a Vif multimerization antagonist relied on a cell-

based FqRET assay that was developed as a high throughput screen for compounds that 

antagonize Vif multimerization (Fig. S2). The interaction of Vif molecules enables 

quenching of EGFP signal by REACh2, a mutant of the yellow fluorescent protein that is 

capable of accepting the EGFP donor fluorescence and quenching its signal without an 
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acceptor signal (Ganesan et al., 2006). Compounds that inhibit Vif multimerization and 

relieve the quench manifest as a positive EGFP signal (Fig. S2).

We used the FqRET assay to determine whether O2-16 and CPT inhibition of Vif 

multimerization was dose-dependent. The fluorescence was measured before and after a 

24hour incubation with increasing amounts of O2-16 and CPT and the differential between 

the two reads was calculated as ΔRFU. Above a concentration of 1.5 µM, O2-16 reversed 

quench in a dose-dependent manner compared to the negative control DMSO-treated cells 

and increased ΔRFU indicative of inhibition of Vif multimerization (Figs. 1B & S2D). 

Alternatively, CPT showed a strong reversal of quench at 1.5 µM but its toxicity reduced the 

effect at 30 µM (Fig. 1B).

3.3 O2-16 protects A3G and A3F from Vif-dependent degradation

A Vif-dependent mechanism for O2-16 antiviral activity would require that O2-16 is able to 

protect A3G from degradation. We determined the effect of O2-16 on A3G degradation 

using a cell-based, Vif-dependent A3G degradation assay similar to assays reported 

previously employing A3G-YFP (Cen et al., 2010; Nathans et al., 2008). The assay was 

optimized in a 293T cell line stably expressing A3G-V5-mCherry; degradation of A3G was 

induced by transfection of Vif-HA (Fig. S3). O2-16 displayed potent dose-dependent 

inhibition of Vif-dependent A3G degradation down to 1.5 µM (Fig. 1C). However, similar to 

the response in the Vif multimerization screen, CPT had a reduced effect on Vif-dependent 

A3G degradation with increasing concentrations (Fig. 1C) suggesting that, unlike O2-16, the 

cytotoxic effect due to CPT activity against TOP1 obfuscated the Vif inhibitory activity.

An A3F-V5-mCherry stable cell line also was created to test if O2-16 could block Vif-

dependent A3F degradation (Fig. S3). In a side-by-side screen run in triplicate O2-16 was 

evaluated over an eight-point dose range (0.12–30 µM) and had nearly identical ability to 

protect A3F and A3G from Vif-dependent degradation (Fig. 2A).

3.4. O2-16 increases the amount of A3G and A3F recovered with HIV viral particles

Another hallmark of Vif’s activity is a reduction of A3G and A3F accumulation in viral 

particles (Stopak et al., 2003; Yu et al., 2003). We evaluated the ability of O2-16 to enhance 

the recovery of A3G in viral particles, by dosing O2-16 (2.1–33.3 µM) in virus producer 

293T cells co-transfected with V5-A3G and plasmids encoding HIV proviral DNA to 

produce pseudotyped HIV. Viral particles were isolated and analyzed by western blotting for 

the HIV capsid p24 and V5-A3G. A3G recovery within virions increased with O2-16 in a 

dose-dependent manner (Fig. 2B, left). We also evaluated the effectiveness of 33.3 µM 

O2-16 to increase the amount of A3G and A3F in viral particles in the presence of Vif from 

virus produced in the A3G-V5-mCherry and A3F-V5-mCherry 293T cell lines used in 

Figures 1C and 2A. Representative western blots from virions isolated are shown in Figure 

2B (right). The average viral recovery from three separate viral particle isolations revealed 

that whereas only 15% of A3G and 17% of A3F were incorporated into virions expressing 

Vif without O2-16 (DMSO control), both A3G and A3F viral levels increased to ~50% with 

O2-16 added when compared to the minus Vif maximum control for A3G packaging (Fig. 

2C).
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3.5. O2-16 enables A3G signature hypermutations in HIV proviral DNA

A3G mutations occur processively 3’ to 5’ on ssDNA (Chelico et al., 2006) with the highest 

proportion of mutations occurring in stretches of HIV DNA that remain single-stranded for 

the longest period of time during reverse transcription (Yu et al., 2004). Therefore, A3G-

dependent hypermutation of HIV genomes is a critical proof of the mechanism of action 

(MOA) expected for Vif antagonists that enable A3G antiviral activity. Table 1 summarizes 

the results from NGS of proviral HIV DNA isolated from target cells in pseudotyped HIV 

infections.

An 885 base pair (bp) region of the pol gene was selected as a region highly mutated by 

A3G (Yu et al., 2004). The Ion Torrent sequencing methodology reads 150–200 bp fragment 

libraries, therefore the hypermutation rate is the calculation of the percentage of G mutations 

among all fragments with at least 1 mutation to have 3 or more mutations in the 150–200 bp 

read. Nested PCR of HIV proviral vector (– Control) and gDNA isolated from cells infected 

with O2-16 treated virus −Vif/−A3G both had a low percentage of sequences with 3 or more 

mutations (1.0% and 3.1%, respectively, Table 1). The slight increase in the O2-16 treated, -

Vif/−A3G condition was likely due to contributions from low fidelity in HIV RT (Tripathi et 

al., 2012). As anticipated, the -Vif/+A3G (+ Control) infection condition had A3G 

hypermutation activity that was very high (97.1%, Table 1). Consistent with the MOA of 

O2-16, A3G hypermutation activity was enabled by O2-16 treatment of the +Vif/+A3G 

condition to levels that were comparable with those observed without drug when Vif was 

absent (81.8%, Table 1).

The nearest neighbor nucleotide preferences for dC that A3G mutates in HIV minus strand 

DNA are a 5’-dC and to a lesser extent 5’-dT with infrequent A3G mutations next to 5’-dA 

or -dG (Liddament et al., 2004). Table 1 compares the nearest neighbor preference of these 

four conditions in NGS to identify A3G signature mutations, which are manifested as dG to 

dA changes in the plus strand read. In the + Control this nearest neighbor preference was 

high for GG to AG (86.6%) and less so for GA to AA (11.7 %), with very low preference for 

AT or AC changes (1.7% and 0.1%, respectively, Table 1). The mutations resulting from 

O2-16 treatment of the +Vif/+A3G condition closely resembled the nearest neighbor 

preferences of the + Control (Table 1). As anticipated, O2-16 treatment −Vif/−A3G 

condition closely resembled the - Control pattern, with no apparent preference (Table 1).

A3G expression in the absence of Vif (+ Control) led to a 303-fold increase in G mutation 

rate compared to NGS of the HIV proviral vector (− Control) representing maximum 

mutation rate that could be expected in the pseudotyped HIV system (Table 1). In 

comparison, the O2-16 treatment +Vif/+A3G condition resulted in a 20-fold increase in G 

mutations over the - Control (Table 1), consistent with how much A3G was incorporated 

into these virions compared to the −Vif control (Fig. 2C). The mutation rates we have 

observed with O2-16 are likely to be catastrophic for HIV as hypothetically, only a 2- to 6-

fold increase in HIV mutation rate would be required to exceed the threshold error rate 

necessary to induce nonviable HIV genomes (Tripathi et al., 2012). Supporting this 

prediction, the mutated sequences of the Gag-Pol protein suggested that O2-16 enabled A3G 

to produce mostly nonsense (stop) and missense mutations in similar percentages as the + 

Control (Table 1).
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3.6. O2-16 has antiviral activity only in A3G expressing T-cells in a 14-day spreading HIV 
infection

Two CEM-derived clonal cell lines, CEM-SS with low A3G expression and A3.01 with high 

A3G expression (Fig. 3A) were infected with the HIVIIIB isolate at low multiplicity of 

infection (MOI) to evaluate the A3G-dependency of the O2-16 antiviral effect during a 14-

day spreading infection. Infected cells were dosed with 0 to 400 nM of O2-16, every other 

day. O2-16 had no effect on HIV production in the CEM-SS cell line (Fig. 3B) and no 

cytotoxicity in uninfected cultures treated with drug in parallel and monitored for changes in 

cell viability (Fig. 3C). Supporting the predicted MOA, 400 nM O2-16 strongly neutralized 

HIV infection in A3.01 cells throughout the 14-day study (Fig. 3D). In contrast, the HIV 

protease inhibitor (PI) Ritonavir showed no A3G-dependence and neutralized infectivity at 

100 nM in both cell lines (Fig. S4). Following 5 days of treatment with 400 nM of O2-16 

there was no cytotoxic effect on the cells and by Day 14 with treatment every other day, the 

viability of A3.01 cells treated with O2-16 was ~75% of the DMSO control (Fig. 3E). By 

contrast CPT was very toxic above 0.5 nM (data not shown), but was tested at 0.05, 0.1 and 

0.5 nM (Fig. S5), and there was an antiviral effect that was not as robust as O2-16 and, 

consistent with the toxicity of CPT, was evident in both cell types (Fig. S5A & C). Also, 

opposed to 400 nM O2-16 (Fig. 3D) by day five 0.5 nM CPT treatment yielded cell viability 

that was down to ~75% (Fig. S5D). This data confirmed the data from Fig. 1 that TOP1 

activity and Vif inhibitory activity cannot be separated with CPT, but the modifications in 

O2-16 eliminated TOP1-related toxicity, thus enabling A3G-dependent antiviral activity.

3.7. O2-16 was broadly neutralizing across HIV subtypes infecting PBMCs

We evaluated the antiviral efficacy of O2-16 in PHA/IL-2 activated pooled patient peripheral 

mononuclear cells (PBMCs) in a 7-day infection using 16 HIV clinical isolates from 7 group 

M HIV subtypes as well as groups O and N. O2-16 neutralized all of the HIV isolates 

evaluated with an average 50% efficacy concentration (EC50) of 170 ± 90 nM (Fig. 4A). In 

PBMCs we observed a modest effect on cell viability with increasing concentration 

consistent with a cytostatic effect as opposed to overt cell toxicity (Fig. S6). In fact, multiple 

in vitro tests of cytostasis, changes in cell morphology, stress and apoptosis, and viability 

indicated that O2-16 treatment was not associated with cell death or necrosis, although in the 

micromolar range O2-16 had a cytostatic effect (Table S1).

3.8. O2-16 was broadly neutralizing of drug resistant HIV isolates and did not target other 
HIV proteins

Next we tested seven drug-resistant strains of HIV and the common laboratory strain 

pNL4-3 (wild-type control) to further establish that the antiviral activity of O2-16 was in 

fact Vif-dependent and not dependent on protein targets of other known HIV therapeutics, 

such as RT inhibitors (both nucleoside, NRTI and non-nucleoside-based RT inhibitors, 

NNRTI), PI, viral fusion inhibitors (FI), and Integrase inhibitors (INI). The antiviral EC50 

(150 ± 30 nM) of O2-16 against multiple or single drug-resistant strains (Fig. 4B) were on 

par with the values seen for wild type HIV isolates (Fig. 4A). These findings corroborated 

those from A3.01 cells showing that the MOA for O2-16 was Vif- and A3G-dependent (Fig. 

3) and confirmed that the antiviral mechanism of O2-16 was unique. To further establish Vif 
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as the target, O2-16 was tested using in vitro assays that measure HIV Protease, Integrase 

and RT enzymatic activities. Whereas assays demonstrated activity with their cognate 

inhibitors, no inhibition was detected up to 100 µM with O2-16 (Table S2).

To establish the time in the viral life cycle O2-16 activity is manifest we employed a time of 

addition assay. In this assay an inhibitor’s efficacy depends on its addition to cells prior to 

and during the expression and function of the antiviral target. The inhibitor would be 

ineffective if added after this point. The control inhibitors included in the experiment began 

to lose antiviral efficacy at the following time points post-infection: FI Maraviroc at 1hr, 

NRTI AZT at 4hrs, NNRTI Nevirapine at 6hrs, INI Raltegravir after 8hrs (between 8hr and 

24hr time points), and HIV RNA transcription inhibitor Temacrazine was effective through 

24 hours of addition (Fig. S7). RLU from TZM-bl cells revealed that both the PI Darunavir 

and O2-16 had no activity when compound was added at 0, 1, 2, 4, 6, 8 and 24 hours after 

being infected with HIV Ba-L and RLU read at 48 hours (Fig. S7). The TZM-bl readout was 

dependent on HIV LTR reporter driven expression of luciferase (Fig. S7), therefore any 

inhibitor that has an effect downstream of viral translation would not be evident in the assay. 

These results showed that O2-16 had no effect at any stage of the viral life cycle prior to and 

including Tat transactivation of the HIV LTR, consistent with the lack of activity of the PI in 

this assay. Therefore, O2-16 is indeed acting late in the viral life cycle when Vif is blocking 

A3G packaging during viral particle assembly.

3.9. Modeling predicts that O2-16 occupies a pocket next to the PPLP motif

An unbiased docking of O2-16 to the exposed surface of the Vif crystal structure (Guo et al., 

2014) was performed to assess whether O2-16 had the potential for binding to the surface of 

Vif. A low energy binding interaction was predicted with a ΔG of −13.9 kcal/mol (Fig. 5). 

O2-16 was predicted to bind a surface pocket on Vif, forming hydrophobic interactions with 

residues W21, L24, T135, A137, P162, L163, P164, K168 and L169 (Fig. 5B), and specific 

H-bonds with residues D134, A137, I159, and L163 that form the pocket (Fig. 5C). 

Interestingly, the unbiased docking predicted direct contact with 3 of the 4 residues in the 

161-PPLP-164 motif described in section 1 as being crucial for Vif self-association, A3G 

degradation and RNA binding. Moreover, the PPLP motif enables crucial functional 

interactions in the cell for Vif to degrade A3F as well, thus the modeling correlates well the 

ability of O2-16 to inhibit Vif-dependent degradation of A3F along with A3G (Fig. 2).

4. Discussion

We have established herein that a CPT analog that lacks TOP1 inhibitory activity was 

broadly neutralizing across HIV clinical groups and subtypes. Taking advantage of multiple 

assay methods, we demonstrated the MOA of the antiviral activity as an inhibitor of Vif 

multimerization and Vif-dependent A3G and A3F degradation. In the presence of Vif, O2-16 

enabled an enhanced recovery of A3G and A3F with viral particles and A3G signature 

hypermutations of HIV proviral DNA. The observation that antiviral activity required A3G 

expression and that drug resistant strains were neutralized by O2-16 further suggested that 

the antiviral activity was A3G-dependent and was associated with a unique target. This 

conclusion was further strengthened by the lack of O2-16 activity against HIV Protease, 
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Integrase and RT along with a time of addition assay showing that the target for O2-16 was 

late in the viral life cycle. Predictions from unbiased molecular docking further supported 

that the O2-16 binding site is adjacent to the PPLP motif in Vif.

A notable difference in effective concentrations of O2-16 for the different assays was 

observed. However, it must be noted that in the 293T based assays (e.g., Vif 

multimerization, Vif-dependent degradation and pseudotyped HIV viral production) cells 

were transfected with higher amounts of Vif than levels naturally expressed during an 

infection; requiring more compound to compensate for the increased number of Vif 

molecules. In contrast, A3.01 and PBMC live virus infections involved multiple rounds of 

infection over 7 to 14 days starting with a low MOI that was amplified through a spreading 

infection. Consistent with this explanation, nanomolar levels of O2-16 had effective antiviral 

activity in spreading infection assays compared with the micromolar levels required for 

293T pseudotyped virus and high throughput analyses. Moreover, Refsland et al. showed 

that relative mRNA expression of A3G is 4-fold higher in PBMCs compared to CEM cells 

and 40-fold higher than CEM-SS. This observation correlates well with the apparent 

increased efficacy in PBMCs vs. A3.01 and CEM-SS (Refsland et al., 2010). A3F 

expression was higher in PBMCs as well, but to a lesser extent, and A3F was overall 

expressed much lower than A3G in both cell types (Refsland et al., 2010). Ultimately, the 

cell-based assays and CEM cell line studies established the compound’s target, while the 

benchmark for the potency of the antiviral efficacy may be more appropriately gauged from 

the more biologically relevant PBMC assay.

Removing TOP1 inhibitory activity not only aided in identifying the antiviral MOA of CPT 

analogs but also significantly decreased the compound’s cytotoxicity compared to CPT 

analogs currently in clinical use for treating cancer. The breadth of pre-clinical and clinical 

data on CPT analogs for cancer treatment will help guide the lactam analogs through 

formulation and clinical development of a therapeutic lead that exploits an untapped antiviral 

pathway.

Exploiting the antiviral activity of A3G is a long sought after but novel HIV therapeutic 

approach. Vif antagonists also present an opportunity to prevent the establishment of new 

reservoirs as HIV latent reservoirs are activated as part of ‘cure’ strategies to reveal and 

eliminate viral reservoirs (Kent et al., 2013; Ruelas and Greene, 2013; Xing and Siliciano, 

2012). Vif inhibitors (alone or in combination with other antiretroviral drugs) would 

potentially ensure that viral particles of HIV budding from activated reservoirs will be 

defective because with Vif disabled they would contain A3G and A3F. A Vif inhibitor would 

be a significant weapon in the arsenal to combat HIV and identify the most effective 

combination of antiviral targets for therapeutic, preventative and eradication strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• This study identifies Vif as the TOP1 independent anti-HIV target of 

CPT analogs.

• Vif multimerization and Vif-dependent A3G and A3F degradation are 

inhibited by the CPT analog, O2-16.

• This Vif inhibition leads to A3G packaging and HIV hypermutations 

and is broadly neutralizing to all HIV clades.

• A highly active Vif antagonist enables a potential new combinatorial 

strategy for therapy, prevention and eradication.
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Fig. 1. A lactam analog of CPT (O2-16) inhibits Vif multimerization and A3G degradation
(A) A depiction of CPT with the 5 rings labeled A-E showing the E-ring lactone (O, red) 

compared to CPT with an E-ring lactam (NH, blue). (B) A dose-response comparison of 

CPT and O2-16 (1.5-30 µM) displaying the change in relative fluorescence units (ΔRFU) 

compared to DMSO control in the cell-based FqRET Vif multimerization screen (described 

in Fig. S2), n=4 with error bars showing SD. (C) A dose-response comparison of CPT and 

O2-16 (1.5–30 µM) displaying RFU in a Vif-dependent A3G-mCherry degradation assay 

(described in Fig. S3), n=4 for CPT and n=6 for O2-16 with error bars showing SD.
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Fig. 2. O2-16 inhibits Vif-dependent degradation and viral packaging of A3G and A3F
(A) A dose-response for O2-16 (0.12–30 µM) displaying RFU in a Vif-dependent A3G-

mCherry and A3F-mCherry degradation assay (described in Fig. S3), n=3 with error bars 

showing SD. (B) On the left shows the O2-16 dose-dependent increase in V5-A3G in 

pseudotyped HIV viral particles with p24 acting as the viral load control, with the DMSO 

control in lane 1 and lanes 2–6 showing increasing concentrations of O2-16 (2.1, 4.2, 8.3, 

16.7, 33.3 µM); on the right shows viral particles isolated from A3G-V5-mCherry and A3F-

V5-mCherry cells infected with −Vif virus, or +Vif virus with or without O2-16 (33 µM) 
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treatment (NOTE: A3G-V5-mCherry −Vif lane is in a separate panel from the +Vif 

conditions, but all conditions are from the same gel and exposure with lanes in middle 

removed). (C) Quantification of densitometry measurements of the conditions from B (right) 

from three separate viral isolation experiments. The ratio of A3G or A3F to p24 in the −Vif 

control was set to 100%, + Vif conditions with and without O2-16 are shown with error bars 

representing SD (n=3).
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Fig. 3. O2-16 antiviral activity is dependent on A3G expression
(A) A western blot with an A3G antibody obtained through the NIH AIDS Reagent 

Program, Anti-Human APOBEC3G C-terminal Polyclonal from Dr. Jaisri Lingappa and a 

GAPDH antibody as a loading control showing the relative A3G expression in two CEM-

derived cell lines, with low to no expression in CEM-SS vs. strong expression in A3.01. (B) 

CEM-SS and (D) A3.01 14-day HIVIIIB infections at low MOI were treated every other day 

with 0, 100, 200, and 400 nM of O2-16. RT activity was measured with radioactive 

nucleotides and measured by radioactive counts per minute (cpm) to determine relative HIV 

abundance in the media. 400 nM O2-16 neutralized HIV infection only in A3G expressing 

A3.01, n=3 with error bars showing SD. (C) CEM-SS and (E) A3.01 cytotoxicity relative to 

DMSO control at days 5 and 14 measured by tetrazolium dye, n=3 with error bars showing 

SD.
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Fig. 4. O2-16 antiviral activity is broadly neutralizing in PBMC
Relative HIV abundance based on RT activity measured on day 7 compared to virus control 

of cells treated with a single dose of O2-16 on day 1. Doses ranged from 0.01 to 100 µM and 

all isolates were overlaid on a single graph for (A) 16 HIV isolates from 7 HIV-1 Group M 

envelope subtypes A, B, C, D, E, F, and G, as well as isolates from HIV-1 Groups O and N 

(subtypes/groups in parentheses listed on the right, detailed description of viral isolates are 

in Supplemental Materials and Methods), n=3 with error bars showing SD (average EC50 

displayed with SD, n=16). (B) 7 drug resistant strains and NL4-3 (i.e., wild-type control) 

Bennett et al. Page 20

Antiviral Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with abbreviations to drug types for which the isolates are resistant in parentheses listed on 

the right, n=3 with error bars showing SD (average EC50 displayed with SD, n=8).
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Fig. 5. O2-16 docked to the crystal structure of Vif
O2-16 depicted as a stick model is shown docked to a pocket on the solvent-exposed surface 

of the crystal structure of Vif. In (A) a surface rendering of Vif is depicted to illustrate the fit 

of O2-16 in the hydrophobic pocket of Vif, with (B) showing a close up of the region with 

interacting residues W21, L24, T135, A137, P162, L163, P164, K168 and L169 shown. In 

(C) Vif (purple) is depicted as a cartoon in the same orientation as A & B to illustrate the 
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predicted H-bonds (black dashed lines) between O2-16 and Vif residues E134, A137, I159 

and L163.
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Table 1

A3G Signature Hypermutations Identified through Next Generation Sequencing of HIV

− Controla O2-16
−Vif /−A3G

O2-16
+Vif /+A3G

+ Control
−Vif /+A3G

Hypermutation Rateb 1.0% 3.1% 81.8% 97.1%

GG to AGc 14.4% 17.2% 79.6% 86.6%

GA to AAc 36.1% 35.4% 16.8% 11.7%

GT to ATc 37.8% 35.1% 3.0% 1.6%

GC to ACc 11.7% 12.3% 0.7% 0.1%

G mutations increased 1 1.1 20.1 303

STOP --- --- 46.2% 35.9%

MISSENSE --- --- 40.3% 49.7%

NO CHANGE --- --- 13.5% 14.4%

a
HIV proviral DNA to control for mutations that arise during PCR and NGS

b
Among reads with at least 1 mutation, the % of reads containing 3 or more G mutations within an individual sequence read (150–200 bp read 

length).

c
% of total G mutations with nearest neighbor preference in an 885 bp region of the pol gene of 5.0 ×105 to 1.0 ×106 reads generated by NGS.

d
The fold-increase in G mutations compared to Negative (−) Control.
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