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Abstract

Human immunodeficiency virus type 1 (HIV-1) requires the cellular transcription factor core binding factor
subunit b (CBFb) to stabilize its viral infectivity factor (Vif) protein and neutralize the APOBEC3 restriction
factors. CBFb normally heterodimerizes with the RUNX family of transcription factors, enhancing their stability
and DNA-binding affinity. To test the hypothesis that Vif may act as a RUNX mimic to bind CBFb, we generated
a series of CBFb mutants at the RUNX/CBFb interface and tested their ability to stabilize Vif and impact
transcription at a RUNX-dependent promoter. While several CBFb amino acid substitutions disrupted promoter
activity, none of these impacted the ability of CBFb to stabilize Vif or enhance degradation of APOBEC3G. A
mutagenesis screen of CBFb surface residues identified a single amino acid change, F68D, that disrupted Vif
binding and its ability to degrade APOBEC3G. This mutant still bound RUNX and stimulated RUNX-dependent
transcription. These separation-of-function mutants demonstrate that HIV-1 Vif and the RUNX transcription
factors interact with cellular CBFb on genetically distinct surfaces.

Introduction

Human immunodeficiency virus type 1 (HIV-1) and
most related lentiviruses encode a viral infectivity factor

(Vif) protein required to neutralize the APOBEC3 restriction
factors of their hosts. The human APOBEC3 family consists of
seven distinct single-stranded DNA deaminases, of which
APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H
combine to restrict the replication of Vif-deficient HIV-1 by
incorporating into budding virions, inhibiting reverse tran-
scription, and subsequently mutating the viral cDNA by de-
amination of cytosines to uracils.1–4 HIV-1 Vif neutralizes the
APOBEC3 proteins by recruitment of an E3 ubiquitin ligase
complex that polyubiquitinates the APOBEC3s and targets
them for proteasomal degradation.3,5,6

Recently, the cellular transcription cofactor core binding
factor subunit b (CBFb) was found to be associated with the
HIV-1 Vif E3 ubiquitin ligase complex.7–9 In vitro, CBFb
allowed for the reconstitution of an active Vif E3 ubiquitin
ligase complex, additionally composed of CULLIN5 (CUL5),
ELONGINB (ELOB), ELONGINC (ELOC), and RBX2.7,10

In vivo, knockdown of endogenous CBFb resulted in lower
steady-state levels of HIV-1 Vif, attenuated degradation of

APOBEC3G (A3G), and decreased viral infectivity.7,8 The
current working model is that HIV-1 Vif hijacks cellular CBFb
to facilitate Vif folding and/or stability as well as nucleation
of the APOBEC3-degrading E3 ubiquitin ligase complex.7,9

The HIV-1 Vif/CBFb/APOBEC3 functional interplay is
highly conserved as Vif proteins from multiple HIV-1 sub-
types require cellular CBFb for stability and for degradation of
all Vif-sensitive, human APOBEC3 proteins.8 Furthermore,
SIVmac239 Vif requires CBFb to degrade the Vif-sensitive
APOBEC3 proteins of the rhesus macaque.8

CBFb is the non-DNA binding subunit of the core binding
factor family of transcription factors. CBFb heterodimerizes
with RUNX1, RUNX2, or RUNX3 (generally referred to as
RUNX proteins) to activate or repress transcription at several
loci important for hematopoiesis and osteogenesis.11–13 For
example, CBFb heterodimerizes with RUNX1 and RUNX3 to
regulate activity of the FOXP3 promoter, an essential factor in
regulatory T cell development.14,15 Heterodimerization in-
duces a conformational change in the RUNX proteins that
renders them more stable and increases their DNA-binding
affinity.16–20 This is thought to occur by way of a conforma-
tional change that removes autoinhibition of the RUNX DNA-
binding domain.21–23 The CBFb heterodimerization domain
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that contacts the RUNX proteins lies within the first 141 amino
acids of the protein and forms a stable beta-barrel like struc-
ture.18,24,25 The structure of the CBFb heterodimerization
domain bound to RUNX1 and in complex with DNA has been
solved and the interaction surfaces have been mapped.26–29

While the CBFb/RUNX1 structure has been solved, the
macromolecular structure of the HIV-1 Vif E3 ubiquitin ligase
complex is unknown. Vif is thought to interact directly with
the first cullin repeat of CUL5 dependent on an HCCH zinc-
coordinating motif, directly with a hydrophobic pocket of
ELOC dependent on a highly conserved SLQ(Y/F)LA motif,
and directly with CBFb, though specific interaction surfaces
have yet to be thoroughly defined.5,7,9,10,30–35 Toward map-
ping the Vif interaction surface on CBFb, it has recently been
shown that both human isoforms of CBFb can function to
stabilize HIV-1 Vif.8,10 These splice variants share 165 N-
terminal residues, including the RUNX heterodimerization
domain, but differ in C-terminal amino acid sequence and
overall size (187 and 182 amino acids for isoforms 1 and 2,
respectively).8,17,18 Therefore, the binding surface for Vif on
CBFb likely resides within the first 165 N-terminal residues of
the protein and possibly within the RUNX heterodimerization
domain.

As molecular mimicry of host proteins is a common viral
strategy for hijacking cellular factors,36 here we test the hy-
pothesis that HIV-1 Vif may act as a mimic of RUNX and
utilize an overlapping set of interacting residues on CBFb. To
test this hypothesis, we created several CBFb variants that no
longer interact with RUNX1. While these variants have di-
minished capacities to activate transcription from a RUNX1-
dependent promoter, they retain their full ability to interact
with and stabilize HIV-1 Vif. Subsequent mutagenesis
screening of CBFb surface residues revealed a single amino
acid substitution that completely disrupts its ability to bind
and stabilize HIV-1 Vif, but does not impact its ability to
heterodimerize with RUNX1. These separation-of-function
mutants demonstrate that cellular CBFb uses genetically dis-
tinct surfaces to bind RUNX1 and Vif and that HIV-1 Vif is not
a molecular mimic of the RUNX transcription factors.

Materials and Methods

Expression constructs

APOBEC3G and Vif-proficient HIV-1IIIB A200C proviral
expression constructs have been reported.37,38 To generate the
HA- tagged CBFb expression construct, the coding sequence
of CBFb isoform 2 (NM_001755.2) was excised from a previ-
ously reported pcDNA3.1-CBFb construct with EcoRI and
XbaI and ligated into the same sites of a pcDNA3.1-HA
(N-terminal) expression vector using standard molecular
biology techniques.7 The pcDNA4/TO-3xFLAG-CBFb and
pcDNA4/TO-3xFLAG expression constructs were provided
by Dr. N. Krogan (UCSF), and the pcDNA3-RUNX1 expres-
sion construct by Dr. J. Westendorf (Mayo Clinic). The CBFb
variants were generated by site-directed mutagenesis of the
FLAG-CBFb or HA-CBFb constructs (sequences available
upon request).

To generate the FOXP3 promoter luciferase reporter con-
struct, a 594-base pair fragment of the FOXP3 promoter pre-
viously shown to respond to RUNX1/CBFb was cloned from
CEM genomic DNA using primers 5¢-NNN NGG TAC CCG
GGT TGG CCC TGT GAT TTA T-3¢ and 5¢-NNN NCT CGA

GAC CTT ACC TGG CTG GAA TCA CG-3¢.14 This product
was gel purified (Fermentas GeneJet Gel Extraction Kit),
digested with KpnI and XhoI, and ligated into a similarly di-
gested pGL3-Basic Firefly luciferase vector (E1751; Promega).
The CMV-Renilla luciferase vector transfection control was
obtained from Promega (E2261; phRL-CMV).

Cell lines

The CBFb-knockdown Human Embryonic Kidney 293T
(HEK293T) cell line stably expressing a CBFb-specific shRNA
has been reported previously7 and was maintained in
Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS) and 0.5% penicillin/streptomycin
(P/S). CEM-GFP cells (obtained from the AIDS Research and
Reference Reagent Program) were maintained in Roswell
Park Memorial Institute (RPMI) medium supplemented with
10% FBS and 0.5% P/S.

HIV single cycle assay with replication proficient virus

At 50% confluency, CBFb-knockdown HEK293T cells were
transfected (TransIt, Mirus) with 1 lg Vif-proficient HIV-1IIIB

A200C proviral expression construct alongside 50 ng of
APOBEC3G expression construct and either 25 or 50 ng of the
appropriate HA-CBFb expression construct. CEM-GFP cells
were infected after 48 h to monitor infectivity, and cell and
viral particle lysates were prepared for immunoblotting.

Immunoblotting

Cell lysates were prepared by resuspension of washed cell
pellets directly in 2.5 · Laemmli Sample Buffer (25 mM Tris,
pH 6.8, 8% glycerol, 0.8% SDS, 2% 2-mercaptoethanol, 0.02%
bromophenol blue), and homogenization at 95�C for 30 min.
Virus-like particles were isolated from culture supernatants
by purification through 0.45-lm PVDF filters (Millipore) fol-
lowed by centrifugation (13,000 rpm for 2 h) through a 20%
sucrose, 1 · PBS cushion and lysis directly in 2.5 · Laemmli
Sample Buffer. Samples were run on 12.5% Tris-HCl SDS-
PAGE resolving gels with 4% stacking gels each at a 37.5:1
acrylamide:bis-acrylamide ratio (Bio-Rad Criterion) at 150 V
for 90 min. Proteins were transferred to PVDF membranes
by methanol-based electrotransfer (Bio-Rad Criterion Blotter)
at 90 V for 2 h. Membranes were blocked in 4% milk in
phosphate-buffered saline (PBS), 0.1% Tween-20 prior to
overnight incubation with primary antibody against A3G
(NIH ARRRP 10201 courtesy of J. Lingappa), HA to detect
HA-tagged CBFb (HA.11; Covance), FLAG to detect FLAG-
tagged CBFb (F7425; Sigma), TUB (tubulin; Covance), Vif
(NIH ARRRP 2221 courtesy of D. Gabuzda), p24/capsid (NIH
ARRRP 3537 courtesy of B. Chesebro and K. Wehrly), or
RUNX1 (sc-28679; Santa Cruz). Antimouse and antirabbit
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Bio-Rad) were detected using Hyglo HRP detection
reagents (Denville Scientific). Blots were incubated in a
1 · PBS, 0.2 M glycine, 1.0% SDS, 1.0% Tween-20, pH 2.2
stripping buffer before reprobing.

Flow cytometry

HIV-infected CEM-GFP cells were prepared for flow cy-
tometry by fixation in 4% paraformaldehyde, 1 · PBS. GFP
fluorescence was measured on a Becton Dickinson FACS
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Canto II flow cytometer. All data were analyzed using FlowJo
Flow Cytometry Analysis Software (Version 8.8.6). Quantifi-
cation was done by first gating the live cell population, fol-
lowed by gating on the GFP + cells.

Dual luciferase reporter assay

At 50% confluency, CBFb-knockdown HEK293T cells
were transfected (TransIt, Mirus) with 250 ng Firefly lucifer-
ase FOXP3 promoter reporter construct, 5 ng Renilla luciferase
CMV promoter transfection control, 150 ng RUNX1 expres-
sion construct, and 75 ng of each HA-CBFb variant expression
construct in triplicate. After 48 h, cells were lysed and Firefly
and Renilla luciferase activity was quantified using the Pro-
mega Dual-Luciferase Reporter Assay System by the manu-
facturer’s protocol. Luminescence was read on a SynergyMx
plate reader (courtesy of Dr. S. McIvor).

Coimmunoprecipitation

At 50% confluency, CBFb-knockdown HEK293T cells were
transfected (TransIt, Mirus) with 1 lg Vif-proficient HIV-1IIIB

A200C proviral expression construct alongside 1 lg RUNX1
expression construct and either 1 lg of pcDNA4/TO-3xFLAG
empty vector or 1 lg pcDNA4/TO-3xFLAG-CBFb variant.
Thirty-two hours after transfection, the medium was replaced
with fresh DMEM supplemented with 2.5 lM MG132 to sta-
bilize HIV-1 Vif. After 16 h, the cells were washed with 1 · PBS
and lysed in 0.5% NP40 lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 50 lM MG132, 0.5% NP40, Roche
protease inhibitor cocktail) for 1 h. Samples were sonicated
briefly to lyse nuclei, treated for 1 h with DNase (Roche),
and cleared by centrifugation. Input samples were suspended
directly in 2.5 · Laemmli Sample Buffer. The remainder of
each sample was cleared with Mouse IgG Agarose beads
(A0919; Sigma) prior to FLAG immunoprecipitation using
anti-FLAG M2 affinity agarose gel (A2220; Sigma). Beads
were washed with 0.1% NP40 lysis buffer four times and re-
suspended directly in 2.5 · Laemmli Sample Buffer.

Results

Amino acid substitutions that disrupt the CBFb/RUNX
heterodimer do not disrupt the CBFb/Vif interaction

Based on the available structural and biochemical data, we
created several amino acid substitutions in CBFb isoform 2
predicted to disrupt the interaction with RUNX1.26–29 To
confirm that these substitutions significantly disrupt the
CBFb/RUNX1 heterodimer, we performed a series of dual
luciferase assays using the CBFb/RUNX1-dependent FOXP3
promoter in a CBFb-depleted HEK293T cell line.14 This cell
line stably expresses an shRNA targeting the 3¢ UTR of both
endogenous CBFb isoforms, allowing for complementation
with wild-type or variant coding sequences.7,8 These cells
were transiently transfected with Firefly luciferase under
control of the FOXP3 promoter and Renilla luciferase under
control of the CMV constitutive promoter in the presence of
RUNX1 and each HA-tagged CBFb variant. Forty-eight hours
after transfection, cell lysates were collected, luciferase activ-
ity was quantified, and promoter activity determined by
normalizing the Firefly luciferase signal to the Renilla lucif-
erase transfection control. Significance was determined by
pairwise t-tests at a 0.05 significance threshold.

In the absence of CBFb and RUNX1, this fragment of the
FOXP3 promoter has a low basal activity (normalized to one;
Fig. 1A). Expression of either CBFb or RUNX1 alone results in
no significant increase in promoter activity (Fig. 1A). How-
ever, expression of both CBFb and RUNX1 together allows for
reconstitution of the heterodimeric transcription factor and
results in a significant increase in activity of the FOXP3
promoter reporter (Fig. 1A). This promoter is sensitive to a
dose-dependent increase in CBFb/RUNX1, saturating at near
8-fold over baseline (data not shown). In all subsequent
experiments, CBFb/RUNX1 levels were chosen to achieve a
2.0- to 2.5-fold increase in promoter activity in order to stay
within the linear range of the assay. Seven of the nine amino
acid substitutions resulted in either a significant reduction
(Q8R, G61A, N63K, I102E, N104A, E135R) or complete abla-
tion (N104K) of promoter activity relative to complementa-
tion with wild-type CBFb (Fig. 1B).

To determine if these substitutions also disrupt the in-
teraction with HIV-1 Vif, we performed a series of single
cycle HIV-1 replication assays in the same CBFb-depleted
HEK293T cell line (Fig. 1C). These cells were transiently
transfected with a Vif-proficient A200C HIV-1IIIB molecular
clone in the presence of human A3G and an increasing
amount of each HA-tagged CBFb variant. Forty-eight hours
after transfection, cell lysates and viral particles were collected
for immunoblotting and viral infectivity was monitored by
infection of the reporter cell line CEM-GFP. In the absence of
CBFb complementation, HIV-1 Vif steady-state levels are low,
A3G levels are high, A3G is able to package efficiently into the
viral particles, and infectivity is restricted (Fig. 1C). Upon
complementation with wild-type CBFb, HIV-1 Vif steady-
state levels increase, A3G is degraded, less A3G incorporates
into the viral particles, and viral infectivity is rescued (Fig.
1C). In every case, complementation with the CBFb variants
phenocopied the wild-type protein, resulting in increased Vif
stability, increased degradation of A3G, and a rescue of viral
infectivity. As the seven amino acid substitutions that di-
minished CBFb/RUNX1-dependent transcription have no
effect on Vif binding, it is unlikely that Vif is acting as a RUNX
mimic.

A mutagenesis screen of CBFb surface residues
reveals F68 as a key HIV-1 Vif interaction determinant

As none of the amino acid substitutions that disrupted the
RUNX interaction had an impact on Vif function, we carried
out a mutagenesis screen of CBFb surface residues based on
the crystal structure of the unbound RUNX heterodimeriza-
tion domain (CBFb residues 1–141).24 This screen was focused
on changing charged or hydrophobic residues to oppositely
charged or hydrophilic residues, respectively. Each CBFb
variant was assayed for its capacity to activate the RUNX1-
dependent luciferase reporter and to stabilize Vif/rescue viral
infectivity in the presence of A3G as above (summarized in
Table 1). Of the 33 variants tested, 13 resulted in a signifi-
cant reduction or complete ablation of RUNX1-dependent
promoter activity relative to wild-type CBFb (t-test, p-
value less than 0.05). As above, none of these amino acid
substitutions had any impact on the ability of CBFb to stabi-
lize Vif, enhance A3G degradation, or rescue viral infectivity.

In our screen, two amino acids, a pair of phenylalanines at
positions 68 and 69, did impact the ability of CBFb to stabilize
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HIV-1 Vif (Table 1 and Fig. 2). The F68D F69D CBFb variant
did not visibly stabilize HIV-1 Vif, did not enhance the deg-
radation of A3G, and did not rescue viral infectivity (Fig. 2A).
Making the substitutions singly, F68D behaves indistin-
guishably from the double substitution variant and has no
appreciable ability to stabilize Vif or rescue viral infectivity.
The F69D substitution alone displays a slight defect in its
ability to stabilize HIV-1 Vif, but is still able to rescue viral
infectivity comparable to complementation with wild-type
CBFb (Fig. 2A). This slight defect may simply be due to
proximity to F68. All three variants, CBFb F68D F69D, F68D
alone, and F69D alone, are able to activate transcription at a

RUNX1-dependent promoter, indicating that these variants
are structurally intact and still able to form functional het-
erodimers with RUNX1 (Fig. 2C).

To determine if the F68D substitution disrupts the physical
interaction between CBFb and Vif or if this substitution is
acting by a different mechanism, FLAG affinity-tagged ver-
sions of CBFb, CBFb F68D, and CBFb N104K were coex-
pressed with RUNX1 and HIV-1IIIB Vif from a full molecular
clone in CBFb-knockdown HEK293T cells and im-
munoprecipitated. These cells were treated with MG132 to
stabilize Vif in the absence of wild-type CBFb and lysed by
sonication to break open the nuclei. Wild-type CBFb is able to

FIG. 1. Amino acid substitutions that disrupt the core binding factor (CBFb)/RUNX1 heterodimer do not disrupt the CBFb/
viral infectivity factor (Vif) interaction. (A) Activity of the FOXP3 promoter reporter gauged by the activity of Firefly
luciferase relative to the Renilla luciferase transfection control and reported as the mean – standard deviation of three inde-
pendent biological replicates, normalized to the no RUNX, no CBFb control (white bar). A constant amount of each luciferase
construct was cotransfected with empty vector (white bar), HA-tagged CBFb or RUNX1 alone (striped bars), or both
HA-tagged CBFb and RUNX1 (black bar) into a stable CBFb-knockdown HEK293T cell line. Immunoblots of RUNX1 and
HA-CBFb in cell lysates are shown with tubulin (TUB) as a loading control. (B) Activity of the FOXP3 promoter reporter
gauged by the activity of Firefly luciferase relative to the Renilla luciferase transfection control and reported as the
mean – standard deviation of three independent biological replicates, normalized to the no CBFb control (white bar). A
constant amount of each luciferase construct was cotransfected with RUNX1 and either empty vector (white bar), HA-tagged
CBFb (black bar), or the indicated HA-CBFb variant (gray bars) into a stable CBFb-knockdown HEK293T cell line.
Significance was determined by t-test, p-value less than 0.05. (C) Percent infectivity of HIV-1IIIB measured by infection of
CEM-GFP in duplicate and flow cytometry, reported as the mean of the two technical replicates – standard deviation. A
constant amount of Vif-proficient A200C HIV-1IIIB molecular clone was cotransfected into a stable CBFb-knockdown
HEK293T cell line with A3G in the presence of an increasing gradient of the indicated CBFb complementation vector.
Representative immunoblots of HA-tagged CBFb variants, Vif, and A3G in cell lysates and of A3G in HIV-1 particles
produced by those cells are shown with their respective tubulin (TUB) and p24 (CA) loading controls.
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pull down both RUNX1 and Vif (Fig. 2B). CBFb F68D, while
still able to pull down RUNX1 with similar efficiency to wild-
type CBFb, is greatly diminished in its ability to pull down
HIV-1 Vif. CBFb N104K, on the other hand, is able to pre-
cipitate Vif, but not RUNX1 (Fig. 2B). CBFb F68D and CBFb
N104K are therefore true separation-of-function variants,
specifically disrupting the ability of CBFb to bind and func-
tionally interact with HIV-1 Vif and RUNX1, respectively.

An alanine scan of CBFb regions previously implicated
in HIV-1 Vif binding reveals no additional
interacting residues

A previous study implicated two regions of CBFb, loop 3
from amino acids 69 to 91 and helix 4 from amino acids 129 to
140, in HIV-1 Vif binding based on immunoprecipitation ex-
periments with deletion constructs.9 These regions lie in close
proximity to F68D and may hold additional Vif interacting

residues. As deletion mutants within the RUNX hetero-
dimerization domain of CBFb often render it nonfunctional or
unstable,18,19,39 we generated a series of alanine scan substi-
tutions that covered the entirety of both of these regions three
to four amino acids at a time. Again, complementation with
wild-type CBFb, but not the F68D variant, resulted in in-
creased HIV-1 Vif steady-state levels, increased A3G degra-
dation, and a rescue in viral infectivity (Fig. 3A). The first set
of alanine substitutions 69-FPAS-73 included the F69 residue
previously assayed. This mutant again displayed an inter-
mediate phenotype, resulting in reduced, but appreciable Vif
stabilization and a partial rescue in viral infectivity (Fig. 3A).
Relative to their respective wild-type controls, this defect
appears more severe than the F69D mutation alone, poten-
tially indicating a role for the additionally altered amino acids
in the CBFb/Vif interaction or reflecting a larger structural
alteration in the F68 region. All remaining alanine scan CBFb
variants stabilized Vif and rescued viral infectivity compara-
ble to the wild-type protein (Fig. 3A). Furthermore, none of
these variants had a significant defect in activating the
RUNX1-dependent promoter relative to wild-type CBFb
(Fig. 3B).

Discussion

Molecular mimicry is a commonly observed viral strategy
to hijack host proteins through already evolutionarily opti-
mized binding surfaces.36 HIV-1 Vif is known to hijack the
host protein CBFb to enhance its stability and degrade the
antiviral family of APOBEC3 restriction factors.7–9 CBFb is a
transcription cofactor that normally heterodimerizes with one
of three RUNX proteins to activate the transcription of genes
involved in hematopoiesis and osteogenesis.11–13 We tested
the hypothesis that HIV-1 Vif may act as a RUNX mimic to
bind CBFb by creating a series of amino acid substitutions that
disrupted the ability of CBFb to heterodimerize with RUNX1.
While none of these substitutions altered the ability of CBFb to
interact with HIV-1 Vif, a mutagenesis screen of surface res-
idues identified F68 as a crucial determinant of this interac-
tion. The F68D substitution does not impact the ability of
CBFb to heterodimerize with RUNX1. The ability to create
distinct separation-of-function substitutions in CBFb that
either specifically disrupt Vif or RUNX binding indicates that
the two proteins interact with CBFb on genetically distinct
surfaces and that HIV-1 Vif is not acting as a RUNX1 mimic.

In total, 13 distinct CBFb variants disrupted the ability of
CBFb to heterodimerize with RUNX1 and activate transcrip-
tion of our reporter construct (shaded blue, Fig. 3C). These
substitutions map to the extensive CBFb/RUNX1 interface in
the cocrystal structure.26,27 Surprisingly, of all tested CBFb
variants, only F68D strongly disrupted the interaction with
HIV-1 Vif and failed to enhance A3G degradation (shaded
orange, Fig. 3C). While substitutions at F69 and adjacent
residues resulted in minor defects in Vif stability, it is unclear
if this is due to direct binding disruption or due to indirect
disruption at the adjacent F68 position. To identify the re-
mainder of the interaction surface, a majority of the residues
on the same surface of CBFb as F68 were altered, but no clear
candidates were identified.

One possibility is that the alanine substitutions near F68
were not dramatic enough to disrupt Vif binding. For exam-
ple, a CBFb E135R substitution resulted in partial disruption

Table 1. Summary of CBFb Amino Acid

Substitutions and Their Effects on Vif Stability

and RUNX1 Function

CBFb variant Vif stability RUNX activity

R3A + + + +
Q8R + + +
R9E + + + +
E13K, E15K + + + +
F17D, F18D, R19E, K20E + + -
R19E, K20E, R23D + + + +
E26K, K28E, Y29K + + -
F32D, R35E + + + +
E38K, E39K + + +
R40E, R43E + + +
Q45K, N46K, C48K + + + +
R49E, R52E + + + +
D50, G51K + + + +
S53A, E54K + + + +
F57K + + + +
G61A + + +
N63K + + +
Q67A + + + +
F68D, F69D - + +
F68D - + +
F69D + + +
R83E + + + +
Y94D + + + +
Y96D + + + +
Y98E + + + +
I102E + + +
N104A + + +
N104K + + -
K111E, W113E + + +
R118E + + + +
D120K + + + +
E126K, F127K + + -
E135R + + +

- , indicates no significant recovery in HIV infectivity or no
significant RUNX reporter activity.

+ , indicates a partial recovery in HIV infectivity or RUNX reporter
activity significantly below wild type.

+ + , indicates recovery or activity at wild-type levels. (Signifi-
cance determined by t-test, p-value < 0.05.)

CBFb, core binding factor subunit b; Vif, viral infectivity factor.
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of RUNX1 heterodimerization, but no disruption was ob-
served for E135A in an alanine scan variant over the same
region (Table 1 and Fig. 3B). Alternatively, the remainder of
the Vif interaction surface may reside on the C-terminal end
for which there is no available structure and that, therefore,
was not mutagenized in our surface screen. This is unlikely,
however, as both CBFb isoforms are able to interact with
HIV-1 Vif despite divergent C-termini and as recent evidence
has shown that the first 140 amino acids of CBFb are sufficient
to bind HIV-1 Vif.8,10 Additionally, the structures of the apo
and RUNX1/DNA bound forms of CBFb revealed significant
conformational differences between the free and complexed
protein.24–27 It is probable that binding to HIV-1 Vif also in-
duces a conformational change in CBFb and this may reveal
buried residues otherwise inaccessible for interaction. Struc-
tural studies will therefore likely be necessary for elucidation
of the full CBFb/Vif interaction surface.

The ability to cleanly separate function definitively shows
that the impact of CBFb on HIV-1 Vif, including enhanced
stability and an enhanced capacity to neutralize the APO-
BEC3 proteins, is a result of the direct interaction between the
two proteins and not an indirect effect dependent on RUNX
transcription. We hypothesize that CBFb may increase Vif
steady-state levels by decreasing its rate of proteasomal
turnover dependent on a direct protein–protein interaction.7

CBFb similarly protects the RUNX proteins from ubiquitin-
mediated degradation, though that mechanism is also un-
clear.16 It is possible that the interaction of CBFb with the
RUNX proteins and with Vif renders these proteins inacces-
sible for E3 ubiquitin ligase turnover either through confor-
mational influence or steric hinderance.7,16

While the two binding surfaces are genetically separable,
it does not rule out the possibility that the RUNX/CBFb and
the HIV-1 Vif/CBFb interaction surfaces are partially

FIG. 2. CBFb F68D disrupts the interaction with HIV-1 Vif. (A) Percent infectivity of HIV-1IIIB measured by infection of
CEM-GFP in duplicate and flow cytometry, reported as the mean of the two technical replicates – standard deviation. A
constant amount of Vif-proficient A200C HIV-1IIIB molecular clone was cotransfected into a stable CBFb-knockdown
HEK293T cell line with A3G in the presence of an increasing gradient of the indicated CBFb complementation vector.
Representative immunoblots of HA-tagged CBFb variants, Vif, and A3G in cell lysates and of A3G in HIV-1 particles
produced by those cells are shown with their respective tubulin (TUB) and p24 (CA) loading controls. (B) Immunoblots of
FLAG-tagged CBFb variants, Vif, and RUNX1 in cell lysates (Input) and after FLAG pull down (FLAG IP). Vif-proficient
A200C HIV-1IIIB molecular clone was cotransfected into a stable CBFb-knockdown HEK293T cell line with RUNX1 and the
indicated FLAG-CBFb expression vector. Tubulin (TUB) is the input loading control. Cells were treated with 2.5 lM MG132
for 16 h prior to lysis to stabilize Vif in the absence of CBFb. (C) Activity of the FOXP3 promoter reporter gauged by the
activity of Firefly luciferase relative to the Renilla luciferase transfection control and reported as the mean – standard deviation
of three independent biological replicates, normalized to the no CBFb vector control (white bar). A constant amount of each
luciferase construct was cotransfected with RUNX1 and either empty vector (white bar), HA-tagged CBFb (black bar), or the
indicated HA-CBFb variant (gray bars) into a stable CBFb-knockdown HEK293T cell line.
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overlapping and therefore mutually exclusive. If CBFb were
limiting, it is possible the RUNX proteins and HIV-1 Vif may
compete for CBFb in an infected cell and may therefore impact
the functionality of one another. These separation-of-function
mutants will prove essential tools in answering these ques-
tions going forward. Furthermore, we envision that a better
definition of the CBFb/Vif interface will help inform the
search for small molecule therapeutics designed to work by
disruption of Vif function.
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FIG. 3. Alanine scanning fails to reveal additional residues at the CBFb/Vif interface. (A) Percent infectivity of HIV-1IIIB
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stable CBFb-knockdown HEK293T cell line with A3G in the presence of an increasing gradient of the indicated CBFb
complementation vector. Representative immunoblots of HA-tagged CBFb variants, Vif, and A3G in cell lysates and of A3G
in HIV-1 particles produced by those cells are shown with their respective tubulin (TUB) and p24 (CA) loading controls. (B)
Activity of the FOXP3 promoter reporter gauged by the activity of Firefly luciferase relative to the Renilla luciferase trans-
fection control and reported as the mean – standard deviation of three independent biological replicates, normalized to the no
CBFb vector control (white bar). A constant amount of each luciferase construct was cotransfected with RUNX1 and either
empty vector (white bar), HA-tagged CBFb (black bar), or the indicated HA-CBFb variant (gray bars) into a stable CBFb-
knockdown HEK293T cell line. (C) CBFb structural model depicting F68 and F69 (orange), residues that disrupted the
RUNX1 heterodimer when altered (blue), and residues that had no impact on either the RUNX1 or Vif interaction when
altered (dark gray). The remaining residues (light gray) were not altered in this study.
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