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VIROLOGY

Structural basis for recruitment of host CypA and E3
ubiquitin ligase by maedi-visna virus Vif

Yingxia Hu', Ragna B. Gudnadéttir?, Kirsten M. Knecht’, Fidel Arizaga®, Stefan R. Jénsson?,

Yong Xiong'*

Lentiviral Vif molecules target the host antiviral APOBEC3 proteins for destruction in cellular ubiquitin-protea-
some pathways. Different lentiviral Vifs have evolved to use the same canonical E3 ubiquitin ligase complexes,
along with distinct noncanonical host cofactors for their activities. Unlike primate lentiviral Vif, which recruits
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CBFp as the noncanonical cofactor, nonprimate lentiviral Vif proteins have developed different cofactor recruit-
ment mechanisms. Maedi-visna virus (MVV) sequesters CypA as the noncanonical cofactor for the Vif-mediated
ubiquitination of ovine APOBEC3s. Here, we report the cryo—electron microscopy structure of MVV Vif in
complex with CypA and E3 ligase components. The structure, along with our biochemical and functional anal-
ysis, reveals both conserved and unique structural elements of MVV Vif and its common and distinct interaction
modes with various cognate cellular proteins, providing a further understanding of the evolutionary relation-
ship between lentiviral Vifs and the molecular mechanisms by which they capture different host cofactors for

immune evasion activities.

INTRODUCTION

To infect and survive in mammalian host cells, lentiviruses have de-
veloped multiple mechanisms to overcome host restrictions at
various stages of the viral replication cycle (1, 2). Nearly all lentivi-
ruses share a common mechanism, which involves the recruitment
of host cellular protein degradation machinery by a conserved viral
protein known as virion infectivity factor (Vif) to degrade the host
antiviral restriction factors, such as the APOBEC3 (apolipoprotein
B mRNA-editing catalytic polypeptide-like 3, A3) family of proteins
(3-7). A3 proteins are deoxycytidine deaminases that potently
inhibit lentiviral infections by hypermutating the viral genome
and blocking reverse transcription in the absence of Vif (8). Differ-
ent mammals have varying numbers of A3 genes (e.g., seven in
human and three in sheep), each with one or two zinc-containing
deaminase-like domains that are classified into three distinct phy-
logenetic groups called Z1, Z2, or Z3 (9). The three A3 genes in
sheep encode at least four A3 proteins: OaA3Z1, OaA3Z2,
0aA3Z73, and the di-domain OaA37273 (10), with OaA3Z3 corre-
sponding to human A3H and OaA3Z2Z3 functioning as human
A3F and A3G (11). It has been found that the Vif-A3 interactions
are promiscuous; Vif from the sheep-infecting maedi-visna virus
(MVYV) can degrade not only OaA3Z3 but also other A3Z3-type
proteins, such as human A3H, while Vif molecules from human im-
munodeficiency virus (HIV), bovine immunodeficiency virus
(BIV), and feline immunodeficiency virus (FIV) specifically target
the Z3-type A3s of their cognate hosts (12).

Despite little sequence conservation, lentiviral Vifs recruit highly
conserved host Cullin-RING E3 ligase (CRL) complexes (13). The
multicomponent CRL complexes are composed of the scaffold
protein Cullin, the E2-activating RING finger protein Rbx1/2, and
adaptor proteins that connect the substrate receptor to Cullin (4).
While there are a variety of Cullin proteins with different adaptor
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components, HIV-1 and MVV/caprine arthritis encephalitis virus
(CAEV) Vif molecules primarily bind to the Cul5 or Cul2 E3 ligase
with adaptor proteins Elongin B (EloB) and Elongin C (EloC) (13—
17). In contrast to the conserved function of recruiting CRL com-
plexes to initiate A3 degradation, different lentiviral Vifs have
evolved to recruit divergent cellular partners as noncanonical E3
ligase cofactors. Primate lentiviral Vif proteins recruit CBFp,
which endogenously forms a heterodimer with the transcription
factor RUNXI1 to control expression of genes implicated in many
cellular processes (18). However, CBEp is dispensable for nonpri-
mate Vifs. BIV Vif does not require a cellular cofactor for its activity,
while MVV and CAEV Vifs require the noncanonical cofactor cy-
clophilin A (CypA) to form stable E3 ligase complexes for A3 deg-
radation (19, 20). CypA belongs to the highly conserved cyclophilin
family, is a prolyl isomerase that catalyzes the cis-trans isomeriza-
tion of prolyl peptide bonds, and is ubiquitous in both eukaryotic
and prokaryotic cells (21). It plays critical roles in regulating
immune responses in cells and is also a cofactor for HIV-1 infection
in multiple aspects of the HIV-1 life cycle (22), such as interacting
with HIV-1 capsid (23). Acetylation of CypA at residue K125 occurs
in human cells but not in Escherichia coli cells, which has been re-
ported to substantially inhibit CypA catalysis of cis-trans isomeriza-
tion, modulating key functions of CypA in immunity and viral
infection (24). Both CBFpP and CypA are present and are each
highly conserved in mammals; the divergence in cofactor selection
by different lentiviral Vifs may therefore point to distinct structural
and functional features of Vif proteins and the A3 proteins
they target.

To date, crystal structures have been determined for Vif proteins
from two primate lentiviruses [HIV-1 and simian immunodeficien-
cy virus isolated from red-capped mangabey (SIVrcm)] in complex
with CBFp and Cul5 E3 ligase components. These structures sub-
stantially advance our understanding of how primate lentiviral Vifs
recruit CBFp and Cul5 E3 ligase machinery to degrade A3s (25, 26).
However, the molecular mechanisms by which nonprimate lentivi-
ral Vifs have evolved to interact with divergent cellular cofactors and
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cognate E3 ligases are largely unknown. In this study, we report a
high-resolution cryo—electron microscopy (cryo-EM) structure of
MVV Vif in complex with CypA and the EloB/C components of
the Cul5 E3 ligase complex. In combination with biochemical and
cellular functional studies, our structure reveals both conserved and
previously unknown features of MVV Vif, and the molecular mech-
anism of how it interacts with the E3 ligase components and the
noncanonical cofactor CypA. The results highlight the important
similarities and differences between MVV Vif and primate lentiviral
Vif proteins, providing substantial insight into the molecular deter-
minants that have driven the divergent strategies of different lenti-
viruses evolved in adaption to the A3 suppressions.

RESULTS

To obtain the structure of MVV Vif in complex with its host cofac-
tor and E3 ligase, we first assembled the complex of Vifg 30/CypA/
EloB/EloC (VCBC), which was purified as a monodispersed
complex (27) but did not give a high-resolution cryo-EM structure,
partly because of its small size (~70 kDa total) and instability. We
then assembled a VCBC fusion complex by linking CypA to Vifig.
230 With a 30—amino acid linker to stabilize their interaction, which
unexpectedly resulted in the dimerization of the VCBC complex
(fig. S1A). By further stabilizing the dimerization under cryo con-
dition through chemical cross-linking with the BS3 cross-linker
(fig. S1B), we obtained a cryo-EM reconstruction of the VCBC
dimer in C2 symmetry at a resolution of 3.5 A (Fig. 1A, left). The
high-quality cryo-EM map allowed for the modeling of the entire
MVYV Vif construct (residues 18 to 230), residues 2 to 164 of
CypA (of 165 amino acids total), and most of EloB and EloC
(except for two disordered loops).

Lentiviral Vif molecules define distinct structures with
cellular cofactors

The overall VCBC structure has a butterfly-shaped architecture,
with the dimerized Vif forming the central body and CypA and
EloB/C forming the lower and upper wings, respectively (Fig. 1A,
right). EloB/C is recruited to MVV Vif at the conserved BC-box in-
terface in the same way as that to HIV-1 Vif. By contrast, the non-
canonical cofactor CypA contacts MVV Vif at an opposite side from
which CBFp interacts with HIV-1 Vif (Fig. 1B). A comparison of
the quaternary MVV and HIV-1 VCBC structures suggests that len-
tiviral Vif plays a central role in defining the complex architecture
(Fig. 1B). A linear alignment of the secondary structure elements
indicates that HIV-1 and MVV Vif have evolved to form more di-
vergent N-terminal and C-terminal sequences while retaining rela-
tively conserved core regions (fig. S2). This is also consistent with
what we observed structurally. The core of MVV Vif without its N
and C termini adopts a domain architecture similar to that of
primate lentiviral Vifs (25, 26), which can be divided into an a
domain and an o/p domain, but with a different relative orientation
between the two domains (Fig. 2, A and B). When the a domains of
MVV Vif and HIV-1 Vif are overlaid, the five-stranded antiparallel
B sheet in the o/ domain of MVV Vif has a nearly 90° twist away
from that of HIV-1 Vif. Despite the large orientation difference, a
conserved zinc-binding site coordinated by a zinc finger motif
(CCCC for MVV Vif and HCCH for HIV-1 Vif) (14, 27-29) stabi-
lizes the interdomain loops between the two domains in a similar
fashion in the two Vif structures (Fig. 2A).
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Different from the relatively conserved core structure, the N and
C termini of MVV Vif are evolutionarily divergent from those of
HIV-1 Vif. The N- and C-terminal a helices (al and a6) of HIV-
1 Vif tightly pack against the Vif core B sheet to form part of the a/p
domain, while the N-terminal B strand protrudes and cofolds into
the B sheet in the core of CBFp (Fig. 24, left) (25). By contrast, the
N-terminal a helix (al) and loop region of MVV Vif swings out
from the a/f domain for CypA binding (Fig. 2A, right), while a
long C-terminal loop region of MVV Vif, which is absent in the pre-
viously determined primate lentiviral Vif structures (25, 26), packs
onto the a/p domain to form part of the core domain (Fig. 24,
right). In addition, the C-terminal a helix (a8) of MVV Vif is sand-
wiched between the a and a/f domains to stabilize the overall struc-
ture of the molecule (Fig. 2A, right).

MVV Vif recruits the Cul5 E3 ligase through a conserved
interface

In addition to the two loosely packed a helices conserved in primate
lentiviral Vifs (25, 26), the a domain of MVV Vif has another a helix
(a5) that directly contacts the a/f domain (Fig. 2, A, right, and B).
This a helix, which is longer than that (a4) of primate lentiviral Vifs
and packs more tightly with the other two o helices (Fig. 2B), would
clash with the C-terminal tail of CBFP when overlaid onto the HIV-
1 VCBC structure (Fig. 2C). This may partially explain why MVV
Vif does not use CBF as a cofactor. The positioning of the three a
helices is further stabilized by a zinc finger motif connecting the in-
terdomain loops (Fig. 2A, right). Similar to other lentiviral Vifs,
MVV Vif contains a conserved BC-box motif (SLQ) in its a
domain responsible for recruiting the EloB/C components of the
E3 ligase (Fig. 3). Superposition of EloB/C subunits of MVV
VCBC and the HIV-1 VCBC/Cul5 complex structures indicates
that MV'V Vif also interacts with the Cul5 scaffold through a con-
served IR motif in the a domain (Fig. 3), consistent with the previ-
ous mutagenesis results on the role of this motif in Cul5 interaction
(17, 27).

MVV Vif recruits the noncanonical CypA through a unique
hook-like interface

Although MVV Vif shares a binding interface common to that of
HIV-1 Vif for interaction with the Cul5 E3 ligase, it recruits the
noncanonical host cofactor CypA in a distinct manner. Unlike
primate lentiviral Vifs that bind CBFp via a hydrophobic surface
in its o/p domain (25, 26), MVV Vif interacts with CypA through
a surface located on the opposite side of the viral molecule, stabi-
lized by both electrostatic and hydrophobic interactions (Fig. 4A).
A hook-like structure formed by the extended N-terminal region
and the a domain of MVV Vif core engages CypA tightly
(Fig. 4B), burying a total surface area of 2752 A2, Despite the
completely different spatial and structural configurations, both
HIV-1 and MVV Vifs have their N termini extend into the
cognate host cofactors. The bound CypA cofactor adopts the
same structure as that of the apo molecule (root mean square devi-
ation of ~0.9 A).

The N-terminal region of MVV Vif forms the “head” of the
CypA hook, clasping CypA and reaching into its catalytic site. It
is composed of a long U-turn loop connecting to a long a helix
(Fig. 4B). The CypA substrate motif (*'PxxP?*) at the tip of the
Vif loop interacts with the catalytic site of CypA in a canonical
manner and, together with the a helix, tightly cradles CypA
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Fig. 1. Overall structure of MVV Vif in complex with CypA and EloB/C (VCBC). (A) Cryo-EM map (left) and the atomic model (right, ribbon representation) of the
butterfly-shaped dimerized MVV VCBC complex. The middle inset shows a cartoon illustration of the complex. (B) Top: Structural comparison of HIV-1 VCBC with Cul5 N-
terminal domain (left) and MVV VCBC (right). Bottom: Domain/motif comparison of HIV-1 and MVV Vif proteins for regions interacting with different host proteins.

(Fig. 4C, bottom middle and left). The interaction between CypA
and the >'PxxP?* motif of MVV Vif is similar to those with cellular
substrates and viral partners, such as the HIV-1 capsid protein (CA)
(23, 24). P21 of MVV Vif stacks onto CypA F113, P24 forms a
modest packing interaction with CypA F60, and the peptide car-
bonyls of G20 and L23 point toward a positively charged patch
on CypA consisting of K125 and H126 (Fig. 4C, bottom left).
These interactions substantiate the previous findings from bio-
chemical and nuclear magnetic resonance experiments that the
MVV Vif 2'PxxP?* motif directly binds to the active site of CypA
(19). Both proline residues were detected in the trans isoform.
The direct engagement of the CypA catalytic site in MVV Vif
binding supports the prior report that the cis-trans prolyl isomerase
activity of CypA may be important for MVV Vif function (19), al-
though the exact role of the catalytic activity of CypA in OaA3Z2Z3
degradation remains elusive. The interaction mode of MVV Vif
21pxxP?* motif with CypA is in between those observed for HIV-
1 CA interactions with unacetylated (23) and acetylated (24)
CypA, although in this study the protein was produced in E. coli
and there was no acetylation detected.

Furthermore, W121 of CypA interacts with the “bend” of the
hook via hydrophobic contacts with Vif P24/L25 of the PxxP
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motif and L47/L50 situated at the center of the long o helix
(Fig. 4C, bottom left and middle). We carried out mutagenesis
study in vitro and in cells to further verify the new interactions ob-
served from the MVV VCBC structure. Mutating either Vif L47/L50
or CypA W121 did not affect the protein solubility and Vif interac-
tion with EloB/C (Fig. 5A), indicating that the mutations did not
impair proper protein folding. However, they readily disrupted
the binding between Vif and CypA in vitro (Fig. 5A), and the Vif
L47D/L50D double mutation rendered OaA3Z2Z3 resistant to Vif-
mediated degradation in cells (Fig. 5B), supporting the biological
importance of these residues in Vif-CypA interaction.

The interdomain loop region and the a domain of MVV Vif
form the “shank” of the hook to provide another important
binding surface for CypA. The MVV Vif interdomain loop region
and the CCCC zinc finger motif form the upper half of the hook
shank, which interacts with the o helix adjacent to the C terminus
of CypA through both hydrophobic and electrostatic interactions
(Fig. 4C, top left and bottom right). This explains why the zinc
finger motif was found to be important for CpyA binding and
0aA3Z273 degradation (27). Mutating either Vif R55 or CypA
E140/E143, which neutralizes with each other at this interface
(Fig. 4C, bottom right), also abolished the Vif-CypA binding in
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Vif core overlay

Fig. 2. Domain structure of MVV Vif and its comparison with HIV-1 Vif. (A) Side-by-side comparison of HIV-1 and MVV Vif structures and their respective interactions
with noncanonical host cofactors (blue ovals). Both Vif molecules have conserved domain architectures, with the more variable N- and C-terminal regions highlighted in
magenta and red. The zinc atoms are shown as gray spheres. (B) Superposition of HIV-1 (gray) and MVV (magenta) Vif core structures. Deviation of the a helix at the
domain interface is marked by an oval. (C) Superposition of MVV Vif onto HIV-1 Vif/CBFp reveals spatial clashes between CBFp C-terminal tail and an o helix (marked by an

oval, inset) from the a domain of MVV Vif.

vitro and substantially inhibited the Vif-mediated OaA3Z273 deg-
radation in cells (Fig. 5, A and B). At the lower half of the hook
shank, W154 from the Vif a domain packs against a CypA hydro-
phobic patch containing V12/L17/F145 next to the C-terminal a
helix (Fig. 4C, top left). Mutation of either Vif W154A or the
CypA hydrophobic patch (V12A/L17A/F145A) significantly
reduced the Vif-CypA interaction in vitro (Fig. 5A). The Vif
W154A mutant also led to severe deficiency in OaA3Z2Z3 degrada-
tion in cells (Fig. 5B). At the end of the hook shank, there is also a
positively charged surface constituted by Vif K151 and surrounding
backbone amino groups that complement a negatively charged

Hu et al., Sci. Adv. 9, eadd3422 (2023) 13 January 2023

convex surface formed by CypA E15 and adjacent backbone car-
bonyl groups (Fig. 4C, top middle).

Besides residues directly involved in CypA interactions, the C-
terminal a helix of Vif plays an important role shaping the interac-
tion interface. It was found to be essential for CpyA binding and
0aA37273 neutralization (27). As shown from the structure, it is
not located at the CpyA-binding interface but indirectly affects
the CypA binding through a long interdomain loop (Fig. 4C, top
right). Mutating one residue of the interdomain loop, P192,
which is sandwiched by the Vif N-terminal helix and C-terminal
loop, has been reported to completely abrogate the Vif-CypA inter-
action (19). Moreover, the strong negatively charged C-terminal a
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HIV VCBC

MVV VCBC

Fig. 3. The conserved binding interface of Vif with the Cul5 E3 ligase. Overlaying the Cul5/EloB/C components of the HIV-1 complex structure onto the EloB/C
components of the MVV complex shows that HIV-1 and MVV Vifs share a conserved BC-box interface (top, zoomed-in insets) for interaction with the EloB/C components
of E3 ligase, and both Vif molecules have a similar interface containing an IR motif (bottom, zoomed-in insets) for Cul5 interaction.

helix bridges the two domains of the Vif core through electrostatic
interactions (Fig. 4C, top middle), thus stabilizing the overall archi-
tecture of MVV Vif. Truncation of the C-terminal region would
affect the overall protein folding, which in turn would disrupt the
Vif-CypA interaction.

DISCUSSION

Lentiviruses infect a variety of mammalian hosts and have evolved
lineage-specific mechanisms to overcome their cognate host chal-
lenges. In lentiviral Vif-mediated degradation of host A3 proteins,
the recruited host CRL complexes are highly conserved among dif-
ferent species, leading to an evolutionarily conserved mechanism by
which Vif proteins interact with the CRL complexes. This has been
supported by comparing our nonprimate MVV VCBC structure
with the available primate HIV-1 and SIVrcm VCBC structures
(25, 26). The Vif a domains in these structures, which are respon-
sible for recruiting the host CRL complex, have highly similar
binding interfaces for EloC/Cul5 with modest local variations.
The HIV-1 and MVV Vifs may also share analogous binding sur-
faces, with some variations, for recruiting cognate Z3-type A3s (fig.
S3A). HIV-1 Vif has been predicted to bind human A3H through
the concave surface of its B sheet [reviewed in (30)]. MVV Vif is
promiscuous and degrades not only sheep A3Z3 but also the
A3Z3-type proteins of other species, including human (12). Previ-
ous study has observed that mutation of W98 from the similar
sheet concave surface of MVV Vif impaired its ability to antagonize
0aA3Z273 (31). W98 is located near a positively charged surface
(fig. S3B, left) that is complementary to the predicted negatively
charged Vif-binding surface of human A3H (fig. S3B, right). We
carried out in vitro binding assay using human A3H to investigate

Hu et al., Sci. Adv. 9, eadd3422 (2023) 13 January 2023

the potential MVV Vif-binding interface for Z3-type A3s. We also
compared the unfused monomeric MVV VCBC complex and the
fused dimeric VCBC complex in their abilities to bind human
A3H. The results showed that the fusion dimer did not substantially
affect A3H binding (fig. S3C, left). The OaA3Z2Z3 degradation—de-
ficient MVV Vif W98R mutation did not have apparent effects on
human A3H recruitment to the VCBC complex (fig. S3C, right),
indicating that MVV Vif may have somewhat different binding in-
terfaces for human A3H and sheep OaA3Z7273.

We determined cryo-EM structure of the VCBC complex in a
dimeric form. Although we could not rule out the biological rele-
vance of the dimeric complex, several lines of evidence suggest that
dimerization is not likely needed functionally. First, the observed
VCBC dimer was mediated by positively charged surfaces on both
MVYV Vif protomers (fig. S3B, left) and needed to be stabilized by
BS3 chemical cross-linking. It is possible that BS3 cross-linked the
protomers to mitigate charge repulsion, or charge neutralization by
the reacted BS3 molecules stabilized the dimer without cross-
linking. Second, dimerization only occurred when the MVV
Vif-CypA fusion construct was used, but not with the unfused pro-
teins. The fusion linker introduced between CypA and Vif was not
visible in the cryo-EM map; therefore, we could not rule out a
domain-swapped dimer (fig. S4). The distance between the fusion
points in one monomeric VCBC complex structure is ~36 A (fig. S4,
right), which would need a linker length of more than 50 A to bridge
as they are on the opposite side of CypA. On the other hand, a
domain-swapped configuration requires a linker distance of more
than 35 A (fig. S4, left). The 30—amino acid linker in the fusion con-
struct can span more than 100 A in the most extended conformation
(i.e., B-strand geometry), which can permit either scenario. Third,
regardless of the dimerization mode, the observed MVV Vif-CypA
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Fig. 4. The unique binding interface for MVV Vif interaction with CypA. (A) Overall surface electrostatic potential of the Vif-CypA interface. Blue, positively charged;
red, negatively charged. (B) Overview and cartoon representation of the hook-like Vif-CypA interface, which can be divided into the head, bend, and the shank of the
hook. (C) Detailed illustrations for important MVV Vif—-CpyA interactions observed in the MVV VCBC complex structure. In addition to direct interactions, the C-terminal tail
of MVV Vif (top right), which is marked by an oval and colored in pink, indirectly interferes with the CypA interaction through a long interdomain loop, which is also

colored in pink.

interface explained extensive previous biochemical and functional
data and was further validated in this study with unfused construct
that does not dimerize. These observations suggest that the ob-
served interface faithfully captured the physiological interaction
when dimer formation may not occur.

In contrast to the largely conserved modes of interactions with
CRL and A3 substrates, Vif proteins of different viral lineages have
exhibited diversity in recruiting noncanonical host cofactors to
exert their functions. Human and sheep both possess CBFf and
CypA, which have no structural or functional resemblance to
each other, but each is strictly conserved between the two hosts
(>99% identity in amino acid sequences). However, evolutionally,
HIV-1and MVV/CAEYV have selected only one of the two unrelated
host cofactors for stabilizing Vif and preserving their cellular activ-
ities. The variations in Vif proteins themselves could be one deter-
minant leading to this divergent adaption. Structurally, despite

Hu et al., Sci. Adv. 9, eadd3422 (2023) 13 January 2023

maintaining a conserved overall Vif core structure as that of HIV-
1 Vif, the different relative orientation between the a/p and «
domains of MVV Vif results in a more compact interface for host
cellular proteins and may cause spatial clashes for EloC/Cul5 and
CBFp to bind. Besides, the more variable N- and C-terminal
regions of Vif proteins generate distinct protein-interacting surfac-
es, which may allow for selection of different host cofactors during
evolution. CBFp and CypA bind to opposite sides of the cognate Vif
molecule with different surface compositions and charge properties
—CBFp primarily interacts with the a/p domain of HIV-1 Vif,
while CypA mainly interacts with the a domain and the extended
N-terminal regions of MVV Vif. An interesting commonality is that
the N-terminal regions of both Vif proteins are evolved to interact
with the noncanonical host factors.

Host factor engagement by multiple viral proteins in the same
virus may be an evolutionary driving force in Vif's selection of
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Fig. 5. Mutagenesis validation of the observed MVV Vif-CypA binding interface. (A) In vitro binding analysis of MVV Vif and CypA variants. The mutated residues
correspond to the important Vif-CypA interacting residues observed and highlighted in Fig. 4C. Vif variants are labeled in magenta, and those in cyan are CypA variants.
All eluates (left, three panels) and the loading controls for CypA mutants (right, with the CypA band marked by a red box) shown in (A) indicate that all Vif and CypA
mutants are as soluble as the wild type (WT) proteins. (B) Mutational analysis of the critical MVV Vif residues interacting with CypA by Vif-mediated OaA3Z27Z3 degradation

assay in cells.

different cofactors. The abundance of a host protein is often a key
property that contributes to its recruitment by viruses during viral
infection. CypA is highly abundant in virtually all cell types and
have been found to be involved in the infections of multiple
viruses [reviewed in (22)]. In human cells, CypA plays a key role
in enhancing HIV-1 infectivity by interacting with the virus
capsid protein (CA) (32-34), which may modulate the stability of
the capsid and its access by various other host proteins. The
major CypA interaction site of HIV-1 CA constitutes a long flexible
loop containing Gly89/Pro90 protruded into the CypA active site.
CypA further interacts with multiple CA subunits through other in-
terfaces to enhance binding to the assembled capsid (34). It is con-
ceivable that the important CypA-capsid interplays take
evolutionary precedence, and HIV-1 Vif has evolved to select
another abundant host factor, CBEP. Theoretically, the cellular
abundance of CypA can supply enough cofactors for both CA
and Vif to bind, although the requirement of the same host
protein by multiple viral proteins would put the virus under a
stricter constraint and therefore disadvantageous to viral fitness
and adaptation. In addition, the recruitment of CBFp by HIV-1
Vif interferes with its endogenous association with the transcription
factor RUNX1, which controls the expression of immune-related
genes, including A3 proteins (18), potentially offering another evo-
lutionary advantage for the virus.

Hu et al., Sci. Adv. 9, eadd3422 (2023) 13 January 2023

By contrast, MVV capsid has been found to have no interaction
with CypA (19), which may free up the host protein as a cofactor for
MVV Vif. A common strategy for viral proteins to recruit host
factors is to mimic the endogenous interaction partners, in this
case the CypA substrate motif PxxP, which is present in both
HIV-1 CA and MVYV Vif but absent in HIV-1 Vif. The peptidyl-
prolyl isomerase activity of CypA has been found to be critical for
MVYV Vif-mediated OaA3Z2Z3 degradation without affecting Vif-
CypA interaction (19). This indicates that there may be a yet
unknown effect for the cis-trans isomerization of the MVV Vif
PxxP motif that is important for viral infectivity. It has been
shown that the CypA-mediated cis-trans isomerization of HIV-1
CA triggers conformational changes in CA distal to the CypA-inter-
acting loop (35), although its role for HIV-1 infectivity is not clear.
In addition, our structure reveals that a large additional CypA-
binding surface is evolved in MVV Vif, which is consistent with
the observation that a much higher concentration of the CypA
active-site inhibitor cyclosporine A was required to disrupt the
CypA interaction with MVV Vif than that needed to disrupt the in-
teraction between CypA and HIV-1 capsid (19).

Overall, our structure allows the visualization of detailed MVV
Vif interfaces with CypA and critical E3 ligase components, which,
together with the available structures of other Cul5 E3 components
(25, 36), offers a complete molecular model for MVV Vif-mediated
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Fig. 6. The comparison of the overall models for Vif-mediated recruitment of A3s to Cul5 E3 ligase by MVV and HIV-1. The complete HIV-1 Vif-CBFp-Cul5 E3
complex model is constructed by overlaying the Vif-CBFB-EloB/C-Cul5yrp complex structure (PDB 4N9F) with the separately determined Cul5c7p-Rbx2 (PDB 3DPL) struc-
ture. The complete MVV Vif-CypA—Cul5 E3 complex model is constructed by overlaying the EloB/C components of the MVV VCBC complex structure onto that of the
modeled HIV Vif-CBFp-Cul5 E3 complex structure. The arrow marks the location of MVV Vif W98 implicated in OaA3Z2Z3 degradation.

recruitment of host ubiquitin E3 ligase (Fig. 6). The model with the
complete Cul5 E3 ligase reveals that, unlike CBFp, which binds
HIV-1 Vif at the interface facing Rbx2 and the ubiquitin-carrying
E2, CypA binds MVV Vif at the opposite side away from the sub-
strate ubiquitination site, indicating that it is unlikely to participate
in direct A3 recruitment. By contrast, the previously reported MVV
Vif site containing W98, which is critical for OaA3Z2Z3 degrada-
tion, is facing Rbx2 to allow ubiquitination. In summary, our results
provide notable insight into the elements that help drive the evolu-
tion of lentiviral Vifs to capture their host cofactors, facilitating
future studies for a more comprehensive understanding of these
complex host-virus interplays.

MATERIALS AND METHODS

Plasmid construction

The 6xHis-tagged MVV Vif residues 1 to 230 and human CypA
residues 1 to 165 were cloned into the pETDuet vector. Maltose
binding protein (MBP)-tagged EloB residues 1 to 118 and 6xHis-
tagged EloC residues 17 to 112 were cloned into the pACYCDuet
vector. The 6xHis-tagged or 6xHis-Bril-tagged CypA residues 1
to 165 were fused to MVV Vif residues 18 to 230 through a 30—
amino acid linker (GSDEASEASELACPTPKEDGLAQQRGSGSG)
(CypA-30-Vifl18) to stabilize the Vif-CypA binding. EloB residues 1
to 102 and EloC residues 17 to 112 were cloned into the pACYC-
Duet vector. The 6xHis-mCherry—tagged human A3H was cloned
into the pETDuet vector. All Duet vectors were from Novagen Inc.
All Vif and CypA mutants were constructed following the protocol
of the QuikChange II Site-Directed Mutagenesis Kit (Agilent
Technologies).

Protein expression and purification

The E. coli BL21 (DE3) cells (New England BioLabs) were used for
protein expressions. The 6xHis-tagged CypA-30-Vif18 and EloB 1-
102/EloC 17-112 constructs were coexpressed to obtain the fused
MVV VCBC complex for structural study [with MBP-tagged
EloB 1-118 and 6xHis-tagged EloC 17-112 used for initial
complex characterizations (fig. S1A)]. The 6xHis-Bril-tagged
CypA-30-Vif18 and MBP-tagged EloB 1-118/6xHis-tagged EloC
17-112 constructs were coexpressed to obtain the fused Bril-
tagged MVV VCBC complex for in vitro binding assay. The
6xHis-tagged MVV Vif 1-230/CypA 1-165 and MBP-tagged
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EloB 1-118/6xHis-tagged EloC 17-112 constructs were coex-
pressed to obtain the unfused MVV VCBC complex for in vitro
binding assay. In addition, the 6xHis-Bril-tagged human A3H
was separately expressed for in vitro binding assay. The protein ex-
pressions were induced by 0.3 mM isopropyl-B-p-thiogalactopyra-
noside (IPTG) at 16°C for 16 hours in Terrific Broth.

Cells were harvested and lysed by a microfluidizer. The lysate was
clarified by centrifugation and then applied to a Ni-nitrilotriacetic
acid (NTA) (Qiagen) gravity column. The unfused and fused MVV
VCBC complexes were then purified by anion exchange (HiTrap Q
HP, GE Healthcare) chromatography in a buffer of 30 mM tris and
0.2 mM Tris (2-carboxyethyl) phosphine (TCEP) (pH 8.0) with a
gradient NaCl concentration from 20 mM to 1 M and, subsequently,
size exclusion chromatography (SEC; HiLoad Superdex 200, GE
Healthcare) in a buffer of 30 mM tris, 150 mM NaCl, and 0.2
mM TCEP (pH 8.0). mCherry-A3H was purified in a similar strat-
egy with 0.5 mM deoxyribonuclease/ribonuclease in buffers
throughout the procedure and 1 M NaCl in the SEC buffer.
Purity of the proteins was analyzed by SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE) after each step, and the purified proteins
were concentrated and stored at —80°C.

Cross-linking of fused MVV VCBC complex

Fused MVV VCBC complex (34 uM) was incubated on ice for 2
hours with 4 mM bissulfosuccinimidyl suberate (BS3, Thermo
Fisher Scientific) in buffer of 30 mM NaPi (pH 7.2), 100 mM
NaCl, and 0.2 mM TCEP and then quenched by 100 mM tris
(pH 7.4). The cross-linked sample was further loaded onto Yarra
SEC-3000 (Phenomenex) for separation of the monodispersed
MVYV VCBC peak. The sample from the peak fraction was used
for cryo-EM grid preparation.

Binding assays in vitro

Small-scale expressions of unfused MBP-tagged MVV VCBC wild
type (WT) and variants were induced in 50 ml of Terrific Broth by
0.3 mM IPTG at 16°C for 16 hours. Cells were harvested and lysed
by sonication. The lysate was clarified by centrifugation and then
purified by 50 pl of Ni-NTA (Qiagen) beads in a 1.5-ml Eppendorf
tube. The Ni-NTA eluate was further mixed with 50 ul of amylose
resin (New England BioLabs) and incubated for 1 hour. After re-
moving the supernatant by centrifugation, the resin was washed
with 300 pl of binding buffer [30 mM tris, 100 mM NaCl, and 0.2
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T —— buffer containing 30 mM tris, 100 mM NaCl, and 0.2 mM TCEP

Table 1. Cryo-EM data collection, refinement, and validation statistics.

MVV VCBC

Data collection and processing

Disallowed (%) 04

mM TCEP (pH 8.0)] for three times. Eighty microliters of the
elution buffer (binding buffer plus 0.2 mM maltose) was then
added to the resin and incubated at 4°C for 10 min before centrifu-
gation. The loading and elution fractions were analyzed by
SDS-PAGE.

A total of 0.15 mg of MBP-tagged unfused MVV VCBC or fused
Bril-tagged VCBC complexes (0.15 mg) was first incubated with
human mCherry-A3H at 1:2 molar ratio in 100 pl of binding
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(pH 8.0) at 4°C for 2 hours, subsequently mixed with 50 pl of
amylose resin (New England BioLabs) in 1.5-ml EP tubes, and in-
cubated for one additional hour. The subsequent steps for A3H/
VCBC complex purification were the same as above. The loading
and elution fractions were analyzed by SDS-PAGE.

A3 degradation assays

Twenty-four—well plates were seeded with 250,000 human embry-
onic kidney (HEK) 293T cells and transfected the next day using
TurboFect (Thermo Fisher Scientific), as specified by the manufac-
turer. To assay for degradation of ovine A3Z273 by WT MVV Vif
and the various mutant Vif proteins, 0.5 ug of pcDNA3.1-OaA3Z2-
Z3-HA and 0.5 pg of pVR1012-MVV Vif-HA were used for co-
transfection. To maintain equivalent DNA amounts, empty
pVRI1012 vector DNA was used when needed. After 48 hours, the
cells were lysed in 100 pl of lysis buffer [50 mM tris-HCI, 150 mM
NaCl, 1 mM EDTA, and 1% Triton X-100 (pH 7.4)] for 20 min fol-
lowed by 10 min of centrifugation at 10,000 relative centrifugal force
and 4°C to clarify lysate. Supernatants were boiled in 6x sample
buffer, and a fraction of the samples were run on a 12% SDS-
PAGE gel. Proteins were then transferred to a polyvinylidene di-
fluoride membrane (Millipore). Immunoblotting was performed
with primary antibodies against the hemagglutinin-tag (ab9110,
Abcam) and secondary anti-rabbit or anti-mouse antibodies,
which were horseradish peroxidase—conjugated (Cell Signaling
Technology), and detection was carried out using with a chemilu-
minescent horseradish peroxidase antibody detection reagent
(Western Blotting Luminol Reagent, Santa Cruz Biotechnology).
B-Actin (MAB1501, Millipore) was used as a loading control.

Cryo-EM sample preparation, data collection, and
processing
The cross-linked VCBC complex (3 pl) was applied to a homemade
graphene-coated C flat 2/1-3C copper grid (Electron Microscopy
Sciences) pretreated by ultraviolet ozone for 30 min. The grid was
blotted at 4°C with 100% humidity and plunge-frozen in liquid
ethane using FEI Vitrobot Mark IV (Thermo Fisher Scientific).
The grids were stored in liquid nitrogen before data collection.
Images were acquired on an FEI Titan Krios electron microscope
(Thermo Fisher Scientific) equipped with Gatan K3 Summit direct
detector in super-resolution mode, at a calibrated magnification of
x81,000 with the physical pixel size corresponding to 1.1 A. De-
tailed data collection statistics for the MVV VCBC complex has
been indicated in Table 1. Automated data collection was performed
using SerialEM (37), and a total of 5304 movie series were collected.
Motion correction of each micrograph, contrast transfer func-
tion (CTF) estimation, particle picking, two-dimensional (2D) clas-
sification, ab initio 3D reconstruction, and nonuniform refinement
were carried out by standard pipeline in cryoSPARC (38). The
dataset consisted of 4,857,569 initial particles, leading to a class of
1,722,255 particles after initial 2D and 3D classifications. A repre-
sentative micrograph and top 2D classes are shown in fig. S5. The
3D nonuniform refinement with C2 symmetry for this initial class
generated a reconstruction with a nominal resolution of 3.57 A,
based on the Fourier shell correlation (FSC) cutoff at 0.143
between the two half maps (39). However, the effective resolution
was lower based on visual inspection of the cryo-EM map. The par-
ticles were imported to RELION (40) for further 3D classification.
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The further classification generated a 3D class with a much smaller
number of particles (74,320) with a much improved cryo-EM map.
The particles were imported back to cryoSPARC for nonuniform
refinement, resulting in the final reconstruction of 3.45-A resolu-
tion (3DFSC of 3.47 A) (fig. S6A). Local resolution variation was
estimated in cryoSPARC (fig. S6B). The final map was of excellent
quality consistent with the resolution (fig. S6C).

Model building and refinement

The structures of CypA [Protein Data Bank (PDB) 3KON] and EloB/
C (extracted from PDB 3DCG) were docked into the cryo-EM map
using Chimera (41). The structure of MVV Vif was manually built
on the basis of the secondary structure prediction. The complex
model was further adjusted in COOT (42) with intervening cycles
of real-space refinement in PHENIX (43) with secondary structure
restraints (44). The final model with good geometry and fit to the
map (fig. S6C, right) was validated using the comprehensive cryo-
EM validation tool implemented in PHENIX (Table 1) (43). All
structural figures were generated using PyMol (45) and Chimera-
X (46).

Supplementary Materials
This PDF file includes:

Figs. S1 to S6
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