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Abstract

Apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G (A3G) is a host restriction 

factor that impedes HIV-1 replication. Viral integrity is salvaged by HIV-1 virion infectivity factor 

(Vif), which mediates A3G polyubiquitination and subsequent cellular depletion. Previous studies 

have implied that A3G polyubiquitination is essential for Vif-induced degradation. However, the 

contribution of polyubiquitination to the rate of A3G degradation remains unclear. Here we show 

that A3G polyubiquitination is essential for degradation. Inhibition of ubiquitin-activating enzyme 

E1 by PYR-41 or blocking the formation of ubiquitin chains by over-expressing the lysine to 

arginine mutation of ubiquitin K48 (K48R) inhibited A3G degradation. Our A3G mutagenesis 

study showed that lysine residues 297, 301, 303 and 334 were not sufficient to render lysine free 

A3G sensitive to Vif mediated degradation. Our data also confirms that Vif could induce ubiquitin 

chain formation on lysine residues interspersed throughout A3G. Notably, A3G degradation relied 

on the lysine residues involved in polyubiquitination. Although A3G and the A3G C-terminal 

mutant interacted with Vif and were modified by ubiquitin chains, the latter remained more 

resistant to Vif-induced degradation. Furthermore, the A3G C-terminal mutant, but not the N-

terminal mutant, maintained potent antiviral activity in the presence of Vif. Taken together, our 

results suggest that the location of A3G ubiquitin modification is a determinant for Vif-mediated 

degradation, implying that in addition to polyubiquitination, other factors may play a key role in 

the rate of A3G degradation.
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Introduction

Apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G (A3G) is a host 

restriction factor that impedes HIV-1 replication in the absence of the viral encoded protein, 

Vif [1]. A3G is a member of the APOBEC family of cytidine deaminase proteins, which 

range from A3A-A3H, with A3G recognized as exerting the most potent antiviral activity 

against HIV-1 [2]. In the absence of functional Vif, A3G recognizes and binds the 

nucleocapsid of HIV-1 Gag polyprotein, to successfully encapsidate itself into progeny virus 

in order to perform its antiviral activity [3–7]. As a cytidine deaminase protein, A3G induces 

C-to-U mutations in newly synthesized viral DNA [8–10]. These mutations lead to G-to-A 

hypermutations, which may introduce premature stop codons as a result of altered reading 

frames, and ultimately lead to the diminished integrity of the virus. In addition, A3G has 

been shown to inhibit HIV-1 nuclear import and integration into the host genome [2, 11, 12]. 

When present, functional Vif facilitates the formation of the Cullin 5-Vif-A3G ubiquitin E3 

ligase complex, consisting of core binding factor beta (CBFβ), Elongin B (ELOB), Elongin 

C (ELOC) and ring box subunit (RBX2) [13–15] to mediate A3G proteasomal degradation, 

prohibit efficient packaging of A3G into budding virions and overcome A3G antiviral 

function [13, 16–20].

The substrate N-terminus, cysteine, threonine and lysine residues are all potential sites for 

ubiquitin modification, with lysine recognized as the common target for polyubiquitination 

[21–29]. A3G has twenty lysine residues which can potentially be targeted by ubiquitin. 

However, the preferred A3G polyubiquitination modification site(s) for Vif-mediated 

degradation remains controversial. Findings by Iwatani et al. suggested that spatial 

constraints between A3G and the Vif-Cullin 5 E3 ligase complex mediate the 

polyubiquitination of only four lysine residues in the A3G C-terminal domain [30]. Lysine 

to arginine mutations of these four residues have been shown to block A3G 

polyubiquitination/proteasomal degradation [30]. Conversely, data by Albin et al. suggested 

that lysine residues interspersed throughout A3G are modified by ubiquitin [31]. Less is 

known, however, about the fate of A3G following ubiquitin modification at these disparate 
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sites. In our study, we confirmed that ubiquitin modification occurred on lysine residues 

dispersed throughout A3G N- and C- terminal regions. Surprisingly, even though both A3G 

N- and C- terminal regions were polyubiquitinated, polyubiquitination of the A3G N-

terminal domain (HAA3G13K) was found to contribute less to Vif-induced proteasomal 

degradation. Consequently, lysine to arginine substitutions in A3G C-terminal domain 

(HAA3G13K) increased A3G viral packaging and blocked HIV-1 replication. Our results 

suggest that ubiquitin modification of A3G is not the sole determinant of A3G degradation. 

Another factor downstream of A3G polyubiquitination may also play a role in determining 

the rate of its degradation.

Results

Inhibition of ubiquitin-activating enzyme E1 blocks A3G degradation

Attachment of ubiquitin conjugates to substrate lysine residues influences protein stability, 

location and function [32, 33]. We previously reported that A3G polyubiquitination is 

essential for degradation [34]. Here this finding was further confirmed by using an ubiquitin-

activating enzyme E1 inhibitor, PYR-41, which irreversibly inhibits E1 activity. A3G-V5 

was cotransfected with VR1012 (empty vector) or Vif-cMyc expression plasmid into 293T 

cells. Two days post-transfection, DMSO or PYR-41 at increasing concentrations was used 

to treat the cells. MG132 (proteasomal inhibitor) was used as a control. As expected, Vif 

mediated A3G degradation with DMSO treatment alone (Fig. 1A, lane 2 vs. lane 1); 

however, increasing concentrations of PRY-41 recovered A3G stability in a dose-dependent 

manner (Fig. 1A, lanes 3, 4 and 5). In addition, inhibition of the proteasome by MG132 

rendered A3G protein levels unchanged compared to the control (Fig 1A, lane 1 vs. lane 6). 

These results suggest that A3G polyubiquitination is a critical precedent for degradation. 

Studies from other groups suggested that ubiquitin linkage through ubiquitin K48 is 

responsible for A3G degradation [35–38]. We also tested this notion by using the dominant 

negative mutants ubiquitin K48 (UbK48R) and ubiquitin K63 (UbK63R). The 293T cell line 

was cotransfected with A3G and Vif in the presence of either overexpressed wild-type 

ubiquitin (Ub-HA), UbK48R or UbK63R. A3G proteolysis was observed when A3G was 

cotransfected with wild-type Ub-HA or UbK63R; however, UbK48R inhibited Vif-mediated 

A3G degradation (Fig. 1B, lanes 3 and 4). These results suggest that UbK48, but not 

UbK63, is the primary ubiquitin conjugate needed for A3G degradation since the dominant 

negative mutant UbK48R inhibited A3G degradation.

A3G lysine residues 297, 301, 303 and 334 are not the sole prerequisites for Vif-mediated 
degradation

In a previous study, Iwatani et al. showed that A3G C-terminal lysine residues (297, 301, 

303 and 334) were critical for A3G sensitivity to Vif, and lysine to arginine mutations of 

these residues blocked A3G degradation [30]. To determine if the location of modified 

lysine residues enhances Vif-mediated degradation, we created revertant mutants in the 

background of our lysine-free A3G mutant, HA-A3G20K/RΔ2K (referred to as HAA3G20R 

hereafter). Each revertant mutant harbors an HA-tag (YDYVPDYA) fused to the N-terminus 

(schematic shown in Fig. 2A), as we previously showed that the N-terminus of A3G is an 

essential ubiquitin acceptor site [27]. When an HA-tag was fused to the N-terminus of 
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lysine-free A3G (HAA3G20R), the A3G mutant was found to be resistant to Vif-induced 

degradation and its polyubiquitination modification was drastically reduced [27]. Therefore, 

using HAA3G20R as a template, we generated single arginine to lysine point reversions in 

A3G positions 297, 301, 303 and 334 (referred to as HAA3G297_K, HAA3G301_K, 

HAA3G303_K and HAA3G334_K, respectively). In addition, a mutant was created with all 

four arginine residues reverted back to lysine (referred to as HAA3G4K) as shown in Fig. 

2A. To determine if these accessible A3G lysine residues would restore Vif-induced 

degradation, we cotransfected A3G, HAA3G20R, HAA3G297_K, HAA3G301_K, 

HAA3G303_K, HAA3G334_K and HAA3G4K into 293T cells with Vif or VR1012. Forty-

eight hours post-transfection, the cells were harvested for Western blot analysis. As shown in 

Fig. 2B, none of the individual point mutations or HAA3G4K was sufficient to restore A3G 

sensitivity to Vif.

To confirm that HAA3G4K is resistant to Vif-induced degradation, 293T cells were 

cotransfected with A3G, HAA3G20R and HAA3G4K with increasing concentrations of Vif 

(0, 1, 1.5 μg). Forty-eight hours post-transfection, cells were harvested for Western blot 

analysis. As expected, HAA3G20R remained stable, while A3G was degraded by Vif in a 

dose-dependent manner. HAA3G4K remained stable even with the highest Vif concentration 

(Fig. 2C). These results once again indicate that HAA3G4K is resistant to Vif mediated 

degradation.

Inhibition of ubiquitin modification of HAA3G4K may block Vif induced degradation. 

Therefore, to determine if HAA3G4K remains polyubiquitinated, we cotransfected ubiquitin 

(tagged with HA) with A3G, HAA3G20R and HAA3G4K with either Vif-cMyc or VR1012 

into 293T cells. Twenty-four hours post-transfection, 293T cells were treated with the 

proteasome inhibitor MG132 (10 μM) overnight. Cells were then disrupted in lysis buffer as 

described in Materials and Methods. Urea was added to the lysates of each sample, and Ni-

NTA agarose was used to precipitate A3G under denaturing and native hybrid conditions 

according to the Invitrogen Ni-NTA purification system manual. Western blot was 

performed to analyze polyubiquitinated forms of A3G using an anti-HA antibody. As 

expected, wild-type A3G was heavily modified by ubiquitin chains, while almost no 

ubiquitin modification was observed in the lysine-free mutant, HAA3G20R (Fig. 2D, lane 2 

and 4, respectively). To our surprise, we did not detect the ubiquitin modification of 

HAA3G4K in our system (Fig. 2D, lane 6).

HAA3G13K increases A3G resistance to Vif

As HAA3G4K was not sufficient to mediate A3G degradation (Fig. 2), we asked the 

question whether increasing the number of accessible lysine residues would render A3G 

sensitive to Vif. Therefore, two additional A3G mutants, HAA3G13K and HAA3G7K, were 

generated using a gene swapping method. HAA3G13K contains 13 lysine residues (N-

terminal domain), while HAA3G7K contains 7 lysine residues (C-terminal domain). Each 

mutant was fused to an HA N-terminal tag to ensure that ubiquitin modification of 

HAA3G13K and HAA3G7K would occur on internal lysine residues within the N-terminus 

and C-terminus of A3G, respectively (schematic shown in Fig. 3A). We first tested whether 

the mutants remained sensitive to Vif-induced degradation. A3G, HAA3G20R, HAA3G7K 
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or HAA3G13K was cotransfected with Vif-cMyc expression plasmid or VR1012 into 293T 

cells. Forty-eight hours post-transfection, cell lysates were analyzed by Western blot. As 

expected, A3G was degraded by Vif, while HAA3G20R remained resistant to Vif-mediated 

degradation (Fig. 3B, lane 1 vs. lane 2; lane 3 vs. lane 4). HAA3G7K was also slightly 

degraded by Vif; however; HAA3G13K remained insensitive to Vif (Fig. 3B, lane 5 vs. lane 

6; lane 7 vs. lane 8). To further confirm these data, HAA3G20R, HAA3G7K or HAA3G13K 

were cotransfected with increasing concentrations of Vif (0, 1, 1.5 μg), and A3G was 

cotransfected with 1.5 μg Vif as a control. Forty-eight hours post-transfection, cell lysates 

were analyzed by Western blot. HAA3G7K degradation was observed in a Vif dose-

dependent manner (Fig. 3C, lanes 4, 5 and 6). HAA3G20R and HAA3G13K remained 

resistant to the highest concentration of Vif (Fig. 3C, lanes 1, 2, 3 for HAA3G13K; lanes 7, 

8, 9 for HAA3G20R). These results suggest that the location of accessible lysine residues in 

A3G influence the rate of its degradation.

HAA3G7K and HAA3G13K have a prolonged half-life in the presence of HIV-1 Vif

To observe the half-life of A3G mutants co-expressed with Vif, the steady-state level of A3G 

mutants was tested using the protein synthesis inhibitor cycloheximide (CHX). First, A3G, 

HAA3G20R, HAA3G7K or HAA3G13K were cotransfected with Vif into 293T cells. Forty-

eight hours post-transfection, cells were treated with CHX (100 μg/ml), and samples were 

harvested at the indicated time points to detect A3G expression by Western blotting. As 

expected, wild-type A3G was rapidly degraded by Vif with a half-life of approximately 30 

min. Meanwhile, HAA3G7K remained more stable than A3G with a half-life of 

approximately 110 min. Levels of both HAA3G20R and HAA3G13K remained unchanged 

by the final time point of 180 min (Fig. 4). These findings once again suggest that the 

location of accessible A3G lysine residues contributes differently to Vif mediated 

degradation.

HAA3G13K efficiently incorporates into wild-type HIV-1 virions and blocks viral replication

If HAA3G13K is more resistant to Vif-induced degradation, it would be expected to package 

efficiently into wild-type HIV-1 virions and reduce viral infectivity compared to wild-type 

A3G. Therefore, we next analyzed the packaging efficiency of HAA3G13K into virions. 

A3G or HAA3G13K were cotransfected with pcDNA3.1, HIV-1 wild-type proviral construct 

(HXB2) or HIV-1 Vif-deficient proviral construct (HXB2ΔVif) into 293T cells. Forty-eight 

hours post-transfection, cell samples and culture supernatant samples were harvested. Virus-

containing supernatant was used to precipitate viral particles by ultracentrifugation. Virus 

samples were analyzed by Western blot to measure A3G viral incorporation. As expected, 

A3G packaging was only detectable with HXB2ΔVif virus (Fig. 5A, lane 3), while 

HAA3G13K efficiently packaged into both HXB2 and HXB2ΔVif virions (Fig. 5A, lanes 5 

and 6). A3G and HAA3G13K did not precipitate in the absence of HIV-1 (Fig. 5A, lanes 1 

and 4), indicating the specificity of A3G virion packaging in our system. With efficient viral 

packaging of HAA3G13K, HAA3G13K was expected to be more effective in hindering 

wild-type HIV-1 replication compared to A3G. To this end, the effect of A3G mutants on 

viral infectivity was examined. We cotransfected pcDNA3.1, A3G, HAA3G20R, 

HAA3G13K or HAA3G7K with either HXB2 or HXB2ΔVif into 293T cells. Forty-eight 

hours post-transfection, the virus-containing supernatant was harvested and used to infect 
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TZM-bl cells to measure viral infectivity in a multinuclear activation of a galactosidase 

indicator (MAGI) assay. Viral particles were normalized by HIV-1 p24 enzyme-linked 

immunosorbent assay (ELISA). A3G and HAA3G7K only efficiently inhibited Vif-deficient 

virus (Fig. 5C). In agreement with the Vif-resistant phenotype of HAA3G20R and 

HAA3G13K, shown in the Western blot (Fig. 5B), both mutants drastically inhibited the 

infectivity of Vif-deficient and wild-type viruses (Fig. 5C).

A3G mutants bind to Vif

The Vif-A3G interaction is essential for Vif to induce A3G degradation [13, 16, 18–20], and 

changes in the binding strength between these molecules has been suggested to affect Vif-

mediated degradation of A3G [38]. To determine if Vif maintains its interaction with 

HAA3G13K, we performed a co-immunoprecipitation assay. Vif-cMyc was cotransfected 

with pcDNA3.1, A3G, HAA3G20R, HAA3G7K, HAA3G13K or HAA3G4K into 293T 

cells. Twenty-four hours post-transfection, 293T cells were treated with the proteasome 

inhibitor MG132 (10 μM) overnight to evade A3G degradation. Cells were then disrupted in 

lysis buffer as described in Materials and Methods, and anti-V5 beads were used to 

immunoprecipitate A3G. Western blot was performed to analyze the A3G and Vif-cMyc 

interaction. Notably, in the absence of A3G, we did not detect Vif in the immunoprecipitated 

sample, suggesting that nonspecific binding of Vif did not occur in our system (Fig. 6, lane 

1). When wild-type A3G and A3G mutants were present, Vif was efficiently precipitated, 

suggesting that the mutations in A3G did not interfere with Vif binding.

Vif-induced polyubiquitination occurs on lysine residues dispersed throughout A3G

Since our data confirms that polyubiquitination is essential for A3G proteasomal 

degradation, we set out to determine if the arginine residues in A3G N-terminal domain 

(HAA3G7K) or C-terminal domain (HAA3G13K) inhibit A3G ubiquitin modification. We 

cotransfected ubiquitin (tagged with HA) with A3G, HAA3G20R, HAA3G7K and 

HAA3G13K with either Vif-cMyc or VR1012 into 293T cells. A polyubiquitination assay 

was performed as described in Materials and Methods. As shown previously, wild-type A3G 

was heavily modified by ubiquitin chains, while we observed almost no ubiquitin 

modification of HAA3G20R (Fig. 7, lane 2 and 4, respectively). Surprisingly both 

HAA3G13K and HAA3G7K were heavily polyubiquitinated (Fig. 7, lanes 6 and 8). This 

data confirms that lysine residues interspersed throughout A3G are targeted for ubiquitin 

modification. Once again, we did not detect Vif in the precipitated sample, suggesting that 

Vif did not contribute to the observed polyubiquitination.

Discussion

Polyubiquitination is generally believed to be required for Vif-mediated degradation of A3G, 

but determining which of the twenty lysine residues in A3G are the essential ubiquitin target 

sites has been controversial. Data by Iwatani et al. suggest that A3G lysine residues 297, 

301, 303 and 334 are the critical determinants for Vif-induced A3G degradation [30]. When 

Iwatani et al. mutated all four lysine residues to arginine, A3G polyubiquitination was 

inhibited, suggesting that these four lysine residues were essential ubiquitin acceptor sites 

[30]. Meanwhile, Albin et al. reported five lysine residues in the N-terminal domain and five 
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residues in the C-terminal domain of A3G that were modified by ubiquitin in the presence of 

Vif [31]. This observation suggests that lysine residues interspersed throughout A3G 

contribute to Vif-mediated degradation [31]. We also sought to determine the essential lysine 

residues for A3G polyubiquitination/degradation by using our lysine-free A3G mutant, 

HAA3G20R (schematic shown in Fig. 3A), which was previously reported to be resistant to 

Vif-induced degradation [27]. Based on this lysine-free construct, revertant mutants were 

created by substituting arginine to lysine at positions 297, 301, 303 and 334 (HAA3G4K) 

(Fig. 2). HAA3G4K interacted with Vif (Fig. 6) but was not heavily modified by ubiquitin 

(Fig. 2D lane 6) and remained resistant to Vif-induced degradation (Fig. 2). Using mass 

spectrometry, Albin et al. reported ubiquitin modification of A3G lysine residues 297, 303 

and 334 [31]. Notably, polyubiquitination of residue 301 was not detected and the authors 

reported slight variation between experiments [31]. The exact reason for the discrepancy 

between our findings and those reported previously warrants further investigation. To further 

determine the critical A3G ubiquitin target sites for Vif-mediated degradation, we introduced 

three additional arginine to lysine mutations at positions 249, 270 and 344 (referred to as 

HAA3G7K). Additionally, we generated HAA3G13K which contains 13 lysine residues in 

A3G N-terminal domain. Both HAA3G7K and HAA3G13K increased A3G resistance to 

Vif. However, while HAA3G7K was partially degraded by Vif (Figs. 3, 4 and 5), 

HAA3G13K remained resistant to Vif induced degradation, efficiently packaged into HIV-1 

virions and reduced viral replication (Figs. 3, 4, 5A and 5C). Surprisingly, our 

polyubiquitination assay suggests that HAA3G13K and HAA3G7K were modified by 

ubiquitin to comparable levels as wild-type A3G (Fig. 7). These data suggest that the 

downstream rate of proteolysis following A3G polyubiquitination depends on the location of 

the ubiquitin-modified lysine residues.

K-48-linked chain formation is recognized as a signal for substrate translocation to the 

proteasome for degradation. However, in the case of A3G, we found that HAA3G13K was 

modified by polyubiquitination but more resistant to Vif induced degradation. Previous work 

suggests that ubiquitin modification is not a prerequisite for proteasomal degradation [39–

41]. For instance, transcription factor Met4 is the critical target of ubiquitin ligase 

Cdc34/SCFMet30. Although Cdc34/SCFMet30 mediates Met4 polyubiquitination, instead of 

degradation by the proteasome, ubiquitin modification results in direct inhibition of Met4 as 

a transcriptional regulator [41]. Yet, how ubiquitin-modified proteins escape proteasomal 

degradation remains unknown. Work by Zhao et al. suggests that proteasomal degradation 

requires multifaceted coordination between deubiquitinases, substrate unfolding, ATP 

hydrolysis and interactions between proteins for substrate recognition [42]. The 

conformational structure of modified proteins has been proposed to prevent the substrate 

from tethering to the 19S regulatory subunit of the proteasome or from entering into the 20S 

catalytic core [43]. Alternatively, the translocation of substrates to the proteasome may be 

impeded. In addition, whether the structure of ubiquitin modification (branched or linear) 

alters the rate of the degradation of the substrate remains unknown [44, 45]. Further research 

is warranted to determine the mechanism for how HAA3G13K renders A3G more stable 

despite being heavily polyubiquitinated.
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Ultimately, our results suggest that the degradation outcome of A3G polyubiquitination 

depends on the particular lysine residues modified by ubiquitin. This finding reveals novel 

insight into the different consequences following A3G ubiquitin chain formation.

Materials and Methods

Plasmids, antibodies and reagents

The expression constructs A3G-V5, HAA3G20R (previously named HAA3G20K/RΔ2K), 

Vif-cMyc, proviral construct HXB2 and Vif-deficient proviral construct HXB2ΔVif were 

described previously [27, 34]. HAA3G13K was derived using BamH I restriction enzyme 

digestion and gene swapping between HAA3G20R (vector) and HAA3G (insert). The 

HAA3G7K mutant was created using BamH I restriction enzyme digestion and gene 

swapping between A3G (vector) and HAA3G20R (insert). All A3G mutants were expressed 

with an HA tag in the N-terminus, and the two lysine residues in the C-terminal tag region 

on the vector were removed using a PCR-based method as previously described [34]. A3G 

point mutations HAA3G297_K, HAA3G301_K, HAA3G303_K, HAA3G334_K and the 

combined four lysine (HAA3G4K) mutants were generated using HAA3G20R as a template 

and the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies). 

The following primers were used to generate the A3G point mutations: HAA3G297_K, 5′-
CTGTGCCCAGGAAATGGCTAAGTTCATTTCACGCAACCGCC-3′; HAA3G301_K, 5′-
AGGAAATGGCTCGCTTCATTTCAAAGAACCGCCACGTGAGC-3′; HAA3G303_K, 

5′-CGCTTCATTTCACGCAACAAGCACGTGAGCCTGTGCATC-3′; HAA3G334_K, 5′-
CCTGGCCGAGGCTGGGGCCAAGATTTCAATAATGACATACAG-3′. The following 

primers were used to generate HAA3G4K: 5′-
GCTTCAGCTGTGCCCAGGAAATGGCTAAGTTCATTTCAAAGAACAAGCACGTGAG

C CTGTGCATCTTCACTGC-3′and 

CCTGGCCGAGGCTGGGGCCAAGATTTCAATAATGACATACAG. The N-terminal HA-

tagged ubiquitin expression construct (pRK5-HA-Ubiquitin-WT), pRK5-HA-ubiquitin 

K48R and pKR5-HA-ubiquitin K63R were obtained from Ted Dawson through Addgene. 

Monoclonal anti-c-Myc (4A6), anti-HA (HA11), anti-V5 and anti β-actin antibodies were 

obtained from Millipore, Covance, Invitrogen and Sigma, respectively. Rabbit anti-Vif 

antibody, rabbit anti-A3G antibody [46] and HIV-1 p24 monoclonal antibody [47] were 

obtained from the the NIH AIDS Research and Reference Reagent Program. Proteasome 

inhibitor (MG132), CHX and E1 activating enzyme inhibitor (PYR-41) were purchased 

from Sigma.

Cell culture, Western blot analysis and viral infectivity (MAGI) assay

Human embryonic kidney (HEK) 293T cells and TZM-bl cells (NIH AIDS Research and 

Reference Reagent Program) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 10% fetal bovine serum (FBS) in a 5% CO2 atmosphere. Plasmid DNA 

transfection was performed with polyethylenimine (PEI) as described previously [27]. At 48 

h post-transfection, virus-containing supernatant was harvested for the MAGI assay and 

virus preparation. HIV-1 virions were prepared by centrifugation at 1,000 × g for 15 min to 

remove cellular debris and filtered through a 0.2 μm pore size membrane. Next, viral 

particles were ultracentrifuged at 100,000 × g for 2 h on a 20% sucrose cushion. Viral 
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infection was determined by a MAGI assay as previously described [48–50]. Western blot 

analyses of cell lysates and virion lysates were performed as previously described [27]. All 

data shown throughout this paper are representative of three independent experiments.

Affinity precipitation assay

pcDNA3.1, A3G, HAA3G20R, HAA3G13K, HAA3G7K and HAA3G4K were 

cotransfected with a Vif expression vector into 293T cells. Forty-eight hours post-

transfection, cells were disrupted in lysis buffer (50 mM sodium phosphate, pH 8.0, 500 mM 

NaCl, 1% Triton X-100, and EDTA-free protease inhibitor cocktail from Roche) at 4°C for 

30 min. Following centrifugation at 16,000 × g for 30 min at 4°C, the lysates were incubated 

with anti-V5 beads (Sigma) for 4 h and washed five times with wash buffer (50 mM sodium 

phosphate, pH 8.0, 500 mM NaCl, 20 mM imidazole). The beads were boiled in SDS-PAGE 

sample buffer, and samples were subsequently analyzed by Western blotting.

CHX assay

The CHX assay was used to observe the half-life of wild-type A3G and A3G mutants. A3G, 

HAA3G20R, HAA3G7K and HAA3G13K were cotransfected with a Vif expression plasmid 

into 293T cells. Forty-eight hours post-transfection, cells were treated with CHX (100 μg/

ml), and samples were harvested at the indicated time points for Western blot analysis. The 

intensity of the protein bands was analyzed by densitometry.

In vivo polyubiquitination assay

The 293T cell line was transfected with the indicated A3G-V5 expression constructs, pRK5-

HA-Ubiquitin-WT, and either empty vector, VR1012, or Vif expression vectors. Twenty-four 

hours post-transfection, MG132 (10 μM) was used to treat the cells overnight. Treated cells 

were then disrupted in lysis buffer (20 mM sodium phosphate, pH 7.8, 500 mM NaCl, 1% 

Triton X-100, 10 mM β-mercaptoethanol, 10 μM MG132, 5 mM iodoacetanide, 20 mM 

imidazole and EDTA-free protease inhibitor cocktail from Roche) and applied to Ni-NTA 

agarose beads to precipitate APOBEC under denaturing/native hybrid conditions as 

described in the manual of the Invitrogen Ni-NTA Purification System. A3G was eluted 

from the beads using 50 mM sodium phosphate, pH 8.0, 500 mM NaCl and 250 mM 

imidazole. The ubiquitin modification of A3G was analyzed by Western blot.
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Highlights

• K48 linked polyubiquitination is essential for Vif induced A3G 

degradation

• A3G lysine residues 297, 301, 303 and 334 were not sufficient to 

render A3G sensitive to Vif- mediated degradation.

• Ubiquitin-modified A3G lysine residues contribute differently to HIV-1 

Vif induced A3G degradation.

• Ubiquitin modification occurs on lysine residues interspersed 

throughout A3G
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Figure 1. Ubiquitin E1 inhibitor, PYR-41 and K48R block A3G degradation
(A) 293T cells were cotransfected with A3G and either empty vector, VR1012 or Vif-cMyc. 

At 24 h post-transfection, the cells were treated with DMSO, MG132 or specific Ubiquitin 

E1 Inhibitor, PYR-41, overnight. Cells were lysed for Western blotting. (B) 293T cells were 

cotransfected with A3G and either empty vector, VR1012 or Vif-cMyc in the presence of 

wild-type ubiquitin (Ub-HA), UbK48R or UbK63R. At 48 h post-transfection, cells were 

lysed for Western blotting. All data shown throughout this paper are representative of three 

independent experiments.
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Figure 2. A3G lysine residues 297, 301, 303 and 334 remain Vif insensitive
(A) Schematic of arginine to lysine reversions generated from A3G lysine-free mutant, 

HAA3G20R. (B) A3G, HAA3G20R, HAA3G297_K, HAA3G301_K, HAA3G303_K, 

HAA3G334_K and HAA3G4K were cotransfected with Vif or VR1012 into 293T cells. 

Forty-eight hours post-transfection, the cells were harvested for Western blot analysis. (C) 

HAA3G4K, HAA3G20R and A3G were cotransfected with increasing concentrations of Vif 

(0, 1, 1.5 μg) into 293T cells. At 48 h post-transfection, cells were harvested for Western 

blotting. (D) 293T cells were cotransfected with A3G, HAA3G20R or HAA3G4K with HA-

Ubiquitin-WT and either VR1012 or Vif-c-Myc. At 24 h post-transfection, cells were treated 

overnight with 10 μM MG132. Ni-NTA beads were used to precipitate A3G under 

denaturing conditions and analyzed by Western blotting.
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Figure 3. HAA3G13K increases A3G resistance to Vif
(A) Schematic of A3G lysine to arginine substitutions indicated by R. Arginine reversions to 

lysine are indicated by K. (B) 293T cells were cotransfected with A3G, HAA3G20R, 

HAA3G7K or HAA3G13K and VR1012 or Vif. At 48 h post-transfection, cells were 

collected for Western blot analysis. (C) A3G, HAA3G20R, HAA3G7K or HAA3G13K 

(each 1 μg) were cotransfected with increasing concentrations of Vif (0, 1, 1.5 μg) into 293T 

cells. At 48 h post-transfection, cells were collected for Western blot analysis.
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Figure 4. HAA3G7K and HAA3G13K have a prolonged half-life in the presence of HIV- Vif
293T cells were cotransfected with Vif and either A3G, HAA3G20R, HAA3G7K or 

HAA3G13K. At 48 h post-transfection, cells were treated with CHX (100 μg/ml), and 

samples were harvested at the indicated time points.
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Figure 5. HAA3G13K packages into HIV-1 virions and blocks HIV-1 replication
(A) 293T cells were cotransfected with A3G and HAA3G13K in combination with HXB2 or 

HXB2ΔVif. At 48 h post-transfection, virus-containing supernatant was precipitated by 

ultracentrifugation, and cells were harvested for Western blot analysis. (B) 293T cells were 

cotransfected with A3G, HAA3G20R, HAA3G7K and HAA3G13K in combination with 

HXB2 or HXB2ΔVif. At 48 h post-transfection, cells were harvested for Western blot 

analysis. (C) Cell culture supernatants were used to infect TZM-bl indicator cells to measure 

viral infectivity. The amount of virus input was normalized by p24 ELISA.
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Figure 6. A3G, HAA3G20R, HAA3G7K, HAA3G13K and HAA3G4K bind to Vif
pcDNA3.1, A3G, HAA3G20R, HAA3G7K, HAA3G13K and HAA3G4K were 

cotransfected into 293T cells with Vif. At 24 h post-transfection, cells were treated with 10 

μM MG132 overnight. Samples were subjected to anti-V5 affinity beads to precipitate A3G, 

and the A3G-Vif interaction was analyzed by Western blotting.
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Figure 7. Vif-induced polyubiquitination occurs on lysine residues dispersed throughout A3G
293T cells were transfected with A3G, HAA3G20R, HAA3G7K and HAA3G13K with HA-

Ubiquitin-WT and either with empty vector, VR1012, or Vif-c-Myc. At 24 h post-

transfection, cells were treated with 10 μM MG132 overnight. Samples were applied to Ni-

NTA beads to precipitate A3G under denaturing conditions and analyzed by Western 

blotting.
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