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Summary

Primate lentiviruses encode a Vif protein that counteracts the host antiviral APOBEC3 (A3) family 

members. The adaptation of Vif to species-specific A3 determinants is a critical event that allowed 

the spillover of a lentivirus from monkey reservoirs to chimpanzees and subsequently to humans, 

which gave rise to HIV-1 and the AIDS pandemic. How Vif-A3 protein interactions are remodeled 

during evolution is unclear. Here, we report a 2.94 Å crystal structure of the Vif substrate receptor 

complex from simian immunodeficiency virus isolated from red-capped mangabey (SIVrcm). The 

structure of the SIVrcm Vif complex illuminates the stage of lentiviral Vif evolution immediately 

prior to entering hominid primates. Structure-function studies reveal the adaptations that allowed 

SIVrcm Vif to antagonize hominid A3G. These studies show a partitioning between an 

evolutionarily dynamic specificity determinant and a conserved protein interacting surface on Vif 

that enables adaptation while maintaining protein interactions required for potent A3 antagonism.

eTOC Blurb

Lentiviral transmission from Old World monkeys to hominid primates require adaptations of viral 

Vif to hominid APOBEC3s. Binning et al. present the crystal structure of the SIVrcm Vif complex, 

providing insight into evolutionary requirements for cross-species transmission of SIV into 

hominid primates that underlie the origins of HIV-1 in humans.
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Introduction

The HIV-1 pandemic is the end result of a series of recombination and zoonotic transmission 

events among primate lentiviruses. The HIV-1 precursor, Simian Immunodeficiency Virus 

from chimpanzees (SIVcpz), originated from the recombination of at least two Old World 

monkey SIV strains. Subsequently, cross-species transmission of SIVcpz from chimpanzees 

into humans ultimately led to the emergence of HIV-1 (Bailes et al., 2003; Sharp and Hahn, 

2011). Evolutionary pressures placed upon lentiviruses such as SIV/HIV and their affected 

hosts have resulted in a molecular “arms race” which has shaped both host immunity and 

pathogen immune evasion strategies (Daugherty and Malik, 2012). Central to this race is the 

lentiviral protein Vif, encoded by nearly all existing lentiviruses (Gifford, 2012) and 

essential for replication in vivo (Desrosiers et al., 1998).

The primary function of Vif is to counteract the antiviral effects of host APOBEC3 (A3) 

proteins, a family of restriction factors that function by hypermutating viral genomes (Harris 

and Dudley, 2015). Vif employs multiple strategies to counteract A3 proteins (Anderson and 

Harris, 2015; Binning et al., 2018; Kim et al., 2013); but the most well-established 

mechanism involves hijacking of a cellular Cullin-RING ubiquitin ligase, resulting in the 

ubiquitination and subsequent targeting of A3 for proteasomal degradation (Hultquist et al., 

2011; Sheehy et al., 2002; Yu et al., 2003). HIV-1 Vif is able to antagonize multiple A3 

proteins, including APOBEC3F (A3F), APOBEC3C (A3C), APOBEC3D (A3D), 

APOBEC3G (A3G), and APOBEC3H (A3H). However, the interaction between Vif and the 

A3 proteins is often species-specific, and compensatory mutations among viral vif and host 

A3 genes are key determinants of interspecies transmission events such as the zoonotic 

transmission events that resulted in SIVcpz and HIV-1 (Compton et al., 2013).

The SIVcpz vif gene is derived from an ancestral virus related to the lentivirus that currently 

infects the red-capped mangabey (SIVrcm). During the genesis of SIVcpz from SIVrcm, a 

gene encoding the protein Vpx was deleted which caused an overprinting of vif into the vpr 
open reading frame creating a new C-terminus of Vif (Etienne et al., 2013). The resulting Vif 

acquired the ability to antagonize chimpanzee A3G and A3D, and the Vif adaptation from 

red-capped mangabey to chimpanzees was a major event in overcoming species-specific 

barriers imposed by hominid primate A3s. A critical but unresolved question is how 

adaptations in vif manifest as structural and biophysical changes that allow it to neutralize 

restrictive APOBEC3 family members during cross-species transmission.
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HIV-1 Vif can counteract human A3G (huA3G), but not African green monkey (agm) A3G, 

and vice versa; however, if residue 128 in huA3G is mutated from an aspartic acid to a 

lysine (D128K), HIV-1 Vif loses the ability to antagonize this A3G mutant and SIVagm Vif 

gains the ability to degrade it (Bogerd et al., 2004; Schröfelbauer et al., 2004; Xu et al., 

2004). Likewise, despite its essential role in SIVrcm infection, the SIVrcm Vif protein is a 

poor antagonist of chimpanzee A3D and A3G proteins (Etienne et al., 2013, 2015) which 

would be essential for the cross-species transmission of SIV from old world monkeys into 

chimpanzees. In an effort to rationalize a structural mechanism for species-specific A3 

recognition, we sought to determine adaptations that were required for SIVrcm to adapt to 

antagonize chimpanzee A3s.

Here we present the structure of the substrate receptor complex of the Vif ubiquitin ligase, 

consisting of SIVrcm Vif, CBFβ, ELONGIN B (ELOB), and ELONGIN C (ELOC) (termed 

VCBC) (Figure 1A) (Guo et al., 2014; Jäger et al., 2011; Zhang et al., 2012; Zhou et al., 

2012). The SIVrcm VCBC structure provides a “snapshot” of Vif at the stage of lentiviral 

evolution immediately prior to entering hominid primates. By combining the structural 

insight gained from the SIVrcm VCBC structure with functional viral infectivity studies, we 

have determined viral adaptations that arose during the cross-species transmission from Old 

World monkeys (OWMs) to chimpanzees that enabled SIVrcm Vif to efficiently antagonize 

chimpanzee A3G (cpzA3G).

Results

Crystal structure of the SIVrcm A3 substrate receptor complex

To determine how Vif adaptations that arose during the cross-species transmission event 

from OWM to hominid primates allowed antagonism of A3 restriction factors, we solved the 

crystal structure of SIVrcm VCBC complex to 2.94Å (Figure 1A, Figure 1B, and Table 1). 

To generate this complex, we use human co-factors CBFβ, ELOB, and ELOC as previous 

studies have shown that primate Vifs, including SIVrcm Vif, expressed in human cells can 

use these proteins to assemble in a fully functional E3 ligase and antagonize their cognate 

APOBEC3s (Compton and Emerman, 2013; Compton et al., 2012; Etienne et al., 2013, 

2015). A comparison of the SIVrcm Vif and HIV-1 Vif structures revealed that the overall 

protein fold is the same, but the length of C-terminal loops vary significantly between the 

structures, which precluded construction of reliable homology models (Figures 1B and S1) 

(Guo et al., 2014). Notable similarities between the HIV-1 and SIVrcm Vif complex 

structures include (1) the large domain (a/p domain) of SIVrcm Vif interacts with CBFβ 
through an extended, antiparallel β-sheet; (2) The small domain (a domain) of SIVrcm Vif is 

formed by two loosely packed helixes that contain the conserved BC-box motif that is 

responsible for engaging the ELOBC subunits; and (3) HIV-1 Vif and SIVrcm Vif 

coordinates a Zn2+ through their zinc-finger motif, HCCH, and this, in turn, stabilizes the 

three inter-domain loops.

Despite the similarities in the protein fold of SIVrcm and HIV-1 Vifs, a detailed comparison 

of the two structures reveals several differences. Alignment of HIV-1 Vif with SIVrcm Vif 

shows that the length of the BC-box containing helix differs between SIVrcm and HIV-1 

Vif. The BC-box containing helix (a4), which is responsible for binding to ELOBC, makes 
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an additional turn in the SIVrcm Vif structure (Figure 1C). Within the overprinted region of 

Vif, the position of secondary structured elements is the same but loops preceding and 

following α5 are different both in amino acid identity and length (Figure 1C, Figure S1). 

Specifically, the repositioning of α5 in the primary sequence results in HIV-1 Vif having 

approximately 20 amino acids following α5 that are absent in SIVrcm Vif, and SIVrcm Vif 

having an extended, flexible linker of 47 residues (as compared to 11 residues in HIV-1) 

separating the BC-box from α5 (Figures S1 and S2). Of note, this region of HIV-1 Vif 

contains critical A3 binding residues and the acquired PPLP motif that are both absent in 

SIVrcm Vif (Etienne et al., 2013).

In addition to the changes in the overprinted region of Vif, there are also differences that 

affect the conformation and charge of the VCBC complexes. Alignment of the ELOBC 

subunits from the two VCBC complexes shows a rotational change in Vif that results in a 

displacement of CBFβ between the two structures (Figure 1D). It is unclear if this difference 

is caused by HIV-1 VCBC being bound to CUL5ntd in the HIV-1 structure or differences in 

crystal packing; however, previous NMR and negative stain EM studies of VCBC complexes 

have shown Vif to be flexible as the large and small domains of Vif can move relative to 

each other, likely through hinge-like movements at the inter-domain loop region (Ball et al., 

2018; Binning et al., 2018). Lastly, analysis of the surface electrostatics reveals that both 

HIV-1 and SIVrcm Vif are highly basic proteins, with SIVrcm Vif having a distinctly larger 

basic patch than HIV-1 Vif (Figure 1E and 1F). These notable structural differences between 

SIVrcm and HIV-1 VCBC likely underlie the functionally distinct properties of the Vif 

proteins from each species, particularly in their ability to antagonize different A3 proteins in 

a species-specific manner.

SIVcpz Vif and SIVrcm Vif use a common hydrophobic surface to antagonize cpzA3G

Multiple mutagenesis studies have mapped the A3G and A3D binding regions to a subset of 

residues that cluster on the surface of HIV-1 VCBC (Figure 2A) (Guo et al., 2014; Pery et 

al., 2009; Russell and Pathak, 2007). Despite this work, it remains unclear how Vif binds 

A3s or how lentiviral Vifs confer species-specific recognition of their cognate A3G and 

A3D. Comparison of the HIV-1 and SIVrcm Vif structures revealed that hydrophobic 

residues critical for A3G antagonism in HIV-1 (40-YRHHY-44 and W70) are well 

conserved in SIVrcm (42-YVPHF-46 and W74) and SIVcpz (40-YRHHY-44 and W70) 

(Figures 2B and S2). Therefore, we hypothesized that HIV-1 Vif, SIVcpz Vif, and SIVrcm 

Vif use a common, hydrophobic surface to engage A3G. As SIVrcm Vif partially 

counteracts the antiviral effects of cpzA3G (6.4-fold less than SIVcpz Vif, but ~10-fold over 

background), we mutated hydrophobic residues Y42, F46, and W74 to alanine and tested 

them in a single-cycle infectivity assay against cpzA3G (Figure 2C, left). The Y42A and 

F46A mutations abolished the ability of SIVrcm Vif to antagonize cpzA3G, and the SIVrcm 

Vif W74A mutation reduced infectivity ~5-fold compared to SIVrcm Vif. Importantly, these 

mutations are able to antagonize cpzA3H, indicating that they form fully functional E3 

ligases (Figure 2C, right). These data demonstrate that SIVrcm Vif utilizes this cluster of 

hydrophobic residues to engage A3G in a manner that is similarly observed for hominid 

primate Vifs, and subsequent adaptations needed for efficient antagonism of cpzA3G are 

likely within proximity of this hydrophobic patch.

Binning et al. Page 4

Cell Host Microbe. Author manuscript; available in PMC 2020 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SIVrcm Vif Y86 is the primary molecular determinant that governs species-specific 
antagonism of hominid A3G

To identify adaptations that allowed SIVrcm Vif to gain the ability to degrade cpzA3G, we 

focused our efforts on residues immediately after HIV-1 Vif W79 (W82 in SIVrcm Vif) as 

they are 1) in a loop (Loop5) that allows for a high degree of flexibility, 2) are evolutionarily 

less restricted since they contribute little to the protein fold, and 3) positioned adjacent to the 

F-box 1 and 2 binding surfaces on HIV-1 Vif (human A3D binding regions) as well as the 

conserved hydrophobic residues involved in SIVrcm Vif-mediated antagonism of cpzA3G 

(Figure 3A). Thus, SIVrcm Vif residues 83-LGTY-86 were swapped with the corresponding 

SIVcpz Vif residues (HLGH) (Figure 3A, SIVrcm Vif L5swap). Strikingly, the resulting 

construct was able to rescue infection in the presence of cpzA3G (41% rescue versus 9% for 

SIVrcm Vif or 57% for SIVcpz Vif) (Figure 3B). Moreover, we further narrowed down this 

adaptation to SIVrcm Vif Y86H, as this single amino acid change was sufficient to restore 

infectivity to the same level as the SIVrcm Vif L5swap (Figure 3B). Viral packaging assays 

confirmed that SIVcpz Vif, and to a slightly lesser extent SIVrcm Vif L5swap and SIVrcm 

Vif Y86H decreased the levels of cpzA3G in both the cell and virion (Figures 3C and S3). In 

addition to cpzA3G, the SIVrcm Vif Y86H mutation is sufficient to allow SIVrcm Vif to 

antagonize huA3G (Figure 3D). Thus, a single amino acid change in SIVrcm Vif is 

sufficient to confer specificity for hominid A3G.

In order to characterize the diversity of Loop5 residues, we compared the SIVrcm Vif 

residues 82–87 with corresponding residues from SIVcpz and HIV-1 Vifs, as well as 

SIVagm.ver Vif as the ability of this Vif to antagonize A3Gs differing at positions 128 and 

130 have been previously studied (Compton and Emerman, 2013; Compton et al., 2012). To 

do this we threaded the SIVagm.ver and SIVcpz Vif sequences onto the SIVrcm and HIV-1 

Vif structure, respectively, and overlaid the residues of each of these Vifs with SIVrcm Vif 

(Figure 4 A–D). The amino acids within this region of SIVrcm and SIVagm.ver Vifs are 

highly similar, which is consistent with these Vifs antagonizing A3Gs containing K128 and 

D130. Likewise, SIVcpz and HIV-1 Vif are more similar to each other, and these Vif 

proteins are able to antagonize A3Gs containing D128 and D130. To further distinguish the 

role of Loop5 residues in determining A3G selectivity, we generated logo plots of this region 

for SIV Vifs that infect monkeys with a K128/D130 A3G sequence and SIV/HIV Vifs that 

infect hominid primates (SIVcpz and HIV-1) (Figure 4 E–G). These analyses reveal that 

there is a strong preference for Y86 in SIV Vifs that antagonize A3Gs containing K128, with 

the histidine at this position coming solely from SIVagm.gri Vif (Figure 4E). Intriguingly, 

SIVagm.gri Vif can antagonize A3Gs with either an aspartic acid or glutamic acid at position 

128 (Compton et al., 2012). SIVcpz Vifs show a preference for histidine at this same 

position (H83, Figure 4F) and antagonizes A3Gs containing D128, indicating that a histidine 

at this position may broaden Vif specificity for A3G mutations at residues 128.

HIV-1 Vif proteins can also accommodate a histidine at position 83, but show a preference 

for a glutamine, suggesting additional diversification may have occurred within Vif once it 

entered hominid primates (Figure 4G). To determine if SIVrcm Vif harboring a Y86Q 

mutation would also gain the ability to antagonize hominid primate A3G, we tested this 

mutant in a single-cycle infectivity assay. The resulting mutation was able to rescue 
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infection in the presence of both cpzA3G and huA3G (Figure 4H). Thus, both Y86H and 

Y86Q are adaptive changes SIVrcm Vif that confer activity against hominid A3G.

Previous studies have determined that the identity of amino acids 128 and 130 in A3G are 

important for the species-specificity of Vif (Compton et al., 2012; Russell and Pathak, 2007; 

Schröfelbauer et al., 2004). As residue 128 is an aspartic acid (D128) in human and 

chimpanzee A3G and a lysine (K128) in rcmA3G, we wanted to directly test the hypothesis 

that SIVrcm Vif adapted at position Y86 to accommodate this change in huA3G (huA3G-

D128K). We observed that SIVrcm Vif antagonizes huA3G-D128K better than wild-type 

huA3G (14.4% from 3.6%, p=0.0109), indicating a preference of SIVrcm Vif to huA3G 

K128. Conversely, mutating SIVrcm Vif Y86 to either H or Q decreases antagonism of 

huA3G-D128K (similar to the low antagonism seen by SIVrcm Vif against wild-type 

huA3G) and switches the preference to wild-type huA3G (Figure 4I). Intriguingly, all of 

these SIVrcm Vif constructs retain the ability to antagonize rcmA3G. This not only indicates 

that these mutations are able to form functional E3 ligases, but also suggests that additional 

species specificity factors contribute to A3G recognition as rcmA3G and huA3G-D128K are 

identical in the well-studied Vif binding region of A3G (128-KPD-130). Together, these data 

point to the identity of SIVrcm Vif residue 86 (or the corresponding residues in other Vifs) 

as a dynamic specificity determinant that enables Vif adaptation for A3 antagonism.

Residues in the overprinted C-terminus of Vif are needed for A3F and A3H antagonism, but 
dispensable for A3D and A3G antagonism

The unique CTD of SIVcpz Vif that was reconstructed during the “overprinting” event spans 

from the BC-box to the C-terminus, and the only structural element within this region is the 

α5 helix. The structure of SIVrcm Vif revealed that the α5 helix is positioned at the C-

terminus of the protein, and therefore lacks a stretch of residues corresponding to a critical 

A3F-binding region in HIV-1 known as F-box 3. HIV-1 Vif uses multiple binding surfaces, 

known as F-box 1, 2, and 3, to engage A3F (Figure 5A). Mutagenesis studies have shown 

that HIV-1 F-box 1 and 2 residues (D14/R15 and W79, respectively) are also critical for 

A3D antagonism, suggesting that A3D engages HIV-1 VCBC in a binding mode similar to 

A3F (Zhang et al., 2008). In contrast to the weak antagonism of SIVrcm Vif against cpzA3G 

(~10% rescue of infectivity), SIVrcm Vif is unable to antagonize cpzA3D (Figure 5B) 

(Etienne et al., 2013). Given the functional importance of F-box 3 in A3F antagonism in 

hominid primates, we wanted to determine if the lack of F-box 3 in SIVrcm could explain its 

inability to antagonize cpzA3D.

To our knowledge, F-box 3 has never been shown to be involved in degrading hominid 

primate A3D. Therefore, we initially asked if SIVcpz Vif F-box 3 was required for A3D 

antagonism. A single-cycle infectivity assay was used to assess the ability of SIVcpz Vif and 

a SIVcpz Vif truncation lacking F-box 3 (cpzVifΔF3) to counteract cpzA3F/G/D/H (Figure 

5C). We also included A3H in our assays as the role of F-box 3 has never been tested for the 

A3H antagonism. Similar to previous studies, SIVcpz Vif F-box 3 was required to 

counteract A3F, but dispensable for A3G (Dang et al., 2010; Nakashima et al., 2016). In 

contrast to the previous notion that A3D binds VCBC in an A3F-like manner, SIVcpz Vif F-

box 3 was not required for A3D antagonism; therefore, demonstrating that SIVcpz VCBC, 
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and likely HIV-1 VCBC, use overlapping, but distinct binding modes to engage A3F and 

A3D. Viral packaging assays confirmed that packaging of cpzA3F is decreased in the 

presence of SIVcpz Vif but is largely rescued in the presence of SIVcpz VifΔF3 (Figure 5D), 

confirming that observed differences in antiviral activity correlate to changes in A3 viral 

packaging. Surprisingly, deletion of F-box 3 impaired SIVcpz Vif’s ability to antagonize 

A3H, thus establishing a functional role of the Vif CTD in A3H antagonism. These data 

establish that residues after the α5 helix did not contribute to the adaptation events needed to 

counteract cpzA3G or cpzA3D, but likely played a role in maintaining the ability of SIVcpz 

to antagonize hominid A3F and A3H.

Discussion

The crystal structure of the SIVrcm VCBC complex illuminated an evolutionary step 

preceding the cross-species transmission of SIV into chimpanzee populations. Our structure-

function studies enabled us to assess the contributions of various Vif adaptations in their 

ability to antagonize cpzA3G and to ultimately pinpoint specific Vif adaptations that played 

a critical role in overcoming at least one of the species-specific barriers imposed by hominid 

primate A3s. Structural analysis of SIVrcm Vif identified both similarities and key 

differences between the molecular assemblies of the SIVrcm Vif and HIV-1 VCBC 

complexes. We observed that HIV-1 Vif and SIVrcm Vif adopt the same overall protein fold 

and that the major structural differences, particularly those of functional relevance, were 

located within loop regions. Differences in the sequence and length of these regions 

precluded our ability to obtain accurate alignments or homology models of SIVrcm Vif, and 

only by solving the structure were we able to determine the structural consequences of the 

overprinting event that produced SIVcpz Vif. The importance of CBFβ in stabilizing the fold 

of Vif proteins in both the SIVrcm VCBC and HIV-1 VCBC complexes suggests that CBFβ 
plays an essential scaffolding role in all primate Vifs (Hultquist et al., 2012; Kane et al., 

2015). Based on the high degree of structural similarity between SIVrcm and HIV VCBC, 

and on the observation that all primate Vifs require CBFβ to antagonize A3s, we anticipate 

that primate Vifs share a common protein fold. This finding will facilitate efficient 

homology modeling of additional lentiviral Vifs to better predict how mutations contribute 

to zoonotic transmission.

The SIVrcm structure allowed for a detailed comparison of an OWM Vif to HIV-1 Vif and 

revealed how structural variations in loop regions contribute to the functional differences 

related to Vif substrate specificity. We used this information to establish that hydrophobic 

residues implicated in HIV-1 Vif-A3G binding also contribute to SIVrcm Vif-mediated 

antagonism of A3G. This finding suggests that the hydrophobic Vif-A3G binding mode is 

evolutionarily conserved. On the periphery of this hydrophobic patch, we identified a single 

amino acid change (SIVrcm Vif Y86H) that confers specificity towards cpzA3G and 

huA3G. Interestingly, previous studies have implicated residues within this loop region of 

Vif as important for A3G antagonism (Compton et al., 2012, 2013; Letko et al., 2015). In 

these studies, the amino acid identity of A3G residues 128 and 130 governed Vif 

susceptibility. It was determined that SIVagm Vif (African green monkey) evolved in vivo to 

re-establish agmA3G antagonism, and that SIVagm Vif adaptation to an agmA3G haplotype 

encoding 130H selected for a Y84C mutation within Vif (Compton et al., 2012). Similarly, 
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in vitro evolution studies with HIV-1 Vif and an A3G mutated at position 130 (huA3G 

130R), revealed that adaptation to this mutant A3G selected for a G82D mutation within Vif 

(Letko et al., 2015). It is important to note that these studies specifically looked at Vif 

adaptations to changes in position 130 of A3G. In the work presented here, that is not the 

case as the amino acid identity of residue 130 is the same for huA3G, cpzA3G, and 

rcmA3G.

Here we show that SIVrcm Vif adapted at position Y86 to gain the ability to antagonize 

hominid primate A3Gs and to at least in part accommodate a change in A3G at position 128. 

As histidine or glutamine at SIVrcm Vif position 86 are both sufficient to antagonize 

hominid primate A3G, it is worth noting that the tyrosine to histidine mutation observed 

between SIVrcm and SIVcpz Vifs requires only a single base substitution and the tyrosine to 

glutamine mutation observed between SIVrcm and HIV-1 Vifs requires two substitutions, 

yet glutamine could arise from tyrosine via histidine base mutation. Therefore, these data 

suggest that the adaptation to histidine arose initially to enter chimpanzee population and 

that this adaptation was sufficient for transmission into human populations. However, once 

in the human population additional evolutionary pressures resulted in a subsequent base 

substitution yielding a glutamine at this position in Vif.

Several previous lines of evidence suggested that A3D bound Vif in a manner similar to 

A3F. Specifically, the fact that HIV-1 Vif uses F-box 1 and 2 to antagonize both huA3F and 

huA3D (Zhang et al., 2008) and that analogous residues in A3F and A3D are involved in the 

HIV-1 Vif-binding (Kitamura et al., 2012). However, we determined that SIVcpz Vif does 

not require F-box 3 to counteract cpzA3D. By establishing that F-box 3 is dispensable for 

cpzA3D antagonism, our data indicate that SIVcpz Vif, and likely HIV-1 Vif, uses distinct 

binding modes to antagonize A3F and A3D. Despite our efforts and the proximity of our 

mutations to known HIV-1 Vif residues involved in A3D antagonism, we were unable to 

identify adaptations that restored SIVrcm Vif’s ability to antagonize cpzA3D. A major 

limitation was the fact that we based our hypotheses for A3D antagonism off of available 

data from HIV-1 studies with huA3D and huA3F. As SIVrcm Vif lacks F-box 3, yet retains 

the ability to antagonize cpzA3F, it raised the question: how SIVrcm Vif binds cpzA3F 

without this critical A3F binding motif? Without more mechanistic information on the 

SIVrcm Vif-cpzA3F interaction, we were unable to delineate critical resides that allow 

SIVrcm Vif to differentiate between cpzA3F and cpzA3D, as well as identify determinants 

that allow SIVcpz Vif, but not SIVrcm Vif, to degrade cpzA3D. The molecular basis for the 

differential recognition of A3F and A3D by Vif is currently unclear and will be addressed in 

future studies.

Our findings highlight the functional importance of loops in Vif in the co-evolution of Vif-

A3G interactions, specifically Loop5. Given the strong likelihood that primate Vif proteins 

have the same conserved protein fold, unstructured loops would be evolutionarily important 

for Vif to adapt to new A3s. Relying on loop residues for the molecular “arms-race” with 

A3s would provide an advantage for Vif as they are evolutionarily less restricted and 

contribute little to the protein fold or stability, and would have a high degree of flexibility. 

This coupled with the fact that Vif often uses multiple, discontinuous surfaces to engage 

A3s, would potentially allow Vif to evolve rapidly to different A3 substrates. For example, if 
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one A3 binding surface was destabilized, it would weaken, but not abolish, the Vif-A3 

interaction and the remaining binding surfaces, if located in loops, would be able to sample a 

larger mutational space to find an optimal compensatory change to restore the interaction. 

This presents an attractive model for how Vif could use conserved protein interacting 

surfaces, such as the hydrophobic residues used in the Vif-A3G interaction, as well as 

evolutionary dynamic specificity determinants to overcome A3 species-specificity.

In conclusion, we have structurally and functionally characterized the SIVrcm Vif substrate 

receptor complex to reveal adaptations that occurred during the cross-species lentiviral 

transmission event that led to SIVcpz. This work advances our understanding of the Vif-A3 

interactions and reveals insight into the evolutionary requirements for cross-species 

transmission of SIV into hominid primates that underlie the origins of HIV-1 in humans.

STAR Methods

Lead Contact and Materials Availability

Further information and requests for resources should be directed to and will be fulfilled by 

the Lead Contact, John D. Gross (jdqross@cql.ucsf.edu).

Experimental Model and Subject Details

Cell lines—HEK293T and SupTI cells were obtained from ATCC. HEK293T cells were 

cultured in DMEM, (Gibco, #11965092) supplemented with 10% HyClone Bovine Growth 

Serum (GE Healthcare, #SH3054103) and 1X Penicillin-Streptomycin (Gibco, #15140122). 

SupTI cells were cultured in RPMI-1640 (Gibco, #11875093) supplemented with 10% 

HyClone Fetal Bovine Serum (GE Healthcare, #SH30910.03) and 1X Penicillin-

Streptomycin (Gibco, #15140122). Cell lines were cultured at 37°C and 5% CO2 in a 

humidified incubator, and were maintained for under two months before returning to a 

lower-passage frozen stock. Cells were mycoplasma-free and routinely tested for 

mycoplasma contamination at the Specimen Processing/Research Cell Bank core facility at 

Fred Hutchinson Cancer Research Center.

HEK293T cells were transfected with TransIT-LT1 Transfection Reagent (Mirus, #MIR 

2304) using the manufacturer’s recommended protocol. For infectivity assays, HEK293T 

cells were seeded at 3.75×104 cells/well in 90 μL/well in a 96-well plate directly onto DNA 

complexes (60 ng pLAIΔenvLuc2Δvif, 30 ng APOBEC, and 10 ng L-VSV-G, 10 μL total) 

for reverse transfection. For viral packaging assays, HEK293T cells were seeded at 3.0×105 

cells/well in a 6-well plate 24 hours prior to transfection with 1000 ng pLAIΔenvLuc2Δvif 

and 500 ng of APOBEC plasmids, or vector control.

Methods Details

Plasmids—All APOBEC-expressing plasmids were constructed as previously described. 

N-terminally HA-tagged human APOBEC3G (NM_021822, (OhAinle et al., 2006), and 

chimpanzee APOBEC3G (AY331715, (Etienne et al., 2013)) and APOBEC3H (GM03448, 

(OhAinle et al., 2008)) were expressed in pcDNA3.1. Chimpanzee APOBEC3D (JN247642) 
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and APOBEC3F (XM_525658.2) were cloned with a C-terminal HA-tag into the pCS2 and 

pcDNA3.1 vectors, respectively (Duggal et al., 2011).

The SIVrcm Vif sequence was derived from SIVrcmCM8081 (HM803689), and the SIVcpz 

Vif sequence was derived from SIVcpzPtsTAN13 (JQ768416), as previously described 

(Etienne et al., 2013). SIVcpz Vif truncations and all other SIVrcm Vif mutants were 

generated using standard PCR or by QuikChange Lightning Multi-Site Directed 

Mutagenesis (Agilent, #210513). The HIV-1-based molecular clone pLAIΔenvLuc2Δvif 

provirus was used for infectivity and packaging assays. For this vector, the HIV-1 LAI 

backbone was knocked out for env through NdeI/StuI digestion, vif was deleted using MluI/

XbaI, and the firefly luciferase gene was inserted into nef (Li et al., 2010). SIVrcm Vif, 

SIVcpz Vif, and all Vif mutants were ligated into pLAIΔenvLuc2Δvif using the MluI/XbaI 

restriction sites, sequenced, and screened for aberrant recombination prior to transfection.

Protein expression and purification

All constructs were generated by standard PCR and restriction-based cloning methods unless 

otherwise noted. HiSö-tagged CBFβ/Vif and ELOC/ELOB were co-expressed in E. coli 
from pET-Duet and pCDF-Duet plasmids, respectively. Human CBFβ, ELOB, and ELOC 

were used for all VCBC complexes. For E. coli expression, plasmids were transformed into 

E. coli BL21(DE3) (invitrogen) cells and grown at 37°C to an optical density of 0. 6–0.8 and 

induced with 0.5 mM iPTG overnight at 18°C Purified VCBC complex was obtained as 

described previously (Jäger et al., 2011; Kim et al., 2013). Briefly, all proteins were 

subjected to Ni-NTA affinity purification followed by a heparin column. Size exclusion 

chromatography was used as the final purification step, and VCBC was stored in 20mM 

HEPES pH 8, 300 mM NaCl, 10% glycerol, and 1mM DTT (or 2mM TCEP for protein used 

in crystallization trials).

Crystallization and structure determination

Initial crystallization conditions for SIVrcm VCBC were identified using commercially 

available crystallization screens (Qiagen JCSG Core 1–4), and in-house optimized native 

crystals were grown at 20 °C using the hanging-drop vapor diffusion method. 12.2 mg/ml 

SIVrcm VCBC was diluted in a 1:1 ratio with reservoir solution containing 100 mM MES 

(pH 6), 6% PEG 6000, 0.25% v/v Dichloromethane (Hampton Additive #93). Crystals were 

soaked in reservoir solution containing 30% glycerol and vitrified in liquid nitrogen. 

Diffraction data were collected at Lawrence Berkeley National Laboratory, beamline 8.3.1 at 

the Advanced Light Source on an ADSC Quantum 315r CCD detector at 100 K (Table 1). 

One hundred and eighty frames of data were collected with a frame width of 1.0°. 

Diffraction data were indexed, scaled and merged using HKL-2000 (Otwinowski and Minor, 

1997). The structure was solved using molecular replacement with PHASER in the CCP4 

suite (McCoy et al., 2007). The SIVrcm Vif sequence was threaded onto the HIV-1 Vif 

structure (PDB ID 4N9F) using Phyre2 (Kelley et al., 2015), and the resulting SIVrcm Vif 

model, along with CBFβ, ELOB, and ELOC (from PDB ID 4N9F) were used as the search 

models for molecular replacement. The SIVrcm VCBC structure was refined using PHENIX 

(Adams et al., 2010; Liebschner et al2019). Addition of solvent molecules and manual 
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model building was performed using Coot (Emsley et al., 2010). Final validation was 

performed using MOLPROBITY server (Chen et al., 2010).

Structural analysis and visualization

All structural figures were prepared using PyMOL version 2.0.7 (http://www.pymol.org/) 

(Schrodinger, 2015). Electrostatic surfaces were calculated using PDB2PQR & APBS 

webservers (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) (Baker et al., 2001; Dolinsky et al., 

2007), using the AMBER94 forcefield to calculate charges. Electrostatic surfaces were 

visualized in PyMol using APBS tools 2.1. The Phyre2 server was used to generate 

structural models for SIVagm.ver Vif and SIVcpz Vif (Kelley et al., 2015). The SIVagm.ver 

Vif and SIVcpz Vif sequences were threaded onto SIVrcm Vif and HIV-1 Vif (PDBL 4N9F), 

respectively.

Infectivity assays

Viruses were propagated in HEK293T cells by reverse transfection of the relevant 

pLAIΔenvLuc2Δvif and APOBEC3 plasmids, and L-VSV-G for pseudotyping (Bartz and 

Vodicka, 1997). Transfected cells were incubated for 48 hours until the viral supernatant was 

harvested and clarified of cellular debris by centrifugation in a V-bottom plate (1,000×G for 

3 min at room temperature). 5 μL of viral supernatant was saved for quantitation of reverse 

transcriptase (RT) activity for normalization, as previously described (Vermeire et al., 2012). 

A standard 10 μL of viral supernatant was directly transferred to 96-well plates containing 

90 μL of SupT1 cells (3.75×104 cells/well) pretreated with 20 μg/mL DEAE-Dextran. 

SupT1 cells were incubated for 48 hours at 37 °C and 5% CO2 prior to lysis with 100 μL of 

Bright-Glo Luciferase Reagent (Promega #E2610). Lysate was then assessed for luciferase 

activity using a LUMIstar Omega microplate luminometer (BMG Labtech). Raw luciferase 

values were normalized to 2,000 mU RT activity. Percent infectivity values were calculated 

relative to no APOBEC3 vector control (where no APOBEC3 was set to 100%).

Viral packaging and western blotting

Transfected cells were incubated at 37 °C and 5% CO2 for 72 hours prior to harvesting 

supernatant and cells for western blotting. Viral supernatant was clarified of cell debris via 

passage through a 0.22 micron filter, and virus was pelleted on a tabletop centrifuge at 

maximum speed for 1 hour at 4 °C. Virus pellet was resuspended in 30 uL of 4% SDS in 

PBS, and 10 uL of NuPAGE 4X LDS Sample Buffer (Invitrogen, #NP0007) was added. 

Producer cells were washed twice with PBS, pelleted, and lysed in 150 uL of 1% SDS lysis 

buffer (1% SDS, 50 mM Tris-HCl pH 7.5, and 5 mM fresh DTT) by boiling at 95 G for 10 

min. Lysate was normalized by protein concentration determined by Pierce BCA Protein 

Assay Kit (Thermo Scientific, #23225) and 4X LDS Sample Buffer was added. Both cell (5 

μg/well) and viral lysate (10 μL/well) were resolved on a NuPAGE 4–12% Bis-Tris Protein 

Gel (Invitrogen, #NP0336). Western blotting was performed with primary antibodies anti-

HA (Proteintech, #51064–2-AP), anti-Lamin B1 (Proteintech, #12987–1-AP), and anti-

HIV-1 p24 (NIH AIDS Reagent Program, #3537 (Toohey et al., 1995; Wehrly and Chesebro, 

1997)) all at a dilution of 1:2000. Secondary antibodies used were StarBright Blue 520 Goat 

Anti-Rabbit IgG (BIO-RAD, #12005869) and StarBright Blue 700 Goat Anti-Mouse IgG 
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(BIO-RAD, #12005866) at a dilution of 1:10,000. Images were processed using Fiji/ImageJ 

software (Schindelin et al., 2012).

Sequence alignment

All SIV and HIV-1 Vif sequences were obtained from the Los Alamos HIV database 

(www.hiv.lanl.gov) (Foley et al., 2018). Sequences were aligned using Geneious 11.1.15 

(https://www.geneious.com). Logo plots were generated using WebLogo 3 (Crooks et al., 

2004). For SIV Vif sequences that antagonize A3G K128, D130, the logo plot was generated 

using the consensus sequences of SIVver (37), SIVsmm (32), SIVsab (4), SIVrcm (6), 

SIVmac (4), and SIVdrl (5), and the representative sequences of SIVtan, SIVmne, and 

SIVgri. For SIVcpz Vif sequences, 23 sequences were used to generate the logo plot. 

Finally, for HIV-1 Group M Vif, the logo plot was generated using the consensus sequences 

of clades A (208), B (2,013), C (719), D (68), F (70), G (71), H (11), J (5), and K (2).

Quantification and Statistical Analysis

For infectivity experiments in Figures 2–5, all measurements are reported as the mean and 

standard deviation of three biological replicates. For densitometry measurements in Figure 

S3, the data are reported as the standard deviation from the mean of two biological 

replicates. Statistics were determined by unpaired t test using GraphPad Prism 7.04. P values 

less than 0.05 were considered statistically significant and were represented in figures as *P 
< 0.05, **P < 0.01, and ***P < 0.001. Statistical parameters are also reported in the figure 

legends.

Data and Code Availability

Accession codes: Coordinates and structure factors were deposited in the Protein Data Bank 

with accession codes PDB 6P59 (SIVrcm VCBC).

Supplementary Material

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

• The SIVrcm Vif APOBEC3 (A3G) substrate receptor complex is crystallize at 

2.94 Å

• SIVrcm Vif Y86 is the primary determinant that governs antagonism of 

hominid A3G

• The hydrophobic Vif-A3G binding mode is evolutionarily conserved.

• Residues in the Vif CTD are needed to antagonize A3F and A3H, but not 

A3D and A3G
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Figure 1. Crystal structure of SIVrcm VCBC substrate receptor complex.
(A) Schematic representation of the APOBEC3 substrate bound to the Vif E3-ligase with the 

VCBC components denoted in gray. (B) Ribbon diagram of SIVrcm VCBC complex. Vif, 

CBFβ, ELOC, and ELOB are colored purple, teal, dark pink, and forest green, respectively. 

SIVrcm VCBC is colored the same throughout the manuscript. (C) Alignment of SIVrcm 

Vif and HIV-1 Vif (RMSD = 0.909 Å). Structural differences within the BC-box are shown 

to the left. The α5 helix, along with the corresponding amino acids for this secondary 

structural element, are shown to the right. HIV-1 Vif is colored in gold. (D) Structural 

alignment of the ELOBC subunits from the SIVrcm VCBC structure and the HIV-1 Vif 

complex structure (PDB 4N9F). HIV-1 VCBC is colored gray with the exception of HIV-1 

Vif shown in gold. Electrostatic representation of (E) SIVrcm VCBC and (F) HIV-1 VCBC. 

Red, white, and blue represent negative, neutral, and positive electrostatic potentials, 

respectively (range −5 to +5 kT). See also Figure S1–S2.
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Figure 2. SIVrcm uses a conserved hydrophobic patch to antagonize cpzA3G.
(A) Previously reported A3D (red) and A3G (navy) binding residues mapped onto the 

surface of HIV-1 Vif (shown in gold). The remaining VCBC components are shown in gray. 

(B) Hydrophobic A3G binding residues in HIV-1 Vif (Y40, Y44, and W70) and 

corresponding hydrophobic residues in SIVrcm Vif (Y42, F46, W74). HIV-1 Vif and 

SIVrcm Vif residues are shown in navy and light blue, respectively. (C) Single-cycle viral 

infectivity assays performed with virus produced in the presence of cpzA3G and cpzA3H 

and the absence (ΔVif shown in white) or presence of SIVcpz Vif (grey), SIVrcm Vif 

(black), SIVrcm Vif Y42A (light blue), SIVrcm Vif F46A (dark blue), or SIVrcm Vif W74A 

(dark teal). Error bars indicate standard deviation from the mean of three biological 

replicates. ***P < 0.001, unpaired t test.

Binning et al. Page 18

Cell Host Microbe. Author manuscript; available in PMC 2020 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. A single amino acid change confers specificity towards human and chimpanzee A3G.
(A) Structural alignment of SIVrcm Vif (purple) and SIVcpz Vif model (gray) with A3G 

(navy) and A3D (red) binding residues from HIV-1 studies mapped onto the SIVrcm Vif 

structure. SIVrcm Vif and SIVcpz Vif loop5 amino acid sidechains are shown, with the 

SIVrcm Vif residues W82, L83, G84, T85, and Y86 highlighted. (B) Single-cycle viral 

infectivity assays performed with virus produced in the presence of cpzA3G and in the 

absence (ΔVif shown in white) or presence of SIVcpz Vif (gray), SIVrcm Vif (black), 

SIVrcm Vif L5swap (green), or SIVrcm Vif Y86H (blue). Error bars indicate standard 

deviation from the mean of three infection replicates. (C) Immunoblot analysis of cellular 

cpzA3G levels and packaging into VLPs in the absence and presence of SIVcpz Vif, SIVrcm 

Vif, SIVrcm Vif L5swap, and SIVrcm Vif Y86H. A3G protein was visualized by WB using 

anti-HA. Anti-p24 and Anti-LaminB1 were used as loading controls for the VLP and cell 

fractions, respectively. (D) Single-cycle viral infectivity assays performed with virus 

produced in the presence of human A3G (huA3G) and the absence (ΔVif shown in white) or 

presence of HIV-1 LAI Vif (slate), SIVcpz Vif (gray), SIVrcm Vif (black), or SIVrcm Vif 

Y86H (blue). Error bars indicate standard deviation from the mean of three biological 

replicates. **P < 0.01, ***P < 0.001, unpaired t test. See also Figure S3.
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Figure 4. SIVrcm Vif adapted at position Y86 to accommodate changes in hominid A3G.
(A) SIVrcm Vif residues 82–86 alone or aligned with corresponding residues from (B) 

SIVagm.ver Vif model, (C) SIVcpz Vif model, or (D) HIV-1 Vif. Structural models were 

generated by threading the SIVcpz and SIVagm.ver Vif sequences onto the HIV-1 and 

SIVrcm structures, respectively. Logo plots for (E) SIV Vifs that antagonize A3G possessing 

K128 and D130, (F) SIVcpz Vifs, and (G) HIV-1 Group M Vifs. (H-I) Single-cycle viral 

infectivity assays performed with virus produced in the presence of indicated A3Gs and in 

the absence (ΔVif shown in white) or presence of SIVcpz Vif (gray), SIVrcm Vif (black), 

SIVrcm Vif Y86Q (purple), or SIVrcm Vif Y86H (blue). Error bars indicate standard 

deviation from the mean of three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, 

unpaired t test.
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Figure 5. Residues in the overprinted C-terminus of Vif are needed for A3F and A3H 
antagonism, but dispensable for A3D and A3G antagonism.
(A) Cartoon depiction of Vif constructs used in panels B and C. (B) Single-cycle viral 

infectivity assays performed with virus produced in the presence of cpzA3D and the absence 

(ΔVif shown in white) or presence of SIVcpz Vif (gray) or SIVrcm Vif (black). (C) Single-

cycle viral infectivity assays performed with virus produced in the presence of cpzA3G, 

cpzA3D, cpzA3D, and cpzA3H and the absence (ΔVif shown in white) or presence of 

SIVcpz Vif (gray) or SIVcpz VifΔF3 (red). Error bars indicate standard deviation from the 

mean of three biological replicates. (D) Immunoblot analysis of cellular cpzA3G levels and 

packaging into VLPs as described in Figure 3C. **P < 0.05, unpaired t test.
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Table 1.

Data collection and refinement statistics for SIVrcm VCBC, PDB 6P59

Data Collection

Space group P 21 21 21

Cell dimensions

 a, b, c (Å) 110.22, 112.49, 125.70

 α, β, γ (°) 90.0, 90.0, 90.0

Resolution (Å) 49.12–2.942 (3.047–2.942)

Rmerge (%) 11.9 (>100)

Rpim (%) 5.5 (62.9)

I/σ 12.27 (1.48)

Completeness (%) 98.8 (93)

Redundancy 7.2 (6.5)

CC1/2 0.579

Unique reflections 33445 (3146)

Refinement

Resolution (Å) 49.12–2.94

No. reflections 33428 (2586)

No. reflections used for Rfree 1679 (126)

Rwork 0.2227 (0.3759)

Rfree 0.2699 (0.4931)

Number of atoms 8925

 Protein 8892

 Ligand/ion 26

 Water 7

Wilson B-factor (Å2) 85.67

Average B-factor (Å2) 103.08

 Protein 103.01

 Ligands/ion 134.64

 Solvent 65.28

R.m.s. deviations

 Bond lengths (Å) 0.003

 Bond angles (°) 0.682

Ramachandran plot statistics

 Favored (%) 96.25

 Allowed (%) 3.75

 Outliers (%) 0

 Molprobity clash score 7.59

*
Values in parentheses are for the highest resolution shell.
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