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The human immunodeficiency virus (HIV)-1 protein Vif has a central role in the neutralization of host innate defences by hijacking
cellular proteasomal degradation pathways to subvert the antiviral
activity of host restriction factors1–6; however, the underlying mechanism by which Vif achieves this remains unclear. Here we report a
crystal structure of the Vif–CBF-b–CUL5–ELOB–ELOC complex.
The structure reveals that Vif, by means of two domains, organizes
formation of the pentameric complex by interacting with CBF-b,
CUL5 and ELOC. The larger domain (a/b domain) of Vif binds to
the same side of CBF-b as RUNX1, indicating that Vif and RUNX1
are exclusive for CBF-b binding. Interactions of the smaller domain
(a-domain) of Vif with ELOC and CUL5 are cooperative and mimic
those of SOCS2 with the latter two proteins. A unique zinc-finger
motif of Vif, which is located between the two Vif domains, makes
no contacts with the other proteins but stabilizes the conformation
of the a-domain, which may be important for Vif–CUL5 interaction.
Together, our data reveal the structural basis for Vif hijacking of the
CBF-b and CUL5 E3 ligase complex, laying a foundation for rational
design of novel anti-HIV drugs.
Human primary cells express restriction factors including APOBEC3
family members to block the replication and spread of HIV, a group of
obligatory intracellular retroviruses7–11. One common strategy used by
HIV-1 for its replication in host cells is to hijack cellular proteasomal
degradation pathways to degrade the host restriction factors. A critical
HIV protein involved in this process is HIV-1 virion infectivity factor
(Vif) that is expressed in most lentiviruses1–6. Interaction with Vif
results in recruitment of APOBEC3G to an E3 ubiquitin ligase complex
containing the scaffold protein cullin5 (CUL5) and substrate adaptors
elongin B (ELOB) and elongin C (ELOC), promoting APOBEC3G polyubiquitination and degradation and thereby damping APOBEC3Gmediated cellular defences1–6. A conserved Vif motif, called BC-box
(residues 144–155), is required for Vif interaction with ELOB–ELOC
through mimicking a conserved cellular SOCS-box motif of the SOCSbox proteins12. The HCCH (His 108, Cys 114, Cys 133 and His 139)
motif of Vif, a unique zinc finger motif, is also important for Vif binding
to CUL5, Vif-mediated degradation of APOBEC3G and HIV-1 infectivity13. Another host protein, core-binding factor subunit beta (CBF-b),
was recently shown14,15 to be simultaneously hijacked by HIV-1 Vif to
form the Vif–CBF-b–CUL5–ELOB–ELOC complex. Vif is considered
a good target for anti-HIV drugs because of its essential roles in HIV-1
infection; however, the structure of HIV-1 Vif alone or in the context of
functional complexes is lacking.
To facilitate structural study, we reconstituted a Vif (residues 1–192)–
CBF-b (residues 1–170)–CUL5 (residues 12–386, nCUL5)–ELOB (residues 1–102)–ELOC (residues 17–112) complex using purified proteins
(Fig. 1a and Extended Data Fig. 1a). The absence of Vif–CBF-b reduced
the interaction between the nCUL5 fragment and the ELOC–ELOB
complex (Fig. 1a), indicating that the former two proteins have a critical
role in promoting assembly of the pentameric complex. This is consistent

with the observation16 that SOCS2 is important for CUL5 interaction
with ELOC–ELOB. The pentameric complex was crystallized and its
structure was determined using molecular replacement (Extended Data
Table 1 and Extended Data Figs 1b and 2). The overall complex structure has a U-shaped architecture, with nCUL5 and CBF-b–Vif corresponding to the two straight arms (Fig. 1b). Interaction of ELOC with
nCUL5 and Vif forms the bent arm of the U-shaped structure. The Vif
structure can be divided into a larger and a smaller domain, with a zinc
ion binding between them (Fig. 1b). One side of CBF-b forms extensive
contacts with the larger domain of Vif, whereas the carboxy-terminal
peptide of CBF-b is sandwiched between the two domains of Vif. Vif
also interacts with nCUL5. Thus, Vif has a central role in organizing the
Vif–CBF-b–CUL5–ELOB–ELOC pentameric complex. Consistent with
a previous study12, CBF-b–Vif binding causes no marked conformational changes in CUL5–ELOB–ELOC (Extended Data Fig. 3). ELOB
makes no interaction with components other than ELOC, but we cannot
rule out the possibility that the C-terminal portion (residues 103–118)
of ELOB that was absent from the truncated ELOB in our construct is
involved in the formation of the pentameric complex.
CUL1 is a close homologue of CUL5 and forms a complex with SKP1,
a substrate adaptor of cullin-RING E3 ubiquitin ligases17. The CUL1–
SKP1 and nCUL5–ELOC complexes share a similar structural organization, with the amino termini of CUL1 and CUL5 binding to SKP1 and
ELOC, respectively (Fig. 1c). This observation supports the idea that
the cullin-RING E3 scaffold proteins have a conserved mode of binding
to substrate adaptors. However, the amino acids at the nCUL5–ELOC
interface differ from those at the CUL1–SKP1 interface (Extended Data
Fig. 4a–c), indicating that these residues govern specific interaction of
cullin-RING E3 scaffold proteins with their respective substrate receptors.
Vif in the complex maintains an elongated, cone-like shape (Fig. 2a)
with highly positive charges on its surface (Fig. 2b). A database search
using the DALI server (http://ekhidna.biocenter.helsinki.fi/dali_server)
identified no structures appreciably similar to that of Vif, indicating that
the viral protein possesses a novel fold. The two-domain structure of
Vif, however, is reminiscent of the cellular substrate receptors SOCS2
and VHL that share the common substrate adaptor ELOBC with Vif
(refs 16, 18, 19). The larger domain (referred to a/b domain) of Vif
contains a distorted five-stranded antiparallel b-sheet with three helices tightly packing against the convex side (Fig. 2a). Two loosely packing helices form the smaller domain (referred to as the a-domain) of
Vif that harbours the BC-box motif (residues 144–155) found in VHL
and SOCS-box proteins16,18,19. The zinc-finger motif, HCCH, makes tetrahedral coordination to Zn21 (Fig. 2c and Extended Data Fig. 2b) and
stabilizes the three inter-domain loops (Fig. 2a). Stabilization of the
three inter-domain loops is further strengthened by their interaction
with each other, which in turn rigidifies the two helices from the
a-domain of Vif. The amino acids from the two domain regions, in
particular those involved in packing of the secondary structural elements,
are conserved among the Vif family of proteins (Extended Data Fig. 5a).
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Figure 1 | U-shaped structure of the Vif-organized Vif–CBF-b–CUL5–
ELOB–ELOC complex. a, Vif and CBF-b are important for ELOB–ELOC
interaction with nCUL5 (residues 12–386). GST–nCUL5 was first bound to
glutathione–sepharose and incubated with Vif–CBF-b–ELOB–ELOC, Vif–
CBF-b or ELOB–ELOC protein as indicated. After extensive washing, the
bound proteins were visualized by Coomassie blue staining after SDS–PAGE.
b, Overall structures of Vif–CBF-b–nCUL5–ELOB–ELOC in two different

orientations. Colour codes for the proteins are indicated. The grey sphere
indicates Zn21. N and C represent N and C termini, respectively. Residue
numbers are indicated. c, CUL5–ELOC and CUL1–SKP1 have a similar
structural organization. Shown in the figure is structural superimposition of
CUL1 (green)–SKP1 (blue) (Protein Data Bank code1LDK)17 and CUL5–
ELOC highlighting the conserved interface between the two complexes.

CBF-b and Vif form extensive interactions, burying a total surface
area of 4,797 Å2. CBF-b binds to a hydrophobic surface of Vif, leaving
the positively charged surface exposed (Fig. 3a). The N-terminal peptide (residues 6–12) of Vif forms an antiparallel b-sheet with b-strand
S3 from CBF-b (Fig. 3a, b). Vif residues Trp 5, Val 7 and Ile 9 from the
peptide point to the central region of the b-barrel and make hydrophobic

contacts with their respective neighbouring residues of CBF-b (Fig. 3b).
A C-terminal peptide of CBF-b contributes to the CBF-b–Vif interaction via binding to a surface pocket formed between the two domains
of Vif, rendering the Vif-bound Zn21 completely solvent inaccessible
(Fig. 3a, c). Packing of the C-terminal portion of helix H5 from CBF-b
against the central region of Vif also seems to be critical for the CBF-b–Vif
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Figure 2 | Vif contains two domains with zinc binding between them.
a, Overall structure of Vif shown in cartoon representation. Some of the
secondary structural elements of the a-domain and a/b domain of Vif are
labelled. b, Vif has a highly positively charged surface. Two views of the
electrostatic surface potential map of Vif are shown. White, blue and red

indicate neutral, positive and negative surfaces, respectively. c, The
zinc-binding motif of Vif. The side chains of zinc-finger binding residues
(His 108, Cys 114, Cys 133 and His 139) are shown as stick representation,
and the Zn21 as a grey sphere.
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Figure 3 | Vif and RUNX1 overlap when interacting with CBF-b. a, Overall
structure of the Vif–CBF-b complex (CBF-b in cartoon representation and
Vif in electrostatic surface representation). Two regions of the Vif–CBF-b
interaction are highlighted with purple and blue frames. Some of the secondary
structural elements of CBF-b are labelled. b, A close-up view of the detailed
interactions between Vif and CBF-b highlighted in a. Side chains from Vif
involved in the interaction are shown in slate, and those from CBF-b in yellow.

Red dashed lines represent hydrogen bonds. c, A close-up view of the detailed
interactions between a Vif hydrophobic pocket and CBF-b C terminus
highlighted in a. d, Vif and RUNX1 bind to the same side of CBF-b. Shown
is the structural comparison of the Vif–CBF-b and RUNX1–CBF-b (Protein
Data Bank code1E50)22 complexes. Side chains of two residues (Phe 68 and
Asn 104) from CBF-b are shown in stick representation and are highlighted.
The Vif- and RUNX1-bound CBF-b is shown in green and purple, respectively.

interaction (Extended Data Fig. 6a). Consistent with the extensive
CBF-b–Vif interactions, a CBF-b variant (residues 1–140) retained
the ability to interact with Vif 20 (Extended Data Fig. 6b).
As a co-transcription factor of the RUNX family members, CBF-b
associates with RUNX1, regulating expression of immunity-related
genes21. Structural superposition of the CBF-b–RUNX1 (ref. 22) and
CBF-b–Vif complexes showed that Vif completely overlaps with RUNX1
(Fig. 3d), indicating that Vif and RUNX1 are mutually exclusive for
binding CBF-b. Supporting the structural observation, mutation of
Asn 104 of CBF-b, which interacts with both Vif and RUNX1 (Fig. 3d),
results in disruption of the Vif–CBF-b and RUNX1–CBF-b complexes23.
In contrast, mutation of CBF-b Phe 68, which only interacts with Vif
(Fig. 3d), impairs the Vif-binding activity of CBF-b but has no effect on
the interaction of RUNX1 with CBF-b (ref. 24). A greater buried surface area as a result of Vif binding to CBF-b (4,797 Å2) than RUNX1
(3,941 Å2) indicates that CBF-b might have a higher affinity for Vif
than RUNX1.
In addition to CBF-b, Vif also interacts with CUL5 and ELOC via
its a-domain (Fig. 4a). As observed previously12, the BC-box motif
(helix a4) of Vif contacts H4 and its preceding loop of ELOC (Fig. 4b).
Consistently, mutation of two equivalent HIV-1 Vif residues in HXB2
Vif 25—I120S and L124S—or other key residues impaired Vif interaction with CUL5. The structural observations were further confirmed
by mutations of other key residues involved in Vif–ELOC interaction
(Extended Data Fig. 7). Structural comparison between the Vif–ELOC
and SOCS2–ELOC16 complexes (Fig. 4c) showed that, despite their
low sequence homology, a4 of Vif is well aligned with H4 of SOCS2,
indicating that Vif mimics SOCS2 for binding to ELOC. SKP1 shares
sequence homology with ELOC17. Comparison of the Vif–CUL5–ELOC
and CUL1–SKP1–SKP2 complexes17 showed that a4 and a3 of Vif are
also similarly positioned to the helix H6 of SKP1 and helix H1 of SKP2,
respectively, to bind ELOC and CUL5 (Extended Data Fig. 4d), further
supporting the idea that the cullin-RING E3 scaffold proteins have a
conserved assembly mode.

CUL5 and CUL2 share the evolutionarily conserved adaptor protein
ELOC, which assembles cullin-RING E3 ligase complexes26. Vif, however, preferentially uses CUL5, but not CUL2, as the scaffold protein to
degrade APOBEC3G (ref. 3). Primary sequence alignment indicated
that three Vif-interacting amino acids of CUL5—Leu 52, Trp 53 and
Asp 55—are highly variable in CUL2 (Fig. 4d), indicating that they are
the structural determinants for CUL5 selection by Vif. Simultaneous
substitution in CUL5 of the three Vif-interacting residues Leu 52, Trp 53
and Asp 55 and the two ELOC-interacting residues Phe 41 and His 48
with their equivalents in CUL2 greatly impaired the ability of CUL5 to
interact with Vif–CBF-b–ELOB–ELOC (Fig. 4e). A similar result was
also obtained for the L52V and W53A double mutation of CUL5
(Fig. 4e), indicating that these two amino acids have a dominating role
in CUL5 selection by Vif. CUL5 L52V and W53A are also the epitopes
for preferential selection of CUL5 over CUL2 by SOCS2 (ref. 16). Structural comparison (Fig. 4c) revealed that a3 and its following loop (residues 116–131) from the a-domain of Vif are positioned similarly to H5
and H6 of SOCS2 (residues 177–192), a region termed the SOCS2
cullin box which is responsible for CUL5 binding, further supporting
the structural and functional mimic of SOCS2 by Vif. These data
strongly suggest that residues 116–131 in the a-domain of Vif act as
a cullin box to preferentially recognize CUL5.
Our structure reveals that Vif has a critical role in organizing assembly of the Vif–CBF-b–nCUL5–ELOB–ELOC penatmeric complex by
interacting with CBF-b, nCUL5 and ELOC (Fig. 1). Supporting this
conclusion, nCUL5 displays a weaker interaction with ELOC–ELOB
in the absence of Vif–CBF-b (Fig. 1a). Additionally, mutation of
Vif Leu 145, which is important for the Vif–ELOC interaction, abolishes
binding of Vif to CUL5 (ref. 12). Although not interacting with the other
components in the pentameric complex, the zinc-finger motif may
stabilize the conformation of the a-domain to promote Vif interaction
with CUL5. Indeed, the F115A mutation of Vif predicted to perturb the
a-domain (Extended Data Fig. 8) greatly reduces Vif interaction with
CUL5 and compromises Vif-mediated APOBEC3G degradation25. The
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Vif interacts with nCUL5 and ELOC. Overall interaction of two helices of
a-domain with nCUL5 and ELOC is shown. b, Specific interactions of Vif with
nCUL5 and ELOC. A close-up view of the interactions (highlighted in a) of
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of ELOC, respectively. c, Vif structurally mimics SOCS2. Structural comparison
of Vif–ELOC–CUL5 and SOCS2 (blue)–ELOC (light blue)–CUL5 (lemon)
(Protein Data Bank accession 4JGH)18; the interfaces of the two complexes
are highlighted in red. d, Sequence alignment of CUL5 and CUL2 around the

Vif-interacting region of CUL5. Conserved and similar residues are highlighted
with red and yellow shading, respectively. Residues of CUL5 involved in Vif
interaction are indicated with slate solid dots at the bottom. e, Structural
determinants for preferential binding of Vif to nCUL5. Wild-type Vif–CBF-b–
ELOB–ELOC complex in which Vif was tagged with poly-His was first bound
to Ni1 resin and incubated with wild-type (WT) or mutant GST–nCUL5
proteins. The bound proteins were visualized by Coomassie blue staining
after SDS–PAGE.

C-terminal CBF-b peptide may further stabilize the conformation of
the a-domain of Vif by binding between the two domains of Vif.
Consistently, deletion of the CBF-b peptide greatly impaired the
assembly of the Vif-containing pentameric complex (Extended Data
Fig. 6b), although the peptide is not involved in binding to CUL5 or
ELOC. The three Vif-interacting proteins selectively bind to the hydrophobic surfaces of Vif, leaving the positively charged patches solventexposed (Extended Data Fig. 5b), some of which are important for
APOBEC3G binding27,28. Although the APOBEC3G-binding regions
of Vif vary in different studies27–30, the critical amino acids from them
are exposed in the structure (Extended Data Fig. 5c), indicating that
extensive interactions between Vif and APOBEC3G may be formed.
Our data (Fig. 4c) indicate that the a-domain of Vif structurally and
functionally mimics SOCS2. Vif and SOCS2 probably use a conserved
mechanism for selecting the adaptor protein CUL5, because mutation
of the non-conserved CUL5 residues Val 52 and Trp 53, which are
important for the interaction with SOCS2, also greatly reduces the
efficiency for assembly of the Vif-organized complex (Fig. 4e). In addition to affinity (Extended Data Fig. 9), higher abundance of CUL5 than
that of CUL2 in certain infected cells (http://biogps.org) may also
contribute to Vif selection of CUL5 during HIV-1 infection. In line
with this, VHL interacts with both CUL2 and CUL5 when overexpressed,
although VHL selects CUL2 under physiological conditions18.
We have solved the crystal structure of a Vif–CBF-b–nCUL5–ELOB–
ELOC complex. Our data not only reveal the molecular mechanism
underlying hijacking of the CBF-b and CUL5 E3 ligase complex by Vif,
but also open the possibility of designing and developing novel antiviral drugs that target the Vif-containing complex.

chromatography (Source-15Q, Pharmacia). Glutathione S-transferase (GST)–nCUL5
was expressed and purified separately. Pentameric complex was formed by mixing
Vif–CBF-b–ELOB–ELOC and nCUL5 proteins. After limited proteolysis with
elastase, Vif–CBF-b–nCUL5–ELOB–ELOC was cleaned using an anion ion exchange
column and subjected to size-exclusion chromatography (Superdex200 10/300 GL
column, GE Healthcare). Crystals of Vif–CBF-b–nCUL5–ELOB–ELOC were grown
using the hanging-drop vapour diffusion method and the structure was determined using molecular replacement.

METHODS SUMMARY
63His–Vif, CBF-b and ELOB–ELOC were co-expressed in Escherichia coli BL21
(DE3) cells and purified using Ni-NTA (Qiagen) followed by anion ion exchange
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METHODS
Protein expression and purification. The cDNAs of full-length Vif (residues
1–192) from pNL4-3 (AIDS Research Reagents Program, Division of AIDS, NIAID,
NIH), human CBF-b (residues 1–170) and human nCUL5 (residues 12–386) were
sub-cloned into vector pET21a (Novagen, with an N-terminal His tag), pET29a
(Novagen, without tag) and pGEX6P-1 (GE Healthcare, with an N-terminal GST
tag), respectively, and human non-tagged ELOB (residues 1–102) and ELOC (residues 17–112) were sub-cloned into MCS1 (multiple cloning site 1) and MCS2 of
pACYCDuet-1 (Novagen), respectively. All of the mutant constructs were generated using two-step PCR and verified by DNA sequencing.
The Vif, CBF-b and ELOB–ELOC constructs were co-expressed, and nCUL5
was separately expressed in E. coli BL21 (DE3) cells. Expression of the recombinant
proteins was induced by 0.3 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at
16 uC. After overnight induction, the cells were collected by centrifugation, resuspended in buffer A (25 mM Tris-HCl, pH 8.0, 500 mM NaCl) supplemented
with protease-inhibitor PMSF (phenylmethanesulphonylfluoride, Sigma). The cells
were subjected to lysis by sonication and cell debris was removed by centrifugation
at 23,708g for 1 h at 4 uC. The hetero-tetrameric protein of Vif–CBF-b–ELOB–
ELOC was first purified using Ni-NTA (Qiagen) and then further fractionated by
an anion ion exchange column (Source-15Q, Pharmacia) with buffer B (25 mM
Tris–HCl pH 8.0, 3 mM DTT) and buffer C (25 mM Tris–HCl pH 8.0, 1 M NaCl,
3 mM DTT). The supernatant containing nCUL5 protein was loaded onto glutathione sepharose 4B (GS4B) beads (GE Healthcare). The beads were washed and
the bound proteins were cleaved by precision protease overnight at 4 uC. The
cleaved nCUL5 protein was eluted from GS4B resin. nCUL5 and Vif–CBF-b–
ELOB–ELOC complex proteins were mixed to form a Vif–CBF-b–nCUL5–ELOB–
ELOC complex. The complex was subjected to further purification by an anion ion
exchange column with buffer B and C. The purified protein was pooled and incubated
with elastase protease with a ratio of 1:1,000 at 4 uC for 72 h. The elastase-treated
hetero-pentameric protein was subjected to anion ion exchange chromatography
for a second time and further cleaned by size-exclusion chromatography (Superdex
200, Pharmacia) with buffer D (10 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM
DTT). Purity of the proteins was monitored at all stages of the purification process
using SDS–PAGE (polyacrylamide gel electrophoresis) and visualized by Coomassie
blue staining. Similar methods were used to purify the proteins of different constructs and various mutants. For crystallization of the Vif–CBF-b–nCUL5–ELOB–
ELOC complex, the purified protein was concentrated to about 10.0 mg ml21 in
buffer D.
Crystallization, data collection, structure determination and refinement. Crystals
of the Vif–CBF-b–nCUL5–ELOB–ELOC complex were generated by mixing the
complex protein with an equal amount of well solution (2 ml) using the hangingdrop vapour diffusion method at 16 uC. Crystals grew to their maximum size within
3 weeks in buffer containing 0.22 M potassium sulphate, 18% (w/v) polyethylene
glycol (PEG) 3,350 and 100 mM Tris–HCl, pH 8.0.
Before data collection, a crystal was transferred into cryo-protectant buffer (the
mother buffer plus 20% (w/v) glycerol) and flash-cooled in liquid nitrogen. Diffraction
data were collected at the Shanghai Synchrotron Radiation Facility (SSRF) at beam
line BL17U1 using a CCD detector. The crystal belongs to space group P1 with 12
Vif–CBF-b–nCUL5–ELOB–ELOC complexes per asymmetric unit. The data were

processed using HKL2000 (ref. 31). Molecular replacement with the program
Phaser32 was used to solve the crystal structure of the Vif–CBF-b–nCUL5–ELOB–
ELOC complex. The structure of nCUL5 (residues 12–386; ref. 33) was first used as
a search model for molecular replacement. Twelve nCUL5 molecules were successfully found in one asymmetric unit by Phaser. The determined 12 nCUL5
molecules were fixed and the ELOB–ELOC complex16 was used as a search model
for molecular replacement. The coordinates of the ELOB–ELOC complex structure from the top solution of molecular replacement were combined with those of
an nCUL5 molecule that was shown to interact with ELOB–ELOC in COOT34. The
newly built model containing nCUL5–ELOB–ELOC was used as a search model,
and 12 nCUL5–ELOB–ELOC complexes were found by PHASER in one asymmetric unit. The 12 nCUL5–ELOB–ELOC complexes were refined using Phenix35
with NCS as a restraint. With the refined 12 nCUL5–ELOB–ELOC complexes
fixed, the structure of CBF-b was used as a search model for molecular replacement. At this stage, 12 nCUL5–CBF-b–ELOB–ELOC complexes were positioned
and refined using Phenix. The electron density for Vif after the refinement became
apparent and was sufficient for model building using Coot. The final model was
refined to a resolution of 3.3 Å with Rwork 5 26.7 and Rfree 5 32.0. The structure
figures were prepared using Pymol36.
Gel filtration assay. The co-expressed Vif–CBF-b (residues 1–170), Vif–CBF-b
(residues 1–140) or Vif–CBF-b (residues 1–170)–ELOB–ELOC and Vif–CBF-b
(residues 1–140)–ELOB–ELOC complex proteins were purified using Ni-NTA
resin as described above. Vif–CBF-b (residues 1–170)–ELOB–ELOC or Vif–CBF-b
(residues 1–140)–ELOB–ELOC complex proteins thus purified were incubated
with nCUL5 protein before subjecting to gel-filtration analyses (Superdex 200,
Pharmacia). The assays were performed with a flow rate of 0.5 ml min21 and an
injection volume of 1 ml for each run. Buffer D was used for the assay. Samples
taken from relevant fractions were applied to SDS–PAGE and visualized by Coomassie
blue staining.
GST and His tag pull-down assay. Purified wild-type or mutant GST–nCUL5
protein (200 mg) bound to GS4B resin was incubated with an excess of purified
wild-type or mutant Vif–CBF-b–ELOB–ELOC and ELOB–ELOC at 4 uC for 30 min.
After washing three times with buffer containing 25 mM Tris (pH 8.0) and 300 mM
NaCl, the bound proteins were analysed by SDS–PAGE and Coomassie blue staining. For the Vif–ELOC interaction assay, wild-type 63His–Vif–CBF-b (200 mg)
protein bound to Ni-NTA resin was incubated with an excess of wild-type or point
mutant GST–ELOC–ELOB at 4 uC for 30 min. After washing three times with
buffer D, bound proteins were analysed by SDS–PAGE and Coomassie blue staining. All experiments were repeated three times.
31.
32.
33.
34.
35.
36.
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Extended Data Figure 1 | Purification of reconstituted Vif–CBF-b–nCUL5–
ELOB–ELOC complex protein. a, Formation of the Vif–CBF-b–nCUL5–
ELOB–ELOC pentameric complex in gel filtration. SDS–PAGE and Coomassie
blue staining of Vif–CBF-b–nCUL5–ELOB–ELOC complex of the peak
fractions from gel filtration. MM, molecular mass marker. b, Limited

proteolysis analysis of Vif pentameric complex. The purified complex protein
of Vif–CBF-b–nCUL5–ELOB–ELOC was treated with elastase (at a molar ratio
of 1:1,000) at 4 uC for 72 h. The elastase-treated hetropentameric protein was
visualized by Coomassie blue staining following SDS–PAGE.
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Extended Data Figure 2 | The density map of a representative region of Vif.
a, The simulated annealing composite omit map of a representative region
of Vif. An Fo 2 Fc omit map is contoured at 3s in green, and a 2Fo 2 Fc omit
map in blue contoured at 1.3s. b, The electron density of Zn21 in Vif. The

Zn21-binding site in Vif is shown. 2Fo 2 Fc electron density map (blue mesh,
contoured at 1.3s) at the Zn21-binding site. Four residues involved in Zn21
interaction are labelled.
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Extended Data Figure 3 | Structural comparison of Vif–ELOB–ELOC with
Vif peptide-bound ELOB–ELOC. Structural comparison of Vif–ELOB–
ELOC with Vif (residues 139–176, green)–ELOB (purple)–ELOC (cyan)

(Protein Data Bank accession 3DCG)12. The side chains of 161-PPLPS-165 of
Vif are labelled and shown in grey.
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Extended Data Figure 4 | Structural comparison of Vif–CUL5–ELOC and
CUL1–SKP1–SKP2. a, Interface of CUL5–ELOC. The side chains from CUL5
are labelled and shown in orange, and those from ELOC are coloured in hot
pink. Red dashed lines represent hydrogen bonds. b, Interface of CUL1–SKP1.
The side chains of CUL1 and SKP1 are labelled and shown in orange and slate,
respectively. Residues involved in interactions are numbered and hydrogen
bonds are shown as red dashed lines. c, Mutagenesis analyses of the nCUL5–
ELOC interface. Wild-type or mutant GST-fused nCUL5 proteins were first

bound to glutathione-sepharose beads and incubated with wild-type or various
ELOC mutant Vif–CBF-b–ELOB–ELOC complex proteins as indicated. After
extensive washing, the bound proteins were visualized by Coomassie blue
staining following SDS–PAGE. d, Structural comparison of Vif–ELOC–CUL5
and SKP2 (grey)–SKP1 (blue)–CUL1 (green) (Protein Data Bank 1LDK)17; the
interfaces of the two complexes are highlighted in red frames, and secondary
structural elements are labelled.
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Extended Data Figure 5 | CBF-b–nCUL5–ELOB–ELOC bind to the
hydrophobic surfaces of Vif, leaving the positively charged patches solventexposed. a, Sequence alignment of HIV/SIV Vif proteins. Conserved and
similar residues are highlighted with red and yellow shading, respectively.
Residues involved in E3 ligase complex and APOBEC3 proteins interaction are
indicated with slate solid dots at the bottom. Conserved motifs of zinc-finger
region and BC-box motif are indicated in the sequence alignment. b, Two views
of the electrostatic surfaces of CBF-b–nCUL5–ELOC bound Vif are presented.

CBF-b–nCUL5–ELOC complex binds to the hydrophobic surfaces of Vif
(right). Positively charged patches on Vif (left) are solvent-exposed. White, blue
and red indicate neutral, positive and negative surfaces, respectively. c, The
largely solvent-exposed surface of Vif is shown in ribbon representation and
electrostatic surface. The side chains of relevant residues from Vif involved in
the interaction with APOBEC3G alone, APOBEC3F alone and both of them are
shown in stick representation and are coloured in green, cyan and yellow,
respectively.

©2014 Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER

Extended Data Figure 6 | The interaction between the C terminus of CBF-b
and Vif. a, The interface of Vif and helix H5 of CBF-b. Side chains from Vif
involved in the interaction are labelled and shown in slate, and those from CBFb are labelled and shown in yellow. b, C-terminus-truncated CBF-b is
inefficient to assemble the Vif–CBF-b–nCUL5–ELOB–ELOC complex.
Complexes of 63His–Vif–CBF-b (1–170)–ELOB–ELOC and 63His–Vif–
CBF-b (1–140)–ELOB–ELOC were purified using Ni-NTA and then incubated

with purified nCUL5 (input) before subjecting to size-exclusion
chromatography (Superdex 200, Pharmacia). Shown on the top is
superposition of the gel filtration chromatograms of two complexes containing
CBF-b (1–170) (red) and CBF-b (1–140) (blue). The horizontal axis represents
elution volume (volume unit, ml). Middle and bottom: Coomassie blue staining
of the peak fractions of two complexes shown on the top after SDS–PAGE.
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Extended Data Figure 7 | Mutagenesis analysis of residues involved in
Vif–ELOC interaction. Vif–ELOC interaction pull-down assay. Wild-type
GST–ELOC–ELOB immobilized on GS4B resin was incubated with wild-type
or point mutant Vif–CBF-b proteins, washed and resolved by SDS–PAGE

(left panel); wild-type 63His–Vif–CBF-b protein immobilized on Ni1 resin
was incubated with wild-type or point mutant GST–ELOC–ELOB proteins,
washed and resolved by SDS–PAGE (right panel).
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Extended Data Figure 8 | Vif Phe 115 is located in a highly hydrophobic
environment of Vif. The detailed interactions around the residue of Phe 115 of

Vif. Vif Phe 115 is surrounded with a hydrophobic environment. The side
chains of relevant residues are shown in stick representation and labelled.
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Extended Data Figure 9 | Vif demonstrates higher binding affinity for
nCUL5 than nCUL2 for Vif–CBF-b–nCUL5–ELOB–ELOC complex
assembly. 63His–Vif–CBF-b–ELOB–ELOC was first bound to Ni-NTA

beads and then incubated with purified nCUL2 and nCUL5 as indicated. After
extensive washing, the bound proteins were visualized by Coomassie blue
staining after SDS–PAGE.
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Extended Data Table 1 | Statistics of data collection and refinement
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