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Abstract APOBEC3G is a cellular antiviral protein that
restricts retroviral infection. In non-permissive cells
infected by Vif-deficient HIV-1, the protein mediates the
hypermutation of viral DNA through the enzymatic activity
of cytidine deaminase. To counteract the antiviral activity
of APOBEC3G, an accessory protein of HIV-1, Vif, forms
ubiquitin E3 ligase through assembly with CUL5-RBX2,
ELOB-ELOC and CBFp. Subsequently, Vif recruits
APOBEC3G to the complex as a substrate adaptor of
ubiquitin E3 ligase and induces poly-ubiquitination of
APOBEC3G for its proteasomal degradation (Fig. 1). This
review briefly summarizes current understanding of pro-
tein—protein interaction between Vif and host factors
required for APOBEC3 degradation, based on high reso-
lution structures of APOBEC3 proteins and Vif-
CULSNTD-ELOBC-CBFf complex.

Keywords HIV-1 Vif - APOBEC3 - CULS - ELOC -
CBFp - Ubiquitin E3 ligase

Introduction

The RNA genome of HIV-1 (Type-1 human immunodefi-
ciency virus) harbors several open reading frames in
addition to the retro-viral elements, gag, pol and env. Two
additional proteins encoded by rev and tat genes are
involved in viral gene regulation. Rev transports unspliced
or incompletely spliced HIV mRNA from nucleus to
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cytoplasm, to regulate the timing of viral gene expression
(Cullen 2003). Tat prevents transcription attenuation by
recruiting cellular transcription elongation factors such as
P-TEFb (Ott et al. 2011). The remaining four accessory
proteins are Vif, Vpu, Vpr and Nef. Even though the
function of HIV-1 accessory proteins is not fully under-
stood yet, they seem to play a role in providing a virus-
favorable environment. Especially, Vif and Vpu help viral
spread by neutralizing cellular antiviral factors (Strebel
2013). Virion infectivity factor mediates poly-ubiquitina-
tion and subsequent proteasomal degradation of cellular
antiviral factors through the assembly of ubiquitin E3
ligase. Vpu releases virus particle by directly blocking
tetherin (BST-2, CD164), which holds virions to the
plasma membrane (Neil et al. 2008; van Damme et al.
2008; Perez-Caballero et al. 2009).

Virion infectivity factor (Vif) of approximately 23 kDa
plays critical roles in HIV-1 spread in non-permissive cell
types such as primary HUT78, H9 and peripheral blood
lymphocytes, while it is not required in permissive cell
types such as SupT1, CEM-SS and Jurkat cells. In other
words, non-permissive cells are resistant to viral spread of
vif-deficient HIV-1 (HIV-1 Avif) and produce less infec-
tious virus (Fisher et al. 1987; Gabuzda et al. 1992; Sakai
et al. 1993; Sova and Volsky 1993; von Schwedler et al.
1993; Bouyac et al. 1997). Moreover, transient heterokar-
yons formed by the fusion of non-permissive (HUT78) and
permissive (293T) cells retained the restrictive ability
against HIV-1 Avif production. It suggests that Vif may
restrict the innate anti-viral activity for HIV-1 replication
(Simon et al. 1998). Interestingly, the comparison of
mRNA expression between permissive and non-permissive
cell types led to identification of APOBEC3G, which is
specifically expressed in non-permissive cells. Transient
expression of APOBEC3G in permissive cells actually
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Fig. 1 A schematic model of assembly of Vif ubiquitin E3 ligase and
subsequent APOBEC3 degradation. HIV-1 Vif hijacks cellular E3
ligase components containing CULS, RBX2, ELOB, ELOC and
CBFp, to poly-ubiquitinate antiviral cellular factors, APOBEC3
proteins. Poly-ubiquitinated APOBEC3 proteins are targeted for
proteasomal degradation. Ubiquitin is labeled as Ub

converted them to a non-permissive phenotype that
restricts HIV-1 Avif infectivity (Sheehy et al. 2002).
APOBEC3G (Apolipoprotein B mRNA editing enzyme
catalytic peptide 3G; A3G) of 386 amino acids is incor-
porated into HIV-1 Avif during viral budding and presents
antiviral activity in target cells (Sheehy et al. 2002). It has
been suggested that A3G protein restricts HIV-1 spread
through DNA editing and non-editing modes. In editing
mode, A3G has cytidine deaminase activity that mutates
deoxycytidine to deoxyuridine in the minus strand of HIV-
1 reverse transcript. The activity results in the accumula-
tion of non-functional proviruses by G to A hyper-mutation
in the viral DNA (Harris et al. 2003; Lecossier et al. 2003;
Mangeat et al. 2003; Zhang et al. 2003). In non-editing
mode, A3G appears to inhibit the HIV-1 cDNA synthesis
by reverse transcription and the integration of the proviral
DNA into human genome. Indeed, catalytically inactive
A3G displays significant anti-retroviral activity, indicating
that the deaminase-independent activity of A3G contrib-
utes to HIV-1 inhibition (Newman et al. 2005; Guo et al.
2006, 2007; Iwatani et al. 2007; Li et al. 2007; Luo et al.
2007; Mbisa et al. 2007; Bishop et al. 2008; Wang et al.
2012; Belanger et al. 2013). Although the cellular condi-
tion that expresses active A3G is unfavorable for viral
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replication, wild-type HIV-1 can overcome a difficult sit-
uation by presenting the anti-antiviral proteins. Vif in HIV-
1 counteracts antiviral activities through direct interaction
with A3G, resulting in the prevention of its virion incor-
poration and the recruitment of A3G-targeted ubiquitin—
proteasome system (Conticello et al. 2003; Mariani et al.
2003; Marin et al. 2003; Sheehy et al. 2003; Stopak et al.
2003). For the poly-ubiquitination of A3G, Vif reconsti-
tutes ubiquitin E3 ligase by hijacking cellular proteins
containing CUL5/RBX2, ELOBC and CBFB (Yu et al.
2003; Kamura et al. 2004; Jager et al. 2012; Kim et al.
2013).

In human, seven members of the APOBEC3 (A3) pro-
tein family, A3A, A3B, A3C, A3DE, A3F, A3G and A3H,
are encoded in a tandem array on chromosome 22 and their
expression levels vary in different tissues and cell types
(Jarmuz et al. 2002; Koning et al. 2009). Although A3G
seems to be sufficient to confer a non-permissive pheno-
type against HIV-1 Avif to permissive cells, other members
of the APOBEC3 family, A3DE, A3F and A3H, have been
suggested to contribute to restriction of HIV-1 replication
in the absence of Vif (Miyagi et al. 2010; Mulder et al.
2010; Chaipan et al. 2013; Desimmie et al. 2014). And
A3A, A3B and A3C have also been reported to inhibit
retroviral replication (Langlois et al. 2005; Bishop et al.
2004; Doehle et al. 2005; Aguiar et al. 2008), indicating all
of the A3 proteins are involved in restriction of viral rep-
lication. Among the APOBEC3 proteins, Vif reduces the
expression of A3C, A3DE, A3F and haplotype II A3H as
well as A3G through direct interaction, when those proteins
are transiently expressed in human cell lines (Wiegand
et al. 2004; Langlois et al. 2005; Dang et al. 2006; Zhen
et al. 2010).

Since the inhibition of Vif-mediated A3G degradation
represents a new strategy for anti-HIV-1 therapy, the
binding interface between Vif and APOBEC3 proteins has
been studied extensively. Also, the binding interface
between Vif and host factors including CUL5, ELOC and
CBFB could be a therapeutic target for inhibition of viral
infection. Currently, high-resolution structures of APO-
BECS3 proteins (A3A, A3C, A3F-CTD and A3G-CTD) and
Vif-CULSNTD-ELOBC-CBF complex are available
(Chen et al. 2008; Holden et al. 2008; Furukawa et al.
2009; Kitamura et al. 2012; Bohn et al. 2013; Byeon et al.
2013; Siu et al. 2013; Guo et al. 2014). Although the
structure of Vif-APOBEC3 complex has not been deter-
mined yet, the structural analysis of A3 and Vif combined
with biochemical data provides the identification of critical
binding motifs that could be targets for viral inhibitors.
This brief review aims to summarize current understanding
of interactions for assembly of Vif-ubiquitin E3 ligase and
recruitment of APOBEC3 proteins, based on the protein
structures.
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Structure of HIV-1 Vif

Even though the critical role of Vif in HIV-1 infectivity has
been identified, the purification of homogeneous recombi-
nant Vif protein was extremely difficult, resulting in
research limitations in the field of protein biochemistry and
structure determination (Marcsisin et al. 2011). Break-
through was achieved by proteomics approaches that
allowed the new finding of Vif-binding factor, CBFf (Jager
et al. 2012; Zhang et al. 2012). Additional studies revealed
that CBFf binds to Vif with high binding affinity and
cooperatively stabilizes Vif together with ELOBC. Inter-
estingly, the co-expression of Vif, ELOBC and CBFf
facilitated the purification of a hetero-tetrameric complex
of Vif-ELOBC-CBFp. And the hetero-hexameric form of
CULS5-RBX2-Vif-ELOBC-CBFJ that has E3 ligase activ-
ity was also purified by mixing Vif-ELOBC-CBFf and
CULS5-RBX2 (Jager et al. 2012; Kim et al. 2013).

HIV-1 Vif is a highly basic (pI value =~ 10.0) small
protein composed of 192 amino acids. Recently, the crystal
structure of CULSNTD-Vif-ELOBC-CBF complex was
determined at 3.3 A resolution by Guo et al. (Guo et al.
2014; Fig. 2a). Consistent with biochemical analysis
explained above, the complex structure reveals that Vif
mediates the assembly of CULS, ELOBC and CBFf
through direct binding and CBFf does not interact with
CULS5 or ELOBC, indicating that CBFf is an additional
factor that can regulate Vif function. Vif monomer in the
complex structure maintains an elongated shape with
positive charge distributions on its surface. In total, 169
residues of Vif (N3 to D171) are traced in the electron
density map and its fold represents two domains, o/f3
domain and o domain. The o/f domain consists of an
antiparallel beta-sheet of six beta strands (f1-6) and three
alpha-helices (al, o2 and a6) that are aligned along the
convex side of the beta sheet. The o domain (residues
112-161) is composed of three helices (a3, a4 and a5) and
connective flexible loops, and it is inserted between o2 and
a6 of the o/ domain. Remarkable features in Vif structure
are shown in B1 for CBFp binding and zinc coordination
motif. Bl in Vif partially interacts with B5 through the
hydrogen bond but most of it mediates CBFf binding by
forming the beta-sheet with B3 in CBFB. A zinc atom
coordinated by H108 in the o/ domain and H139, C114
and C133 in the o domain appears to contribute to the
stabilization of the tertiary structure of Vif by reducing
domain flexibility (Fig. 2b).

The APOBECS3 structures

The proteins of APOBEC3 family contain either one
(A3A, A3C and A3H) or two cytidine deaminase domains

Fig. 2 a Crystal structure of CULSNTD-Vif-ELOBC-CBFf com-
plex. There are twelve complexes in asymmetric unit, one of which is
drawn as ribbon diagram (PDB id 4N9F; chain C, D, E, F and G).
CULSNTD, Vif, ELOB, ELOC and CBFf are labeled and colored
green, brown, blue, magenta and yellow, respectively. Zinc atom in
Vif structure is shown as a red sphere. Vif directly interacts with
CBFf, CULS and ELOC and its interaction with ELOB is not
observed. b Vif structure in the CULSNTD-Vif-ELOBC-CBFf
complex. A zinc atom is drawn as a magenta sphere and zinc-
coordination residues are depicted as stick model and the residue
numbers are labeled. o-helix (al-u6), B-strand (B1-f6) and loop
were colored red, yellow and green, respectively. The secondary
structures, N- and C-terminus are labeled. Vif contains a globular
domain that consists of B1-p6, al, 2 and a6 (o/f domain) and a
helical domain inserted between o2 and a6 (o0 domain)

(A3B, A3DE, A3F and A3G). Each domain harbors a
highly conserved zinc-coordinating motif, HXE(X),3_5s.
CX,_4C. Two cysteine residues and a histidine coordinate
a zinc atom, and a glutamate promotes the formation of a
nucleophile (Zinc-hydroxide) for deamination reaction.
The structure of full-length APOBEC3 proteins that have
two catalytic domains has not been determined yet,
probably due to poor protein solubility in vitro. To date,
high-resolution structures of A3A, A3C, A3F-CTD (A3F-
C terminal domain) and A3G-CTD have been determined.
All the APOBEC3 structures have a canonical fold of
cytidine deaminase that consists of five beta-strands sur-
rounded by six helices (Fig. 3). The major difference of
the folds lies in the second beta strand (B2). The [2
region adopts a continuous single strand or B2-bulge-f2,
even in the structure comparison of the same proteins
(Harjes et al. 2009). The conformational difference in (32
might be due to differences of experimental methods or
its intrinsic flexibility that allows it to adopt multiple
conformations.
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Fig. 3 The structures of A3 proteins. Atomic coordinate files were
obtained from PDB (Protein Data Bank). PDB ID of a—f is 2KBO,
2JYW, 3E1U, 2M65, 3VOW and 4J4], respectively. All the structures
are superimposed and are drawn in the same orientation. a-helix, B-
strand and loop are colored differently and the secondary structures
are labeled in (a). A zinc atom and conserved zinc coordination
residues are drawn as a sphere and magenta stick model, respectively.

Among the APOBEC3 protein family members for
which structures are available, A3G-CTD and A3A do not
mediate Vif binding but contain a catalytically active
domain that mutates consecutive deoxy-cytidine residues
in a 3’ to 5 direction (Beale et al. 2004; Yu et al. 2004a;
Chelico et al. 2006; Furukawa et al. 2009). Structures of
wild-type A3G-CTD were determined by NMR (residues
193-384; Furukawa et al. 2009) and crystallography (res-
idues 197-380; Holden et al. 2008). Though the structures
were determined from the same protein with slightly dif-
ferent sequence boundaries, significant conformational
differences are observed, probably due to method differ-
ences for structure determination. Based on the difference
of surface shape and charge distribution and the assay of
NMR chemical shift perturbation, three ssDNA (single
strand DNA) binding models of A3G were proposed
(Fig. 3a—c). First, Chen et al. determined the NMR struc-
ture and observed chemical shift perturbation of A3G-
CTD-2K3A, which contains five mutations to improve
protein solubility. In the brim-domain model they suggest,
ssDNA binds to R213, R215, R313 and R320 aligned along
the active site (Fig. 3b; Chen et al. 2008). Second, a similar
binding mode is suggested from wild-type A3G-CTD. In
addition to chemical shift perturbations observed in A3G-
CTD-2K3A, perturbations specific to wild-type A3G were
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Dotted lines indicate DNA binding modes proposed by the structures.
The residues that are suggested to associate with DNA binding are
shown as a stick model around dotted lines. e—f Residues on o2, o3
and o4 are drawn as stick model and labeled in a blue circle, blue
rectangle and red circle, respectively. The residues are suggested as
patches for Vif binding

observed on R238, G240, L242 and C243, suggesting
slightly different DNA binding surfaces (Fig. 3a; Furukawa
et al. 2009). Third, Holden et al. determined the crystal
structure of A3G-CTD and observed a surface groove
perpendicular to NMR structure-based binding modes,
suggesting that the surface groove might be an ssDNA
binding site (Fig. 3c; Holden et al. 2008). In addition to
DNA binding modes of A3G-CTD, another binding mode
was proposed, based on the structure of wild-type A3A
protein which does not bind to Vif. Byeon et al. determined
the NMR structure of wild-type A3A (Byeon et al. 2013)
and observed chemical shift perturbations on the surface of
a4 and flexible loops around the active site that may be the
ssDNA binding region of A3A (Fig. 3d). Thus, the correct
DNA binding site on A3 is somewhat elusive and further
experiments are required to identify it.

A3C, A3DE-CTD and A3F-CTD are classified into a
different subgroup from A3A and A3G-CTD, based on
phylogenetic analysis (LaRue et al. 2009). In the subgroup,
crystal structures of A3C and A3F-CTD have been deter-
mined (Fig. 3e and f). As A3C and A3F-CTD can directly
bind to Vif in contrast to A3G-CTD and A3A, the struc-
tures can be useful to identify the Vif binding surface on
A3 (Kitamura et al. 2012; Siu et al. 2013; Bohn et al. 2013)
as explained below.
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Vif-APOBECS3 interaction

Since the structure of Vif-APOBEC3 complex is not
available yet, the critical motifs and residues for the Vif-
APOBEC3 interaction have been identified through muta-
genesis experiments. First, 128-DPD-130 in A3G was
identified as Vif binding motif (Mangeat et al. 2004;
Schrofelbauer et al. 2004; Bogerd et al. 2004; Santa-Marta
et al. 2005; Huthoff and Malim 2007; Zhang et al. 2008;
Russell et al. 2009). D128K, P129A and D130K mutants of
A3G were not co-immunoprecipitated with Vif and were
stably expressed in the presence of Vif, indicating that the
mutants are insensitive to Vif (Huthoff and Malim 2007).
Second, 289-EFLARH-294 in A3F has been identified as
the Vif binding motif (Russell et al. 2009; Smith and Pa-
thak 2010). Especially, E289K mutation in A3F decreased
Vif binding in co-immunoprecipitation assays as well as
HIV-1 infectivity in the presence of Vif (Smith and Pathak
2010). In the structure model, 128-DPD-130 in A3G lies on
the loop between B4 and o4, and 289-EFLARH-294 in A3F
forms the C-terminal half of o3 (Fig. 3).

Kitamura et al. determined the crystal structure of A3C
and suggested the Vif binding surface on A3C through a
mutagenesis assay (Kitamura et al. 2012). Mutations of
hydrophobic surface residues on o2 and o3 and negatively
charged residues on a3 and a4 reduced Vif binding without
affecting virion incorporation of A3C, indicating that the
surface areas of o2, a3 and o4 participate in Vif interaction
(Fig. 3e). Mutations of conserved residues on A3F-CTD
and A3DE-CTD also reduced Vif binding, while those of
A3G-NTD did not change Vif sensitivity (Kitamura et al.
2012; Siu et al. 2013). The Vif binding patch on A3F is
formed by residues 255-264, 269 and 324, as well as the
previously identified residues 289-294. It suggests that the
Vif-binding interface conserved among A3C, A3F and
A3DE is distinct from that of A3G (Fig. 3e and f).

In addition to Vif binding motifs in APOBEC3 proteins,
distinct APOBEC3 binding motifs in Vif have also been
suggested through direct binding assays between mutant
Vif and APOBEC3 proteins. 40-YRHHY-44 (Russell and
Pathak 2007; Yamashita et al. 2008) for A3G binding,
14-DRMR-17 (Russell and Pathak 2007), 74-TGERxW-79
(He et al. 2008) and 171-EDRW-174 (Dang et al. 2010) for
A3F binding and 12-QVDRMR-17 for A3C binding (Pery
et al. 2009) were identified as specific APOBEC3 binding
motifs in Vif. Additionally, mutations of 21-WxSLVK-26
(Dang et al. 2009), 55-VxIPLx4L.-64 (Chen et al. 2009) and
81-LGxGxxIxW-89 (Dang et al. 2010) in Vif reduced both
A3F and A3G binding. And 69-YxxL-72 in Vif (Pery et al.
2009) was identified as the motif for A3G, A3F and A3C
binding.

Because CBFp binding to Vif facilitates homogeneity of
Vif and ubiquitination activity of Vif E3 ligase, the

identified A3 binding motifs might be involved in CBFf
binding (Jager et al. 2012; Zhang et al. 2012; Kim et al.
2013). In this respect, it is analyzed whether the binding
motifs are surface-exposed for A3 binding or are involved
in correct assembly between Vif and CRLS5 (Cullin5-RING
ligase) containing CUL5, RBX2 and ELOBC, based on the
crystal structure of Vif-CULSNTD-ELOBC-CBFf com-
plex. First, A3G binding motif, 40-YRHHY-44, is located
on the opposite side of CBFf binding region and the res-
idues are distributed on the Vif surface, indicating that the
motif does not overlap with the CBFP binding site in Vif.
Second, A3F binding motifs, 14-DRMR-17, 74-TGERxW-
79 and 171-EDRW-174 are also exposed to solvent under
CBFB binding, forming a surface patch near the CBFf
binding region (Fig. 4). In the case of 74-TGERxW-79
located in the loop between 4 and B5, one side is partially
involved in CBF binding, while the opposite side is
exposed to solvent. Third, A3F/A3G binding motifs,
21-WxSLVK-26 and 55-VxIPLx4L-64, are surface motifs
that are not buried by CRLS5-Vif assembly, while
81-LGxGxxIxW-89 is buried as an internal region of Vif
structure. So mutations in 81-LGxGxxIxW-89 motif can
disrupt correct protein folding but it does not seem to be a
motif for direct binding of A3F/A3G. Fourth, 69-YxxL-72
in Vif for A3C/A3F/A3G binding is located in the loop
between B4 and B5. Residues W70 and G71 in the motif are
distributed on the surface between A3G and A3F binding
motifs, whereas residues Y69 and L72 are involved in
CBFB binding. Taken together, crystal structure of
CULSNTD-Vif-ELOBC-CBF complex reveals that the
identified A3 binding motifs are partially or fully surface-
exposed, except 81-LGxGxxIxW-89 which is an internal
region of Vif. Additionally, two A3 binding motifs,
74-TGERxW-79 and 69-YxxL-72, are involved in direct
interaction with CBFf as well as APOBEC3 proteins. In
particular, conserved residues Y69 and L72 in 69-YxxL-72
motif are buried by CBFf binding, indicating that muta-
tions of Y69 and L72 in Vif may reduce APOBEC3
binding by abolishing CBFf binding but not by disrupting
direct interaction with APOBECS3.

Vif-CBFp interaction

In the cellular system, CBFf forms a heterodimer with
RUNX protein family members and regulates the tran-
scriptional activity of RUNX proteins as a co-transcription
factor (Ogawa et al. 1993). There are three RUNX proteins
in mammal, all of which have a conserved Runt domain
that mediates both DNA and CBFp binding (Kagoshima
et al. 1993; Tahirov et al. 2001). Three RUNX proteins are
associated with mostly developmental processes, including
hematopoietic cell, T cell and neuronal cell development
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Fig. 4 A3 binding motifs on Vif. Vif and other proteins in the
structure of CULSNTD-Vif-ELOBC-CBF complex are drawn as
surface model and ribbon diagram in three different orientations,
respectively. The surface structure is colored pink. 14-DRMR-17,
74-TGERxW-79 and 171-EDRW-174 proposed as A3F binding motif

and osteoblast differentiation (Okuda et al. 1996; Komori
et al. 1997; Otto et al. 1997; Inoue et al. 2002; Levanon
et al. 2002; Taniuchi et al. 2002). Recently, direct binding
of CBFp to Vif was found to promote reconstruction of
CRL5-Vif and the subsequent poly-ubiquitination of
APOBEC3G (Jager et al. 2012; Zhang et al. 2012). Inter-
estingly, co-expression of Vif, CBFB, ELOB and ELOC in
E. coli enables the purification of homogenous Vif com-
plex. In biochemical protein analysis, CBFf inhibited
irregular Vif-oligomerization by binding a hydrophobic
surface of Vif (Kim et al. 2013; Guo et al. 2014). The data
suggest that CBFf stabilizes the tertiary structure of Vif
without disturbing the assembly of Vif-E3 ligase. The
crystal structure of Vif-CULSNTD-ELOBC-CBFf com-
plex revealed that a large surface area of Vif and CBFf
mediates their interaction (Figs. 2 and 5a). Binding sur-
faces between Vif and CBFJ are widely dispersed through
residues 1-120 in Vif and whole sequence in CBFf. More
specifically, residues 3—-11, 47-50, 69, 72-79, 94-120 and
139 in Vif are involved in direct contact with CBFf. The
first beta strand in Vif (residues 3—11; B1) forms a cross
beta sheet with a third beta strand in CBF[ (residues
63-69; B3). And C-terminal region containing o5 and a
flexible loop in CBF (residues 135—157) binds to a surface
pocket near a zinc atom that Vif coordinates (Fig. 5a and
).

In the structure of Vif-CULSNTD-ELOBC-CBFf
complex, the Vif binding surface on CBFB completely
overlaps the RUNX binding surface (Tahirov et al. 2001;
Guo et al. 2014). It coincides with previously reported data
that Vif and RUNX are mutually exclusive for CBFf
binding (Kim et al. 2013). Kim et al. observed that purified
complex of Vif-ELOBC-CBFf does not interact with
Runtl, Runt2 and Runt3 in vitro. Indeed, the transcriptional
activity of RUNX1 was reduced when Vif was expressed in
a human cell line, and the expression of RUNXI target
genes related to immune response were regulated by Vif
expression or HIV infection in the activated T-cell lines
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are shown in red on the Vif surface model. The other binding motifs,
40-YRHHY-44, 21-WxSLVK-26, 55-VxIPLx,4L-64, 69-YxxL-72 and
81-LGxGxxIxW-89 are colored green, cyan, blue, yellow and purple
in Vif, respectively. 81-LGxGxxIxW-89 is buried in the surface
model as an internal structure

(Kim et al. 2013). It suggests that CBFf hijacking by Vif
can result in the regulation of RUNX transcriptional
activity as well as the stabilization of Vif structure.

Vif-CULS-ELOBC interaction

The proteins of Cullin family have elongated, curved and
rigid structures formed by three N-terminal helical bundles
and a C-terminal globular domain. The first helical bundle
at the N-terminus binds substrate adaptor proteins for
recruitment of specific substrates, and the globular C-ter-
minal domain mediates the interaction with RING subunit
for ubiquitin E2 recruitment (Zheng et al. 2002). CUL2 and
CULS of Cullin family interact with ELOC adaptor and an
additional substrate receptor such as BC box protein to
recruit specific substrates. Suppressor of cytokine signaling
(SOCS) proteins containing BC box are well-known sub-
strate receptors for the assembly of CRL2 (Cullin2-RING
ligase) and CRLS5. CRL activation additionally requires the
modification of Cullin proteins called neddylation. Cova-
lent attachment of ubiquitin-like protein NEDDS8 to Cullin
proteins enhances the enzyme activity. A3G ubiquitination
by CRLS5-Vif is also controlled by NEDDS attachment
(Petroski and Deshaies 2005; Stanley et al. 2012).

HIV-1 Vif recruits the components of CRL5 containing
CULS5, RBX2, ELOB and ELOC, to form ubiquitin E3
ligase (Yu et al. 2003; Jager et al. 2012). Like SOCS
proteins, it contains a conserved BC box motif (residues
144-158) for ELOBC binding. Deletion of the BC box in
Vif abolishes co-immunoprecipitation with ELOBC (Me-
hle et al. 2004). Crystal structure of Vif BC box complexed
with ELOBC (Stanley et al. 2008) shows that hydrophobic
residues in Vif BC box participate in ELOC binding,
similarly to BC box in cellular SOCS proteins (Bullock
et al. 2006, 2007).

Several research groups identified that the HCCH zinc-
coordination motif in Vif (residues 100-142 including
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Fig. 5 The interaction between Vif and CRLS5. a The binding
interface between Vif and CBFp. Ribbon diagram of Vif and CBFf
are colored orange and yellow, respectively. N- and C-termini are
labeled. B3, which forms a cross beta-sheet with f1 of Vif, and
C-terminal loop, which interacts with surface area near the zinc atom
in Vif, are colored dark blue in the CBFf structure. b The binding
interface among CULS, Vif and ELOC. The structures of Vif, CULS
and ELOC are colored orange, green, and magenta, respectively.
Residues that mediate the interaction between Vif/CULS (Vif/ELOC

Hx5Cx7_18Cx3_sH) is critical for selective CULS binding
(Yuetal. 2004b; Luo et al. 2005; Mehle et al. 2006; Paul et al.
2006; Xiao et al. 2006, 2007a, b). Mutations of conserved
hydrophobic residues (1120, A123 and L124) located
between two cysteines in the HCCH motif disrupt CULS5
binding ability (Mehle et al. 2006). Consistent with the
biochemical data, the structure of Vif-CULSNTD-ELOBC-
CBFp complex clearly shows a binding interface between
Vif and CULS (Fig. 5b and c). Third alpha helix (a3) of Vif
(residues 121-127) is involved in direct interaction with
52-LWDD-55 of CULS. The Vif binding motif in CULS5 is
not conserved in CUL2, suggesting selective recruitment of
CULS5 by Vif for E3 ligase assembly or higher binding
affinity with CULS. Another potential CULS5 binding motif,
CUL box (residues 161-169 in Vif), which has been shown
to mediate interaction with CULS5 in cellular SOCS-box
proteins appears not to participate in any interaction for
CRL5-Vif assembly (Kamura et al. 2004).

121-RNTILGR-127
\\1429 1124 H139

141-KVGSLQ-146
A149 L153

| 11 Vif

108-NF-109
84 A100 AN-108
S87\ L10. D111

I ELOC

K109 Q113

11 CUL5

and CULS/ELOC) are colored red (yellow and blue). ¢ Schematic
diagram that represents interaction motifs for assembly of CRLS-Vif.
The binding motifs and residues are shown as rectangular boxes on a
long bar, which indicates primary structures of each protein, and the
sequences of binding motifs are labeled. The same colored motifs
indicate a binding interface between the two proteins. For example,
the binding motifs for binding between Vif and CBFf are colored
dark blue and those for binding of ELOC and CULS are colored green

In addition to Vif-mediated interaction, CULS5 and
ELOC bind each other directly. The second helix in CUL5
and additional residues K109 and Q113 mediate ELOC
binding. Vif, CULS and ELOC seem to interact coopera-
tively for complex stability and selective assembly (Fig. 5b
and ¢).

Perspectives

HIV-1 Vif recruits A3 proteins to the ubiquitin—proteasome
system to counteract the antiviral activity of APOBEC3
proteins. Because the disruption of CRLS5-Vif assembly
and Vif/A3 interaction can reduce HIV-1 infectivity, their
binding surface has been extensively studied as an antiviral
target. Currently, multiple binding motifs for CRLS5-Vif
assembly and Vif/A3 interaction have been suggested and
the structures of A3 proteins (A3A, A3C, A3F-CTD and
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A3G-CTD) and Vif-CULSNTD-ELOBC-CBFf complex
are available. In this review, the binding motifs were
summarized based on available structures. Even though the
understanding of CRL5-Vif/A3G assembly has been
advanced greatly in the last decade, high-resolution struc-
tures of Vif-A3 complex are still required for the identifi-
cation of exact binding motifs. Additionally, a DNA
binding mode of A3 proteins is not clear, even though
several research groups have suggested it. Thus, structural
studies of the complexes (Vif-A3 and A3-DNA) might be
the next challenge to understand the functions of antiviral
proteins (A3) and anti-antiviral protein (Vif).
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