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Abstract

The APOBEC3 DNA cytosine deaminase family comprises a fundamental arm of the innate 

immune response and is best known for retrovirus restriction. Several APOBEC3 enzymes restrict 

HIV-1 and related retroviruses by deaminating viral cDNA cytosines to uracils compromising viral 

genomes. Human APOBEC3B (A3B) shows strong virus restriction activities in a variety of 

experimental systems, and is subjected to tight post-translational regulation evidenced by cell-

specific HIV-1 restriction activity and active nuclear import. Here we ask whether lysines and/or 

lysine post-translational modifications are required for these A3B activities. A lysine-free 

derivative of human A3B was constructed and shown to be indistinguishable from the wild-type 

enzyme in DNA cytosine deamination, HIV-1 restriction, and nuclear localization activities. 

However, lysine loss did render the protein resistant to degradation by SIV Vif. Taken together, we 

conclude that lysine side chains and modifications thereof are unlikely to be central to A3B 

function or regulation in human cells.

Introduction

Cellular proteins such as APOBECs, TETHERIN, MX2, SERINCs, TRIMs, SAMHD1, and 

likely others, are called restriction factors because they are able to potently suppress the 

infectivity of a wide array of pathogenic elements including retroviruses [reviewed by 

(Harris and Dudley, 2015; Malim and Emerman, 2008; Simon et al., 2015)]. The APOBEC3 
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family of enzymes constitutes a unique arm of this innate immune defense network because 

they directly attack single-stranded DNA converting cytosines to uracils, which can result in 

C-to-T mutations or substrate degradation [reviewed by (Harris and Dudley, 2015; Malim 

and Emerman, 2008; Simon et al., 2015)]. In the case of retroviruses such as HIV-1, reverse 

transcription immortalizes cDNA strand C-to-U lesions as genomic strand G-to-A 

mutations. However, most of the HIV-1 restriction activity of human APOBEC3 enzymes is 

counteracted by HIV-1 Vif through a poly-ubiquitination and proteasomal degradation 

mechanism that efficiently eliminates restrictive APOBEC3 enzymes from cells and 

therefore also from entering nascent viral particles.

In comparison to APOBEC3G (A3G) and other human APOBEC3 enzymes, which have 

been characterized as robust virus restriction factors, the existing data on APOBEC3B 

(A3B) are less clear. First, although A3B does not appear to overtly restrict the replication of 

polyomaviruses and papillomaviruses, the preferred 5′-TC ssDNA target motifs of A3B are 

depleted from these viral genomes and the predicted 5′-TT product is enriched implying 

continual selective pressure (Ahasan et al., 2015; Starrett et al., 2016; Starrett et al., 2017; 

Verhalen et al., 2016; Vieira et al., 2014; Warren et al., 2015). Moreover, both of these small 

DNA viruses specifically upregulate A3B at the transcriptional level (Mori et al., 2017; 

Starrett et al., 2017; Verhalen et al., 2016; Vieira et al., 2014). Second, A3B knockdown in 

liver-derived HepG2 cells results in elevated levels of HBV circular DNA replication 

intermediates suggesting A3B may have a role in suppressing virus replication (Lucifora et 

al., 2014), however this result has been debated (Chisari et al., 2014; Ding and Robek, 2014; 

Meier et al., 2017; Shlomai and Rice, 2014; Xia et al., 2014). Disagreement also exists 

regarding HBV infection rates in individuals lacking the entire A3B gene due to a common 

deletion allele [higher: (Prasetyo et al., 2015); unchanged: (Ezzikouri et al., 2013)].

In the case of HIV-1, it has long been hypothesized that, unlike other A3 family members, 

A3B is not relevant due to the simple fact that it is not a target for proteosomal degradation 

by the viral protein Vif, indicating that the virus did not evolve a mechanism to escape 

selective pressures imposed by this enzyme (Bishop et al., 2004; Doehle et al., 2005; 

Hultquist et al., 2011). However, multiple studies have shown that A3B can potently restrict 

HIV-1 in 293T cells (Bishop et al., 2004; Doehle et al., 2005; Hultquist et al., 2011), 

whereas it cannot in various T-cell lines (Hultquist et al., 2011). Further complicating the 

story, human A3B can be targeted for protesomal degradation by SIV Vif leading to the 

possibility that A3B may still be relevant in some situations or, at the very least, was relevant 

in primate ancestors (Land et al., 2015). To better understand how and why A3B is able to 

restrict HIV-1 in some cell types but not others, and evade some but not all retroviral Vif 

proteins, we investigated mechanisms responsible for A3B post-translational regulation.

The mechanism of HIV-1 Vif-mediated degradation of APOBEC3 family members occurs 

through non-specific ubiquitination of lysine residues despite specific engagement of target 

APOBECs by Vif. Therefore, one hypothesis that could explain why A3B is able to restrict 

retroviruses in some cell types but not others, is that a lysine modification is part of A3B's 

post-translational regulatory mechanism, and the modification state depends on the cell type. 

To determine how lysine residues contribute to the overall regulation of A3B we constructed 

two lysine-free (K-free) mutant constructs, one fused to eGFP and one untagged, and 
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performed head-to-head functional tests including DNA cytosine deamination activity, 

localization, and HIV-1 viral restriction assays.

Results

All lysine residues are dispensable for human A3B DNA cytosine deamination activity

Human A3B has 10 lysine residues, with 8 located in the non-catalytic N-terminal domain 

and 2 in the catalytic C-terminal domain (Fig. 1A). Recent crystal and solution structures 

show that the 2 lysines in the C-terminal domain are solvent-exposed and located near the 

catalytic site (Byeon et al., 2016; Shi et al., 2017; Shi et al., 2015) (Fig. 1B). An N-terminal 

domain structure has yet to be determined. Therefore, Phyre2 was used to develop a 

structural model of the N-terminal domain, which predicted that 7/8 are located in solvent-

exposed regions, including 3 near the pseudo-active site which is likely to regulate enzyme 

activities including nucleic acid binding.

To address whether lysine post-translational modification has a role in regulating A3B DNA 

cytosine deaminase activity, we constructed a non-epitope tagged derivative with all 10 

lysines converted to arginines (K-free A3B; Fig. 1). This construct was transfected into 293T 

cells and expression was assessed by immunoblot with a monoclonal antibody that 

recognizes a common C-terminal epitope (Leonard et al., 2015) (highlighted in yellow in 

Fig. 1A). Overall K-free A3B was expressed at levels similar to those of the parental wild-

type enzyme, although minor variation was observed between biologically independent 

experiments (e.g., Fig. 2A versus Fig. 2C). In parallel, whole cell extracts were used in a 

single-stranded DNA cytosine deaminase activity assay with a 43 deoxy-nucleotide substrate 

containing a single 5′-TC motif preferred by A3B (Burns et al., 2013; Leonard et al., 2013) 

(Fig. 2B). Deamination is coupled to uracil excision and abasic site cleavage, which yields a 

shorter 30 deoxy-nucleotide product. In this assay, extracts expressing wild-type or K-free 

A3B showed similar activity, which is dependent on the catalytic glutamate of the enzyme 

(catalytic mutant, CM, in Fig. 2B). As negative controls, 293T extracts expressing a vector 

control or A3G, which prefers a different dinucleotide motif (5′-CC), showed much lower 

background levels of DNA deaminase activity.

To more precisely compare the catalytic activity of wild-type and K-free A3B, a dose 

response experiment was performed with increasing amounts of whole cell lysates 

expressing similar levels of either wild-type or K-free A3B. PAGE was used to analyze three 

independent experiments, as described above, and Image J was used to quantify the 

percentage of DNA deamination (substrate accumulation). Both enzymes showed similar 

activities at all concentrations (Fig. 2C; p=0.536 by Welch two-tailed t-test), and had similar 

levels of protein expression (immunoblot in graph inset). These data indicate that all 10 

lysines are dispensable for the steady state single-stranded DNA cytosine deaminase activity 

of A3B.

Molan et al. Page 3

Virology. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lysine residues are dispensable for A3B-catalyzed restriction and hypermutation of Vif-
deficient HIV-1

The overall ability of an APOBEC enzyme to restrict Vif-deficient HIV-1 is due to multiple 

intrinsic properties including packaging into the core of nascent viral particles and binding 

and deaminating single-stranded DNA. Virus infectivity therefore provides a sensitive 

biological measure of overall APOBEC functionality. To test if any of these properties may 

be affected by lysine modification, the restriction activity of wild-type and K-free A3B was 

assessed in dose response experiments against Vif-deficient HIV-1 IIIB in comparison to 

A3G as a positive control (Fig. 3A). As expected from prior studies, A3G restricts Vif-

deficient HIV-1 in a strong, dose-responsive manner. Interestingly, both wild-type and K-

free A3B restricted Vif-deficient HIV-1 to similar levels, and as strong as those due to A3G 

restriction. The majority of the anti-viral activity of wild-type A3B requires an intact 

catalytic glutamate, as evidenced by higher viral infectivity in the presence of the E255A 

catalytic mutant (CM), particularly at lower protein concentrations. Some deaminase-

independent effects were observed at higher protein concentrations, reminiscent of prior 

work for A3G (Browne et al., 2009; Newman et al., 2005; Schumacher et al., 2008). In 

addition, despite higher levels of A3B relative to A3G in cell lysates, less wild-type or K-

free A3B protein was packaged into viral particles suggesting the antiviral effects of this 

enzyme may be greater than those of A3G (immunoblots in Fig. 3A). To exclude possible 

strain-specific effects, an analogous experiment was done with HIV-1 LAI and similar 

results were obtained for both wild-type and K-free A3B (Fig. 3B). Overall, the results of 

these virus infectivity experiments indicate that neither lysines nor lysine modifications are 

essential for A3B-mediated restriction of Vif-deficient HIV-1 in 293T cells.

SIV Vif-mediated degradation of human A3B is only partly affected by lysine loss

Despite the inability of HIV-1 Vif to degrade human A3B, the Vif protein of multiple SIV 

strains is active for human A3B degradation (Land et al., 2015). Vif-mediated degradation of 

A3 enzymes occurs mainly by poly-ubiquitination of lysine residues and subsequent 

processing by the 26S proteasome [reviewed by (Harris and Dudley, 2015; Malim and 

Bieniasz, 2012; Simon et al., 2015)]. Therefore, we sought to determine whether K-free 

A3B would become resistant to SIV Vif-mediated degradation. This experiment was done by 

co-transfecting 293T cells with an HA-tagged SIVmac239-Vif construct (abbreviated SIV 

Vif hereafter) and either untagged wild-type or K-free A3B followed by measurement of 

steady state A3B levels via immunoblotting (Fig. 4A). As a positive control, SIV Vif caused 

the degradation of human A3G, and this effect could be partly reversed by MG132 which 

blocks proteosomal processing. SIV Vif also mediated the degradation of human A3B, as 

reported (Land et al., 2015), and this effect could also be suppressed by MG132. In contrast, 

K-free A3B was unaffected by SIV Vif expression or MG132 treatment. These data indicate 

first that wild-type A3B levels in the cell are not likely to be regulated by polyubiquitination 

and proteomsomal degradation (little difference in band intensities with/without MG132), 

and second they confirm that SIV Vif-mediated degradation of wild-type A3B most likely 

occurs by the canonical lysine polyubiquitination and proteasomal degradation mechanism.
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The hallmark nuclear localization activity of A3B does not require lysine residues or lysine 
post-translational modifications

The most obvious activity that sets A3B apart from related human APOBEC family 

members is constitutive nuclear localization (Bogerd et al., 2006; Burns et al., 2013; Lackey 

et al., 2012; Lackey et al., 2013; Stenglein and Harris, 2006). To determine whether lysine 

residues or lysine post-translational modifications contribute to the nuclear localization 

activity of A3B, immunofluorescent microscopy was used to assess the subcellular 

localization of wild-type and K-free A3B was assessed in HeLa and 293T cells (HeLa data 

in Fig. 5A and 293T data not shown). As expected, wild-type A3B was predominantly 

nuclear and, as a contrasting control, A3G was largely cytoplasmic. K-free A3B also 

localized to the nuclear compartment, indicating that lysine amino acid side chains and/or 

modifications are not likely to be part of the A3B nuclear localization mechanism.

A subcellular fractionation procedure was used to confirm the K-free A3B nuclear 

localization result (Fig. 5B-C). 293T cells were transfected with relevant A3 constructs, 

processed into whole cell, cytoplasmic, and nuclear extracts, and subjected to analysis by 

immunoblotting with HSP90 and Histone H3 as cytoplasmic and nuclear controls, 

respectively. Representative immunoblots revealed no difference between the nuclear 

localization of wild-type and K-free A3B (Fig. 5B). Immunoblot signals were quantified 

from 3 biologically independent experiments and, again, the nuclear localization activities of 

wild-type and K-free A3B were indistinguishable (Fig. 5C). Independent experiments with 

HeLa cells yielded similar data (not shown). Overall, these microscopy and subcellular 

fractionation results combined to show that lysine side chains and modifications are unlikely 

to be an essential part of the nuclear localization mechanism of A3B.

Discussion

Our results indicate that neither lysine residues nor lysine post-translational modifications 

are required for several activities of A3B. Single-stranded DNA cytosine deamination is the 

hallmark activity of the APOBEC family, and titration experiments showed no difference in 

catalytic activity between wild-type and K-free A3B. Restriction of Vif-deficient HIV-1 is 

to-date the most sensitive bioassay for APOBEC activity, as it provides a quantitative read-

out of several enzyme activities including encapsidation (likely RNA binding activity) and 

viral cDNA deamination. A3B catalytic activity is largely required for restriction of HIV-1 

produced using 293 cells (regardless of Vif), as shown by several groups (Bogerd et al., 

2006; Doehle et al., 2005; Lackey et al., 2012; Ooms et al., 2012). This result parallels prior 

reports for A3G in which the bulk of HIV-1 restriction activity is dependent upon catalytic 

activity and some deaminase-independent effects are observed at higher expression levels 

(Browne et al., 2009; Miyagi et al., 2007; Newman et al., 2005; Schumacher et al., 2008). 

However, despite observing clear deamination-dependent effects, no measurable differences 

were seen between the Vif-deficient HIV-1 restriction activities of wild-type A3B and K-free 

A3B. In addition, even steady-state nuclear localization, which is the only APOBEC activity 

unique to A3B, was unaffected by changing all 10 lysines into arginines. We conclude that 

the DNA cytosine deamination, HIV-1 restriction, and nuclear localization activities of 

human A3B do not require lysines or lysine post-translational modifications. However, we 
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note that lysine post-translational modification could still play an important role in A3B 

regulation in other cell types, or in normal or cancerous cells in vivo.

The lysine residues of human A3B are required for SIV Vif-mediated degradation evidenced 

by MG132 blocking degradation of wild-type A3B and the 10 lysine to arginine 

substitutions rendering the protein resistant to degradation. These results indicate that, 

despite the cross-species comparison, SIV Vif is still using the canonical poly-ubiquitination 

and proteasome degradation pathway to purge cells of human A3B. These results mirror 

prior studies on human A3G and A3F, where 20 and 19 lysines were simultaneously 

converted to arginine, and the K-less variants resisted Vif-mediated degradation (Albin et al., 

2013; Dang et al., 2008; Shao et al., 2010). Since A3B may very well restrict the replication 

of other viruses, including HBV, HPV, and HTLV (Ahasan et al., 2015; Lucifora et al., 2014; 

Ooms et al., 2012; Starrett et al., 2016; Starrett et al., 2017; Verhalen et al., 2016; Vieira et 

al., 2014; Warren et al., 2015), it is likely that additional A3B counteraction strategies exist 

and that the functional K-free construct described here may be useful as a mechanistic 

probe. The K-free enzyme may also be useful for future studies investigating A3B cellular 

interactions.

Materials and Methods

Structures and modeling

The A3B C-terminal domain x-ray structure depicted in Fig. 1 is derived from pdb 5CQD 

(Shi et al., 2015). Phyre2 was used to draw upon existing pdb information to develop a 

composite structural model of the N-terminal domain (Kelley et al., 2015).

Plasmids

The untagged wild-type and eGFP tagged APOBEC3B (NM_004900.4) constructs were 

made by changing threonine 146 to lysine using a previously described untagged 

APOBEC3B construct [UniProtKB/Swiss-Prot: Q9UH17.1; described in (Hultquist et al., 

2011)] as a template for site-directed mutagenesis. The K-free A3B construct was ordered as 

a G-Block from IDT where all 10 lysine residues were mutated to arginines and 

subsequently cloned into an untagged expression vector pcDNA 3.1 (+) or into pEGFP-N3 

(Clontech). The untagged A3B catalytic mutant (CM) construct encoding two glutamate to 

alanine amino acid substitutions (E68A/E255A) was PCR amplified from existing pEGFP-

N3 (Clontech) plasmids described previously (Burns et al., 2013; Hultquist et al., 2011; 

Lackey et al., 2013; Land et al., 2015) using primers 

NNNAAGCTTACCGCCATGAATCCACAGATC and 

NNNNGCGGCCGCTCAGTTTCCCTGATTCTGGAGAATGG. PCR products were then 

digested with restriction enzymes HindIII-HF and NotI-HF in CutSmart Buffer (NEB 

#R3104S and #R3189S respectively). After digestion, the backbone and insert fragments 

were gel extracted using the Epoch GenCatch Gel Extraction Kit protocol (Epoch 

#2160250). The backbone and insert fragments were ligated with T4 DNA ligase (NEB 

#M0202S). Plasmid DNA was isolated utilizing the Thermo Fisher Scientific GeneJet 

Plasmid Miniprep Kit protocol (Thermo #K0503). The DNA sequences of all plasmid 

constructs were confirmed by Sanger sequencing using sequencing primers 
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CGTGTACGGTGGGAGGTCTA, GCCCGCGTGACGATCATGGACTATGA, and 

GGAAAGCAAAATCTCAGGCTTTGAGG and alignment with Sequencher. Larger plasmid 

preparations utilized the Thermo Fisher Scientific PureLink HiPure Plasmid Maxiprep Kit 

(Thermo #K210007).

Cell culture

HeLa and 293T cells were grown in HyClone RPMI 1640 media supplemented with 10% 

heat inactivated fetal bovine serum, penicillin and streptomycin (100U) on adhesion cell 

culture plates and incubated at 37°C (5% CO2). Semi-confluent cells were transfected using 

the Mirus TransIT- LT1 transfection reagent protocol (Mirus #MIR 3205). Cells were 

harvested 48 hrs after transfection by disrupting adhesion with 0.05% Trypsin-EDTA 

(Gibco, #25300-054) diluted 1:10 in PBS-EDTA.

Gel electrophoresis and immunoblotting

Protein samples were boiled in 6× Laemmli sample buffer and incubated at 98°C for 10 min. 

Proteins were separated by SDS-PAGE (4% stacking, 12.5% resolving) in SDS-PAGE 

running buffer at 90V for 20 min and 150V for 90 min. The proteins were transferred to a 

Licor PVDF membrane at 90 V for 2 hrs. Membranes were blocked with 5% powdered milk 

in tween 20-PBS (PBST) followed by incubation for 16-24 hrs at 4°C with primary 

antibodies: mouse α TUBULIN (Sigma-Aldrich B512); rabbit α HA (Cell Signaling, 

#3724); mouse α HSP90 (Thermo Fisher Scientific, PA3-012); rabbit α H3F3A (Thermo 

Fisher Scientific, E.960.2); rabbit α APOBEC3B (RSH #10.87.13 (Leonard et al., 2015)). 

The membranes were washed in PBST for 10-30 min and incubated with a secondary 

antibody: TUBULIN - 800 α mouse IgG (Licor 926-32350); HSP90 - 680 α Mouse IgG 

(Licor 926-68020); HA and HISTONE3 - 800 α Rabbit IgG (Licor 926-32211); 

APOBEC3B - HRP α Rabbit IgG (Jackson Immunodiagnostics, # 111035144) for 45 min at 

room temperature. The membranes were washed with PBST for 30 min and antibody 

detection was performed using the Licor Fc for the fluorescent antibodies and the Denville 

HyGLO Chemiluminescent HRP reagent.

DNA cytosine deaminase oligo cleavage assay

5.0×105 293T cells were transiently transfected with 500 ng of DNA in a 6-well plate and 

harvested 48 hrs later. Pellets from transfected cells were resuspended in 500uL HED buffer 

(25 mM HEPES, 5mM, 10% glycerol, 1mM DTT and 1 EDTA-free Proteasome inhibitor 

tablet) and placed on ice. The samples were sonicated at the lowest setting with the Misonix 

Sonicator system for three 5-second pulses and kept on ice between pulses. They were 

centrifuged at 13,000 rpm for 20 min at 4°C and the supernatant was transferred to cold 

fresh tubes. Deamination reactions were prepared with 25 μl RNase A, 2 μl 10× UDG 

buffer, .25 μl UDG, 1 μl 4uM 

ATTATTATTATTCTAATGGATTTATTTATTTATTTATTTATTT-fluorescein, and 16.5uL 

cleared lysate. Reactions were incubated at 37°C for 1 hour and subsequently treated with 

2uL 1M NaOH and incubated at 98°C for 10 min. 22 μl 2× formamide buffer was added to 

each reaction and they were heated at 98°C for 5 min. 10 μl of each sample was loaded onto 

a 15% Urea-TBE gel in 1× TBE buffer and electrophoresed at 150V for 60 min. Oligos were 

imaged using fluorescence detection via a Typhoon FLA 7000 fluorescent imager (GE 
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Healthcare Life Sciences) laser scanner. To quantify the percent of substrate cleavage, 

ImageJ was used to perform densitometry from 3 independent deamination reactions and 

plotted versus an increasing titration of lysate (Burns et al., 2013; Carpenter et al., 2012; 

Leonard et al., 2013; Shi et al., 2015; Vieira et al., 2014).

Subcellular localization

5.0×105 HeLa cells were transiently transfected with 500 ng of plasmid. Protein was 

harvested at 48 hrs as described in “REAP: A two-minute cell fractionation method” (Suzuki 

et al., 2010). After harvest cells were washed with 1 mL of phosphate buffered saline (PBS), 

300 μl of the whole cell lysate was placed in a cold 1.5 mL microfuge tube and kept on ice. 

The remaining 600 μl was pulse spun to maximum speed of 14,800 rpm for 10 seconds. 300 

μl of the supernatant was placed in a cold 1.5 mL microfuge tube as the cytosolic fraction 

and kept on ice; the remaining supernatant was discarded. The nuclear fraction was 

resuspended in 180 μl 1× Laemmli sample buffer. 100 μl of 5× Laemmli sample buffer was 

added to the whole cell and cytosolic fractions. All fractions were sonicated twice for 5 

seconds at the lowest setting of the Misonix Sonicator system and kept on ice in between 

sonications. All samples were incubated at 98°C for 10 min and centrifuged at high speed 

for 10 seconds after cooling. The fractions were analyzed by gel electrophoresis and 

immunoblotting.

Immunofluorescent microscopy experiments

2.5×104 HeLa cells were plated into 6-well plates containing glass coverslips, transfected 

with 500 ng of plasmid DNA at 80% confluency, and incubated at 37°C for 48 hrs. Cells 

were then washed 3 times with PBS and fixed with 4% paraformaldehyde in PBS. Cells 

were washed again in PBS and subsequently incubated with primary antibodies rabbit α 
A3B [Harris lab 5210-87-13 (Leonard et al., 2015)] (1:50) and mouse α TUBULIN (Sigma-

Aldrich, #B512) (1:500) rocking at 4°C overnight. The cells were washed 5 times with PBS 

and incubated with secondary antibodies rabbit αFITC (Abcam, #ab6717) (1:500) and 

mouse αTRITC (Abcam, #ab6786) (1:500) for 1 hour at room temperature and washed in 

PBS. The glass coverslips were extracted and excess liquid was removed. 15 μl of 50% 

glycerol with .01% DAPI was placed on the center of a glass microscope slide and the cell 

covered surface of the coverslip was placed on the glycerol and sealed with clear nail polish. 

Imaging was performed using a Nikon Inverted TiE Deconvolution Microscope System 

[based on protocols described in (Starrett et al., 2016)].

SIV Vif-mediated degradation of A3B

5.0×105 293T cells were co-transfected with pcDNA3.1-derived constructs encoding wild-

type A3B, K-free A3B, A3G, or empty vector and SIV Vif or additional empty vector. After 

48 hrs incubation, cells were treated with 10 μM MG132 (Stem Cell Technologies), or 

mock-treated as a negative control, for an additional 18 hrs, prior to harvesting for 

immunoblot experiments [based on protocol described in (Land et al., 2015)].
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HIV-1 single cycle experiments

Single cycle experiments were performed as described (Hultquist et al., 2011). Infectious 

particles were produced by cotransfecting 5.0×105 293T cells with an HIV-1IIIB A200C 

molecular clone (pIIIB) and an expression construct for A3G, A3B, K-free A3B, or vector 

control. Supernatants containing viruses were harvested after 48 hrs, filtered (0.45 μm), and 

used to infect CEM-GFP reporter cells. After an additional 48 hrs incubation, infectivity was 

quantified by flow cytometry and reported as the percentage of GFP-positive cells. 1 mL of 

the virus-containing supernatants was concentrated by centrifugation (16,000g, 2 hrs, RT) 

and used for immunoblotting.
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Fig 1. Lysine residues in human APOBEC3B
(A) Amino acid alignment of wild-type and K-free A3B. Lysine to arginine substitutions are 

highlighted with red boxes, N-terminal and C-terminal zinc-coordinating domains by open 

boxes, and 5210-87-13 mAb epitope by a thick yellow line.

(B) Ribbon structures of A3Bntd (model) and A3Bctd (pdb: 5CQD) with lysines colored 

red.
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Fig. 2. Lysines are dispensable for APOBEC3B ssDNA deamination activity
(A) Immunoblot of the indicated proteins expressed in 293T cells with tubulin as a loading 

control.

(B) Extracts from reactions in panel A tested for deaminase activity using an end-labeled 

ssDNA substrate (S). Deamination followed by uracil excision and cleavage results in a 

shorter product (P).

(C) Quantification of ssDNA deaminase activity of increasing amounts of 293T whole cell 

extracts expressing wild-type or K-free A3B. Each data point is the average +/- SD of 3 

independent reactions. Inset immunoblot of lysates expressing vector only (1), wild-type 

A3B (2), and K-free A3B (3) relative to tubulin as a loading control.
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Fig. 3. Lysine Free APOBEC3B shows wild-type levels of HIV-1 restriction
(A) Infectivity of Vif-deficient HIV-1IIIB produced in 293T cells expressing increasing 

amounts of the indicated expression constructs (0 ng, 25 ng, 50 ng, or 100 ng of A3-coding 

plasmid balanced with empty vector up to 100 ng to ensure equal DNA amounts). Each 

histogram bar is the average +/- SD of technical triplicate infections (p-values obtained by 

Welch two-tailed t-test). Immunoblots of the indicated cellular and viral proteins in whole 

cell extracts and virus-like particles with tubulin and p24 as loading controls, respectively.

(B) Infectivity of Vif-deficient HIV-1LAI produced in 293T cells expressing a single amount 

of the indicated expression constructs (25 ng). Each histogram bar is the average +/- SD of 

technical triplicate infections (p-values obtained by Welch two-tailed t-test). Immunoblots of 

the indicated cellular and viral proteins in whole cell extracts and virus-like particles with 

tubulin and p24 as loading controls, respectively.
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Fig. 4. SIV-Vif mediated degradation occurs through lysines in human A3B
Immunoblot of the indicated APOBEC proteins in the presence or absence of SIV-Vif and 

with or without 10 μM MG132 (18 hrs). The corresponding blots below show Vif (anti-HA) 

and tubulin.
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Fig. 5. Nuclear localization of APOBEC3B does not require lysines
(A) Representative images of HeLa cells expressing an empty vector, A3G (untagged), wild-

type A3B (untagged), or K-free A3B (untagged). The rabbit mAb 5210-87-13 was used to 

detect each A3 protein through a nearly identical C-terminal epitope (anti-rabbit IgG-FITC 

as secondary). 100 μM scale applies to all images.

(B) Immunoblot of 293T whole cell (W), nuclear (N), and cytoplasmic (C) extracts 

expressing eGFP, wild-type A3B-eGFP, or K-free A3B-eGFP. Fractionation controls are 

anti-Histone H3 for nuclear components, and anti-HSP90 for cytoplasmic components.

(C) Quantification of the fractionation data from panel B and 2 biologically independent 

experiments (not shown). Each histogram bar reports the mean +/- SEM nuclear to 

cytoplasmic ratio for the indicated constructs.
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