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Abstract

As many as five members of the APOBEC3 family of DNA cytosine deaminases are capable of 

inhibiting HIV-1 replication by deaminating viral cDNA cytosines and interfering with reverse 

transcription. HIV-1 counteracts restriction with the virally encoded Vif protein, which forms a 

hybrid ubiquitin ligase complex that directly binds APOBEC3 enzymes and targets them for 

proteasomal degradation. APOBEC3H (A3H) is unique among family members by dimerization 

through cellular and viral duplex RNA species. RNA binding is required for localization of A3H to 

the cytoplasmic compartment, for efficient packaging into nascent HIV-1 particles, and ultimately 

for effective virus restriction activity. Here we compared wild-type human A3H and RNA binding-

defective mutants to ask whether RNA may be a factor in the functional interaction with HIV-1 
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Vif. We used structural modeling, immunoblotting, live cell imaging, and split green fluorescence 

protein (GFP) reconstitution approaches to assess the capability of HIV-1 Vif to promote the 

degradation of wild-type A3H in comparison to RNA binding-defective mutants. The results 

combined to show that RNA is not strictly required for Vif-mediated degradation of A3H, and that 

RNA and Vif are likely to bind this single domain DNA cytosine deaminase on physically distinct 

surfaces. However, a subset of the results also indicated that the A3H degradation process may be 

affected by A3H protein structure, subcellular localization, and differences in the constellation of 

A3H interaction partners suggesting additional factors may also influence the fate and 

functionality of this host-pathogen interaction.
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Introduction

The human APOBEC3 family consists of seven members, namely APOBEC3A (A3A), 

APOBEC3B (A3B), APOBEC3C (A3C), APOBEC3D (A3D), APOBEC3F (A3F), 

APOBEC3G (A3G), and APOBEC3H (A3H) (reviewed by [1-3]). These enzymes have all 

exhibited single-stranded DNA (ssDNA) cytosine deamination activity in a variety of assays 

and are expressed at varying levels in the cytoplasmic compartment of different cell types 

(an exception being the predominantly nuclear A3B). At least five of these deaminases, 

A3C-H, are expressed in CD4-positive T lymphocytes and capable of restricting the 

replication of HIV-1 through deamination-dependent and deamination-independent 

mechanisms. Virus restriction minimally requires nucleic acid binding activity in order to 

enter viral particles (RNA), deaminate viral cDNA replication intermediates (DNA), and 

impede reverse transcription (RNA and DNA). The virion infectivity factor, Vif, provides the 

primary APOBEC3 counterdefense mechanism for HIV-1 and related lentiviruses (reviewed 

by [1-3]). Vif heterodimerizes with the cellular transcription co-factor CBF-β (core binding 

factor-beta) and nucleates the assembly of an E3 ubiquitin ligase complex that directly binds 

and targets APOBEC3 proteins for polyubiquitination and proteasomal degradation [4-11]. 
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Mutagenesis studies have shed light on some of the molecular determinants of the 

APOBEC3-Vif interaction. For instance, residue F39 of Vif is specifically required for 

interacting with A3H because changing it to valine results in a separation-of-function variant 

that still degrades A3G and A3F but no longer degrades A3H [12, 13]. For A3H, α3 and α4 

helices have been implicated in binding to Vif with D121K on α4 conferring resistance to 

HIV-1 Vif-mediated degradation [14-19].

RNA has multiple roles in the antiviral activities of APOBEC3 enzymes. First, RNA binding 

is a key determinant in cytoplasmic localization of several APOBEC3 family members 

[20-26]. The clearest example is human A3H where disruption of RNA binding residues 

causes a simultaneous disruption of cytoplasmic localization [24, 27]. Similar observations 

have been made for various A3G and A3F mutants but the precise RNA binding mechanism 

has yet to be determined for these related enzymes [25, 28, 29]. Second, RNA binding is 

required for the packaging of A3F, A3G, and A3H into viral particles and subsequent 

antiviral activity [27, 30-40]. In particular, CLIP-seq (cross-linking immunoprecipitation 

coupled to next generation sequencing) experiments with A3F, A3G, and A3H have 

indicated preferential binding to viral RNA over cellular RNA, which is likely to facilitate 

packaging into virions [39]. Last, but not least, a proportion of the DNA deaminase-

independent activities of A3F, A3G, and A3H can be attributed to the RNA binding 

properties of these enzymes exerting a steric block to DNA synthesis by the viral reverse 

transcriptase [27, 41-48].

Multiple A3H crystal structures have combined to demonstrate an evolutionarily conserved 

dimerization mechanism mediated by duplex RNA [27, 49, 50]. Conserved structural 

elements in A3H create an extensive, positively charged patch that binds strongly to duplex 

RNA. For human A3H, the RNA binding region is comprised of amino acids in loop 1 (L1 

R18), loop 7 (L7 H114 and W115), and α-helix 6 (α6 R171, A172, R175, R176, and R179) 

[27]. Amino acid substitutions of several of these residues (R18E, H114A, W115A, A172E, 

RR175/6EE, and R179E) cause perturbations in cytoplasmic localization, encapsidation, and 

Vif-deficient HIV-1 restriction [24, 27]. Moreover, a human A3H triple mutant, R115A, 

R175E, and R176E, lacks all of these activities and is also monomeric and fully defective for 

binding to duplex RNA [27].

Here, we investigated the role of RNA in HIV-1 Vif-mediated degradation of human A3H. 

First, immunoblots of cellular extracts were used to compare the Vif-susceptibility of WT 

A3H and a panel of mutants with substitutions of one or more amino acids implicated in 

binding to duplex RNA. Second, live cell imaging approaches were used to quantify the 

kinetics of Vif-mediated degradation of WT A3H versus select RNA binding-defective 

mutants. Finally, a split GFP reconstitution system was used to show that HIV-1 Vif is not 

capable of disrupting RNA-mediated A3H dimerization in living cells. Overall, the results of 

these experiments support a model in which Vif targets a surface on A3H that is distinct 

from the duplex RNA binding region.
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Results

Structures of A3H in complex with RNA

The x-ray structures of human, chimpanzee, and pig-tailed macaque A3H revealed a novel 

dimerization mechanism in which two monomers are united by binding to opposing sides of 

the same duplex RNA [27, 49, 50] (human A3H ribbon schematic in Fig. 1a and a 

superposition of the three structures in Fig. 1b). Several residues in A3H loop 1, loop 7, and 

helix 6 combine to bind duplex RNA, including a loop 7 tryptophan residue from each 

protomer that stacks with RNA nucleobases (W115 in each species’ enzyme; amino acid 

positions shaded red in Fig. 1a and shown by alignment in Fig. 1c). Mutating these residues 

in human A3H compromises RNA binding and dimerization and, surprisingly, results in 

elevated ssDNA cytosine deamination activity [27]. For instance, a human A3H triple 

mutant with W115A in loop 7 and R175E and R176E in helix 6 has a monomeric size 

exclusion profile and a large increase in ssDNA deaminase activity [27]. This triple mutant 

combines amino acid substitutions that individually cause defects in cytoplasmic 

localization, packaging into nascent HIV-1 particles, and restricting the infectivity of Vif-

deficient HIV-1 virions, which are all metrics of duplex RNA binding activity [27]. 

Interestingly, the duplex RNA binding domain is located near the predicted HIV-1 Vif 

binding surface of human A3H, which prior studies have shown requires amino acids in 

helices 3 and 4 including D121 [14, 16, 19] (positions shaded yellow in Fig. 1d; considered 

again below and in Discussion).

A subset of A3H RNA-binding residues are required for functional interaction with Vif

Most naturally occurring A3H variants including haplotype II are sensitive to Vif-mediated 

degradation [12, 13, 15, 16, 18, 51, 52]. The WT construct used here is A3H haplotype II 

splice variant 1-183. To ask whether RNA binding-defective proteins are susceptible or 

resistant to Vif-mediated degradation, a panel of mutants was co-transfected into 293T cells 

with 0.5 μg or 1.0 μg of HIV-1 LAI Vif (WT) or a degradation-defective mutant (F39V) and, 

after a 48-hour incubation, protein levels were analyzed by immunoblotting whole cell 

extracts (representative blots in Fig. 2a with quantification in 2b). As controls, expression of 

WT Vif decreases levels of WT A3H as well as those of an A3H E56A catalytic mutant by 

approximately 50%, and Vif F39V is defective in WT A3H degradation (similar to previous 

observations [15, 27]). As an additional control, A3H D121K resists degradation as 

evidenced by similar band intensities with WT Vif and the F39V mutant (again similar to 

previous observations [16, 19]).

In comparison, A3H mutants with single amino acid substitutions of residues implicated in 

RNA binding showed either Vif-sensitive or Vif-resistant phenotypes. These different 

phenotypes were even observed for mutants within the same surface region of the protein. 

For instance, A3H helix 6 mutants A172E, R175E, and R179E showed a WT-like Vif 

sensitivity, whereas R176E appeared fully resistant to Vif-mediated degradation 

(representative blots in Fig. 2a with quantification in 2b). A3H loop 7 mutants, H114A and 

W115A, showed completely resistant phenotypes, whereas A3H loop 1 R18E retained a 

WT-like Vif sensitivity. Based on the single amino acid substitution mutant phenotypes, not 

surprisingly, the monomeric A3H triple mutant was also resistant to Vif-mediated 
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degradation and this property was unchanged by adding an E56A catalytic glutamate 

substitution. Similar results were obtained for the Vif protein of a different HIV-1 strain 

(IIIB) with previously demonstrated hyperfunctional amino acid substitutions [13] showing 

strong degradation of WT A3H and little degradation activity with the monomeric A3H 

triple mutant (Fig. 2c). These additional results are notable because the hyperfunctional Vif 

protein caused degradation of almost all cellular A3H and even showed partial activity 

against A3H D121K (all results in this panel are in comparison to a Vif variant, hypo, that 

has F39V as above and no A3H degradation activity as reported previously [13, 51]). These 

results are summarized by color coding phenotypes of these mutants on the surface of the 3-

dimensional structure of A3H with RNA (Fig. 2d).

RNA-binding mutants of A3H are degraded less efficiently by HIV-1 Vif

We next used live cell fluorescent video microscopy to measure the degradation kinetics of 

fluorescently-tagged A3H at a single-cell level during HIV-1 infection. HeLa cell lines 

stably expressing WT or mutant A3H fused to the C-terminus of a yellow fluorescent protein 

(YFP-A3H) were generated and then infected with a replication-defective HIV-1 construct 

that, following integration into host cell genomic DNA, expresses mCherry as a reporter 

protein (MOI = 0.5). WT A3H and the Vif-resistant derivative D121K variant each localized 

to cytoplasmic and nucleolar compartments, as reported [17, 24, 27, 48, 53]. The RNA 

binding-defective A3H triple mutant showed compromised cytoplasmic localization and 

appeared predominantly nuclear, also as reported [24, 27]. As expected, WT LAI Vif 

expressed from the virus at the same time as the mCherry marker caused the degradation of 

WT A3H (representative image in Fig. 3a and supplemental movie S1). The WT YFP-A3H 

fluorescence intensity declined at a relative rate of approximately 10% per hour (Fig. 3c). In 

comparison, both the YFP-A3H-D121K control and the RNA binding-defective triple 

mutant were resilient to degradation by LAI Vif (representative image in Fig. 3a, 

quantification in 3c, and supplemental movie S2). As an additional control, infection of the 

same cells with an HIV-1 construct encoding Vif-F39V did not cause a reduction in 

fluorescence of any forms of A3H (images not shown; quantification summarized in Fig. 

3c). These single-cell results are consistent with the immunoblot data described above using 

LAI Vif and untagged WT A3H.

Additional live cell fluorescent imaging experiments were done with a set of HIV-1 NL4-3 

mCherry reporter viruses encoding either Hyper- or Hypo-Vif (variants described above and, 

notably, NL4-3 Vif and IIIB Vif have identical amino acid sequences). We observed that 

HIV-1 NL4-3 mCherry Hyper-Vif not only degraded WT YFP-A3H (supplemental movie 

S3, as expected, but it also triggered the degradation of YFP-A3H-D121K and the YFP-

A3H-triple mutant (supplemental movie S4), albeit with slower kinetics (representative 

image in Fig. 3b and quantification in 3c). Infection by HIV-1 NL4-3 mCherry Hypo-Vif did 

not reduce levels of any form of A3H (Fig. 3c). These single cell imaging results were 

confirmed by flow cytometric quantification of the median fluorescent intensity (MFI) of the 

YFP (A3H) signal in infected cells 48 hours post-infection (Fig. 3d). Taken together, these 

real-time imaging data showed that the A3H RNA binding-defective mutant is less 

susceptible to HIV-1 Vif-mediated degradation compared to WT A3H. However, it can still 

be degraded by HIV-1 NL4-3 derived Hyper-Vif (but not Hypo-Vif), suggesting that the 
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RNA-binding defective mutant of A3H is still capable of interacting with Hyper-Vif and, 

importantly, that RNA may not be essential for a functional interaction to occur between Vif 

and A3H.

A split GFP system to study A3H dimerization in living cells

To be able to study A3H dimerization in living cells, a split fluorescence system was 

designed in which one A3H protomer was N-terminally tagged with GFP β-strands 1-10 

(GFP1-10) and the second with GFP β-strand 11 (GFP11) plus an extended flexible linker. 

Based on prior reports with other proteins including various homo- and hetero-dimerization 

partners (reviewed in [54, 55]) and structural data from our group and others [27, 49, 50], 

efficient GFP reconstitution would only be expected following A3H dimerization through 

duplex RNA (schematic in Fig. 4a). Indeed, a robust GFP signal was observed in both the 

cytoplasmic compartment and in nucleoli following co-transfection of 293T cells with these 

constructs (Fig. 4b-c). By flow cytometry, more than 70% of transfected mCherry-positive 

cells (co-transfection marker) were GFP-positive with MFI more than 20-fold higher than 

negative controls (Fig. 4c). Moreover, transfection of either construct alone failed to emit 

fluorescence (not shown), and similarly tagged A3A constructs also failed to reconstitute 

strong GFP signal (Fig. 4b-c). The latter negative result was expected because A3A is 

monomeric in living cells and it also behaves as a monomer under most conditions in vitro 
[56-58] (although A3A dimerization has been reported under some conditions in vitro [59]). 

As further validation of the robustness of this system, A3H-D121K yielded strong GFP 

signal similar to WT A3H, and the RNA binding-defective triple mutant (W115A, R175E, 

R176E) was indistinguishable from A3A (Fig. 4b-c). These results indicated that the split 

GFP reconstitution system can be used as a quantitative measure of A3H dimerization in 

living cells.

Vif overexpression does not interfere with A3H-mediated dimerization

We next asked whether HIV-1 IIIB Vif N48H, previously reported to degrade WT A3H but 

not cause cell cycle arrest [60, 61], is capable of interfering with A3H dimerization using the 

split GFP system. In one scenario, Vif may bind to A3H regardless of its dimerization status, 

and if so, the GFP fluorescence signal should be unaffected by the presence of Vif (top 

schematic in Fig. 5a). Alternatively, Vif may intercept A3H prior to binding RNA, prevent 

dimerization, and lead to diminished GFP fluorescence reconstitution (bottom schematic in 

Fig. 5a).

To distinguish between these possibilities, 293T cells were co-transfected with the same 

panel of split GFP constructs as above together with Vif N48H or an empty vector control. 

Each reaction also included an mCherry expression vector as a transfection control. 

Following a 32-hour incubation period, one set of reactions was treated for 16 hours with 

MG132 and the parallel set was untreated, and then all reactions were analyzed in parallel 

by immunoblotting and flow cytometry (Fig. 5b-c). Similar to results presented above in Fig. 

2, in the absence of MG132, Vif triggered a reduction in WT A3H levels but did not affect 

the A3H RNA binding-defective triple mutant (W115A R175E R176E) or Vif-resistant 

A3H-D121K. This result is supported by flow cytometry where an MFI reduction of 4-fold 
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was observed (representative flow cytometry histograms in Fig. 5c and duplicate 

experiments averaged in the bar graph in the top part of Fig. 5b).

MG132 was included in the experiment to prevent A3H proteasomal degradation and 

facilitate quantification of the dimerization phenotype. Interestingly, the dimerization 

potential of WT A3H was unaffected by Vif under these conditions, as evidenced by 

statistically indistinguishable MFIs (representative flow cytometry histograms in Fig. 5c and 

duplicate experiments averaged in the bar graph in the top part of Fig. 5b). It is worth noting 

that the lack of GFP reconstitution by the A3H triple mutant is likely due to a failure to 

dimerize through RNA and not to lower expression levels, because MG132 treatment caused 

an increase in steady-state levels of this mutant to near those of WT A3H [49] (compare 

lanes 3, 7, 11, and 15 in Fig. 5b) and its GFP MFI remained approximately 10-fold lower 

(representative flow cytometry histograms in Fig. 5c and duplicate experiments averaged in 

the bar graph in the top part of Fig. 5b). These results combined to indicate that the 

dimerization status of A3H is unlikely to be affected by the functional interaction with Vif.

Discussion

RNA plays essential roles in the dimerization, subcellular localization, and antiviral 

functions of A3H. Here we address whether the RNA bound by A3H has a role in HIV-1 

Vif-mediated degradation. Immunoblot results with a panel of RNA binding mutants were 

somewhat inconclusive with some A3H mutants resisting Vif and others maintaining WT 

levels of sensitivity (Fig. 2). The Vif-resistance of an RNA binding-defective triple mutant of 

A3H was confirmed by imaging A3H degradation in living cells, but observations with a 

hyper-functional Vif variant indicated that even this mutant could be targeted for degradation 

(albeit at an approximately 4-fold slower rate than WT A3H; Fig. 3). A split GFP system 

enabled asking whether Vif might compete with the same surface as duplex RNA and 

interfere with A3H dimerization (Fig. 4). These results combined to favor a model in which 

the Vif and RNA binding surfaces of A3H are physically distinct. For instance, even under 

conditions of proteasome inhibition to prevent A3H degradation, Vif did not have the 

capability to alter the dimerization potential of WT A3H.

As confirmed here and demonstrated in prior studies, α helix 4 including residue D121 is 

essential for A3H degradation by HIV-1 Vif [14-19]. However, the hyper-Vif variant could 

still trigger the degradation of the D121K mutant suggesting that this Vif protein may have a 

greater conformational flexibility and/or recognize a slightly different overall surface than 

the Vif proteins from HIV-1 IIIB/NL4-3 and HIV-1 LAI. Subcellular localization and/or as-

yet-unidentified binding partners might also play a role in the observed resistance of the 

subset of RNA binding-defective mutants to Vif-mediated degradation. For instance, 

cytoplasmic A3H was degraded at a faster rate than nucleolar A3H (e.g., residual nucleolar 

A3H is evident in Fig. 3a-b in the presence of WT Vif and hyper-Vif, respectively; also see 

supplemental movies S1 and S3). Moreover, several of the RNA binding-defective mutants, 

including the triple mutant, tended to accumulate at higher levels in the nuclear compartment 

including the nucleoli, and this mislocalization likely also contributed to the overall degree 

of Vif resistance (particularly in immunoblots of whole cell lysates). Taken together with our 

prior localization studies, the RNA binding-defective mutants that are more nuclear also tend 
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to be more resistant to Vif (and those that are cytoplasmic are more sensitive) [24, 27]. It is 

therefore reasonable to postulate that the binding of Vif to CBF-β immediately post-

translation and the assembly of a large >200 kDa E3 ligase complex hinders Vif from 

accessing the nuclear compartment.

These results are also sensible from practical and evolutionary perspectives. Recent 

structural, biophysical, and functional studies have indicated that duplex RNA is required for 

A3H to package from cytoplasmic sites into assembling viral particles and also for 

deamination-independent restriction of virus replication [27, 49, 50, 62]. The massive molar 

excess of structured RNA in cells would make it difficult for Vif to compete for the same 

binding surface of A3H. Therefore, it is likely that the HIV-1 Vif protein evolved to avoid 

competition with RNA and bind directly to a distinct A3H surface. Thus, Vif may have 

evolved the potential to degrade both monomeric as well as RNA-dimerized forms of 

cellular A3H and thereby maintain the upper hand in counteracting restriction.

Materials and Methods

APOBEC3 expression constructs

The constructs expressing intron-containing WT, E56A, H114A, W115A, R175E, R176E, 

W115A/R175E/R176E, R18E, A172E, and R179E huA3H haplotype II in pcDNA3.1(+) 

(Invitrogen) have been reported [27]. Other mutants of A3H (D121K and E56A/W115A/

R175E/R176E) within the same backbone were made by site-directed mutagenesis and 

verified by Sanger sequencing (primer sequences available on request). Retroviral 

transduction vectors encoding YFP fused to A3H (haplotype II) and mutants were generated 

by subcloning SYFP2 from SYFP2-C1 (Addgene #22878) into pcDNA3.1 plasmids 

containing A3H using NheI and KpnI restriction cut sites followed by transfer into MigR1-

derived simple retroviral vector using MluI and MfeI cut sites. The split GFP system used in 

this study was based on a previous system [63] with minor modifications. A gblock (IDT) 

encoding GFP β-strand 11 (GFP11) followed by a 27 amino-acid flexible linker was ordered 

and cloned into the previously reported pcDNA3.1(+) construct of WT A3H protein to the 

N-termini [27]. A ClaI restriction site was added in between GFP11 and the linker. GFP β-

strand 1-10 (GFP1-10) was PCR amplified and cloned in place of GFP11 to make the 

GFP1-10 construct.

HIV-1 and Vif expression constructs

The lentiviral Vif protein from HIV-1 IIIB (EU541617) was codon optimized (GenScript 

Corp) and cloned into pVR1012 with a C-terminal HA tag using SalI and BamHI. The Vif 

protein from HIV-1 LAI (1102247D) was cloned into pVR1012 with a C-terminal HA tag 

using SalI and NotI. F39V mutant of HIV-1 LAI Vif, Hypo-variant (F39V), N48H, and 

Hyper-variant (N48H, GDAK60-63EKGE) of HIV-1 IIIB Vif were made by site-directed 

mutagenesis and verified by Sanger sequencing (primer sequences available on request). 

HIV-1 NL4-3 mCherry reporter viruses were generated by subcloning Hypo- and Hyper-Vif 

encoding segments from IIIB infectious molecular clones [64] into a NL4-3 E-R-mCherry 

full-length reporter virus plasmid [65] using AgeI and SalI cut sites. HIV-1 LAI mCherry 

reporter viruses were generated by transferring the mCherry reporter cassette from pRGH 
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(NIH ARP #12427) into a previously described LAI infectious molecular clone using BlpI 

and XhoI cut sites. LAI F39V was generated by site-directed mutagenesis. All plasmids 

were confirmed by restriction digestion and Sanger sequencing.

Cell lines

293T cells were maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle medium 

(DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S). 

HeLa cells were maintained at 37°C and 5% CO2 in DMEM supplemented with 10% FBS, 

1% P/S, and 1% GlutaMAX.

Vif degradation experiments

293T cells were transfected with WT or mutant pcDNA3.1(+)-A3H, along with 500 or 1000 

ng pVR1012- HIV-1 LAI Vif WT/F39V-HA (Fig. 2a), or 50 or 100 ng pVR1012- HIV-1 

IIIB Hyper-/Hypo-Vif (Fig. 2c) or empty vector, using Transit-LT1 (Mirus). The following 

amounts of A3H were transfected: 25 ng of WT, D121K, E56A, H114A, R175E, R18E, and 

A172E, 100 ng of R179E, and 200 ng of W115A, R176E, W115A/R175E/R176E, and 

E56A/W115A/R175E/R176E. Empty vector is added to equalize the amounts of total DNA. 

After 48 hours, cells were harvested for immunoblot analysis.

Immunoblotting experiments

Cell lysates were prepared by resuspension of washed cell pellets directly in 2.5× Laemmli 

sample buffer. Proteins were separated using discontinuous sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene 

difluoride (PVDF) membranes (Millipore). HA-tagged A3 proteins were detected using 

monoclonal mouse anti-HA (BioLegend #MMS-101P). A3H proteins were detected using 

polyclonal rabbit anti-A3H (Novus #NBP1-91682). Tubulin was detected using a 

monoclonal mouse anti-α-Tubulin antibody (Covance #MMS-489P). Immunoblots were 

quantified using ImageStudio.

Live cell fluorescent imaging

Reporter viruses were produced in 293T cells by co-transfection with VSV-G to generate 

pseudo-typed single cycle infectious virus. Viral inoculum was harvested at 48 hours post-

transfection and passed through a 0.45-μm syringe filter. HeLa YFP-A3H stable cells were 

plated at 20,000 cells per well of an ibidi μ-well slide (ibidi GmbH) in 200 μL of Fluorobrite 

DMEM (Thermo Fisher Scientific) supplemented with 10% FBS, 1% GlutaMAX, 1% P/S, 

and 100 mM HEPES. Cells were infected at a MOI of 0.5 infectious units per cell with 2 

μg/mL polybrene. Live cell fluorescent video microscopy was performed as previously 

described [65] beginning at 12 hours after addition of virus and a multi-color image was 

captured every 60 minutes (mCherry, YFP, and DAPI) for up 40 hours post-infection. All 

images were processed and analyzed using FIJI/ImageJ2 [69]. Briefly, regions of interest 

(ROIs) were drawn around whole single cells based on YFP-A3H image and around nuclei 

of those cells based on DAPI in every frame of live cell movies. Cytoplasmic fluorescence 

was quantified by subtracting nuclear from whole cell integrated density (IntDen). The 

cytoplasmic YFP and whole cell mCherry fluorescence were normalized to each single cell’s 
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value at the beginning of each movie. Rate of change in YFP (showing YFP-A3H 

degradation) was quantified for the period 5 hours following detection of mCherry.

Split GFP experiments

293T cells were transfected with 100 ng GFP1-10 plasmids, 25 ng GFP11 plasmids, 500 ng 

of HIV-1 IIIB Vif N48H-HA or empty vector, and 100 ng mCherry plasmid. Cells were 

treated with MG132 at a final concentration of 2 μM at 32 hours and subjected to analyses 

by fluorescence imaging, flow cytometry, and immunoblotting at 48 hours post-

transfections. Cells were treated with NucBlue live cell stain (Invitrogen) at 37°C for 30 

minutes for DAPI (4’,6’-diamidino-2-phenylindole) staining prior to imaging. Images were 

collected using a Nikon inverted Ti-E deconvolution microscope. A fraction of the cells was 

resuspended in phosphate-buffered saline (PBS) with 1 mM ethylenediaminetetraacetic acid 

(EDTA) in preparation for flow cytometry. GFP and mCherry fluorescence was measured on 

a BD FACS Canto II flow cytometer. Data were analyzed using FlowJo flow cytometry 

analysis software (version 8.8.6). The fraction of GFP+ cells and median fluorescence 

intensity (MFI) of all transfected (mCherry-positive) cells was quantified for each sample. 

The remaining cells were prepared for immunoblotting.

Sequence alignments.

All amino acid sequences were aligned using Clustal Omega. The amino acid sequences of 

human A3H, chimpanzee A3H, and pig-tailed macaque A3H correspond to GenBank 

accession number ACK77775.1, PDB ID 5Z98_A, and PDB ID 5W3V_A, respectively.

Supplementary Material

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

• Vif degrades a subset of RNA binding-defective A3H mutants

• RNA-mediated A3H dimerization is not hindered by Vif

• Vif and RNA are likely to bind physically distinct surfaces of A3H
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Fig. 1. Structures of A3H in complex with RNA
(a) X-ray structure of human A3H in complex with duplex RNA showing loop 1, loop 7, and 

α-helix 6 interacting with duplex RNA (ribbon schematic of PDB ID 6B0B). Positions of 

conserved RNA-interacting residues are shaded red.

(b) Superposition of human (blue; PDB ID 6B0B), chimpanzee (green; PDB ID 5Z98), and 

pig-tailed macaque (beige; PDB ID 5W3V) A3H structures.

(c) Partial amino acid sequence alignment of the loop 7 and α-helix 6 regions of human, 

chimpanzee, and pig-tailed macaque A3H proteins. Conserved RNA-interacting residues are 

highlighted in red.

(d) A3H structure with yellow highlights for previously identified Vif-interacting residues 

including D121. The orientation is similar to those in the bottom of panel (a) and panel (b) 

to facilitate comparisons.
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Fig. 2. Vif susceptibility of human A3H RNA binding-defective mutants.
(a) Immunoblots of 293T cells expressing WT A3H or the indicated mutants, together with 

empty vector (−), HIV-1 LAI Vif, or a F39V derivative. A3H was detected using an anti-

A3H antibody and Vif was detected using an anti-HA antibody. Anti-α-tubulin was used as a 

loading control.

(b) A bar graph quantifying immunoblot data from panel (a) and from an independent 

experiment (not shown). The A3H level for each construct is normalized to that of the 

corresponding empty vector control. The mean and difference between two independent 

experiments are shown. The dashed line represents level of sensitivity of WT A3H to Vif.

(c) Immunoblots of 293T cells expressing WT A3H or the indicated mutants, together with 

empty vector (−), HIV-1 IIIB-derived Hyper Vif (F39, H48, EKGE60-63) or Hypo Vif (V39, 

N48, GDAK60-63) with the same antibodies as in panel (a).

(d) A structural depiction of human A3H residues required (red) or dispensable (orange) for 

functional interaction with HIV-1 Vif.
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Fig. 3. The degradation kinetics of human A3H and key mutants.
(a) Representative images of HeLa cells stably expressing WT or mutant A3H fused to the 

C-terminus of a YFP before infection or 25-hour post-infection with an HIV-1 LAI mCherry 

reporter virus (WT Vif; MOI = 0.5). Parallel cultures were also infected with a reporter virus 

expressing LAI Vif F39V as a negative control (images not shown). Cells circled with 

dashed lines became infected as evidenced by mCherry expression. The scale bar at the 

upper right corner represents 10 μm. Also see supplemental movies S1-2 and S5-6.

(b) Representative images of HeLa cells stably expressing WT or mutant A3H fused to the 

C-terminus of a YFP before infection or 16-hour post-infection with an HIV-1 NL4-3 

mCherry reporter virus (Hyper-Vif; MOI = 0.5). Parallel cultures were also infected with a 

reporter virus expressing Hypo-Vif as a negative control (images not shown). Cells circled 

with dashed became infected as evidenced by mCherry expression. The scale bar at the 

upper right corner represents 10 μm. Also see supplemental movies S3-4 and S7-8.
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(c) Quantification of the rate of A3H degradation (change in YFP fluorescence) of a 

minimum of 10 infected cells representing each of the indicated conditions (mean +/− SD).

(d) Flow cytometry quantification of the relative MFI of YFP-A3H in HeLa cells infected 

under the same conditions as panels (a-b). Data were normalized by setting the post-

infection MFI of each Vif F39V or Hypo-Vif reaction to 100%.
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Fig. 4. A split GFP system to study A3H dimerization in living cells.
(a) A schematic of the split GFP system for A3H dimerization. One A3H construct is fused 

to GFP β-strand 1-10 (GFP1-10) and the other to β-strand 11 (GFP11). GFP Reconstitution 

occurs upon duplex RNA-mediated dimerization of A3H.

(b) Representative fluorescent microscopy images of 293T cells expressing split GFP 

constructs of the indicated A3s. A mCherry plasmid was included as a co-transfection 

control. The scale bar represents 20 μm.

(c) Flow cytometry profiles of the same cells as in panel (b). The MFI is shown for the 

whole mCherry-positive population, and the percentages of GFP-negative and GFP-positive 

Wang et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2020 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells are included at the bottom left and right, respectively (gates based on untransfected 

293T cells analyzed in parallel).
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Fig. 5. Vif does not interfere with A3H dimerization in the split GFP system.
(a) Models for Vif interaction with A3H. The top schematic depicts Vif binding to a distinct 

surface on A3H (predicted to have no interference in GFP reconstitution), whereas the 

bottom schematic depicts Vif competing with RNA for A3H (interference in GFP 

reconstitution).

(b) Immunoblots of 293T cells expressing A3A, A3H, or the indicated A3H mutants, 

together with empty vector (−) or HIV-1 IIIB Vif N48H +/− MG132. A3H was detected 

using an anti-A3H antibody and Vif was detected using an anti-HA antibody. Anti-α-tubulin 

was used as a loading control. A bar graph is shown above the immunoblots for 

quantification of flow cytometry data from panel (c) and from an independent experiment 
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not shown. The MFI level of cells of each indicated condition is normalized to A3A in the 

absence of Vif or MG132. The mean and difference between two independent experiments 

are shown.

(c) Flow cytometry profiles of 293T cells expressing the indicated A3 and Vif construct (+/− 

MG132). Each profile is labeled as in Fig. 4c.
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