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Abstract

Core binding factor beta, a transcription regulator through RUNX binding, was recently
reported critical for Vif function. Here, we mapped the primary functional domain important
for Vif function to amino acids 15 to 126 of CBFp. We also revealed that different lengths
and regions were required for CBFf assisting Vif or RUNX. The important interaction
domains that are uniquely required for Vif but not RUNX functions represent novel targets

for the development of HIV inhibitors.
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Core binding factor B (CBFp) regulates host genes specific to hematopoiesis and osteogenesis
(1, 6, 31) by forming heterodimers with CBFa (i.e., RUNX). CBFf does not function by
binding DNA directly (1); instead, it greatly enhances the affinity of RUNX for DNA,
specifically with the core binding sites of various promoters and enhancers (35) such as the
MCSFR promoter (25). This enhancement would affect the transcription of various genes in

human cells, resulting in the regulation of cell differentiation and proliferation (22, 31).

It has recently been shown by several research groups (10, 11, 13, 38, 39) that CBFf is also a
crucial determinant of the proper functioning of the viral infectivity factor (Vif) of HIV-1.
HIV-1 Vif'is necessary for viral survival in the host, since it serves to inactivate the host
restriction factors (APOBECS3 proteins) present in HIV-1’s natural target cells, including
macrophages and CD4+ T cells (2, 3, 5, 8, 9, 14, 18, 23, 24, 26-29, 34). Vif hijacks the
cellular Cullin5-ElonginB-ElonginC proteins to form a virus-specific E3 ubiquitin ligase
complex (36) that targets APOBEC proteins (such as APOBEC3G [A3G]) for proteasomal
degradation (4, 16, 17, 19-21, 30, 32, 36, 37). However, Vif’s contribution to A3G
degradation is almost completely abolished when the expression of CBF is silenced (13, 38).
Furthermore, mutations in Vif that disrupt CBFf binding prevent Vif from suppressing the
antiviral activity of A3G. CBFp interacts specifically with HIV-1 Vif to uniquely control its
interaction with Culllin5, but not with ElonginB/ElonginC or A3G. Both wild-type CBFf
(either isoform 1-182 or isoform 1-187) and C-terminal truncated CBFf (residues 1-140)
interact with Vif in vitro, and Vif’s solubility is greatly improved when it is co-expressed
with CBFp (39). CBFp has been found to influence HIV-1 Vif’s stability (13), Cul5 binding

(38), and mediation of A3G degradation (10, 11, 13, 38, 39).
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In the current study, we have further examined several internal regions of CBFf3 that are
crucial either for assisting Vif or regulating RUNX activity. By testing both N- and C-
terminal truncation mutants of CBFf, we have also identified a minimally functional
fragment of CBFp that can mediate the Vif-induced degradation of A3G. Overall, we have
demonstrated that different domains of CBFp are required for the protein’s Vif- and RUNX-
related functions, indicating that the CBFB-Vif interaction and CBFB-RUNX binding require

different domains of CBFf and suggesting new possibilities for anti-HIV-1 drug design.

CBFp1-126 is fully functional in the Vif-induced depletion of A3G

The interaction between C-terminal truncated CBFp and the Vif protein in vitro (39)

triggered our interest in examining these CBFf variants for their potency in contributing to
Vif function. PCR was performed with pCBFB-myc (38) as the template. The purified

product was inserted into pcDNA3.1(-)(Invitrogen)to generate pCBFB-HA. pCBFp1-141-HA,
pCBFB1-135-HA, pCBFB1-130-HA, pCBFB1-126-HA, and pCBFB1-120-HA were then
constructed from pCBFB-HA by site-directed mutagenesis and confirmed by DNA

sequencing (Fig. 1A).

To determine the relative potency of CBF mutants with regard to their effects on Vif-

mediated A3G degradation, we co-transfected HEK293T cells with the C-terminal truncated
CBFp constructs and Vif- and A3G-expressing vectors; the expression of endogenous CBFf
had been depleted in these cells by the introduction of sShRNA (CloneID TRCN0000016644,

TRCN0000016645, obtained from Open Biosystems). In brief, CBFp-knockdown HEK293T

cells at 80% confluency were co-transfected with 300ng of A3G-HA plasmid, 900ng of Vif-

myc plasmid (both gifts of Dr. K. Strebel), and 1ug of one of the CBFB-HA variant

constructs. Cells were harvested at 48h post-transfection. Western blotting was carried out



74  with anti-HA antibody (Invitrogen, 715500) to detect A3G and CBFp and anti-MYC

75  antibody (Covance, MMS-101P) to detect Vif.

76

77  The interactions between CBFp variants and Vif were then characterized by co-

78  immunoprecipitation (Co-IP). Cells were harvested at 48h post-transfection, washed with
79  1xPBS, and suspended in lysis buffer (S0mM Tris-HCI, pH 7.5, 150mM NaCl, and 0.5%-
80  1.5% NP40, supplemented with Roche protease inhibitor cocktail). Samples were sonicated
81  at 15% power for 60s with a 3-s break every 3s, then centrifuged to obtain a clear supernatant.
82  Input samples were incubated with HA-labeled beads (Roche) for 3h, then washed several
83  times with Wash Buffer (20mM Tris-HCI, pH 7.5, 100mM NaCl, 0.1mM EDTA, and 0.05%
84  Tween-20). The samples were then eluted with 100mM glycine-HCI, pH 2.5.

85

86  We first discovered that CBFf1-141 could still inactivate A3G in the presence of Vif (Fig.
87  1B); this inhibition was later determined to be due to a potent interaction between CBFp1-
88 141 and Vif (Fig. 1C) that resembled our previously reported finding in E. coli (39). Further
89  study revealed that a deletion of amino acid residues 127-182 or fewer residues of (CBFp1-
90 135, 1-130, and 1-126) had very little impact on CBFp’s ability to assist Vif, suggesting that
91 the long C-terminal tail of CBF is not required for the Vif-induced degradation of A3G or
92  even for binding to Vif (Fig. 1B-D). However, a further deletion of six more residues at the
93  C-terminus (CBFB1-120) almost completely abolished the ability of CBFf to contribute to
94  Vif-induced A3G degradation (Fig. 1B). Our co-IP results indicated that these six residues
95  (121-126) were critical for the interaction of CBFf} with Vif (Fig. 1D). Therefore, binding to
96  Vifis critical for CBFP enhancement of Vif function. Vif expression appears quite variable,
97  depending on the co-transfected CBFp variant. However, there is no direct correlation

98  Dbetween Vif function and the ability of CBFf truncations to enhance Vif expression. For
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example, CBF-beta 1-120 showed increased Vif expression but did not support Vif-mediated

A3G degradation (Fig. 1B).

CBFp1-130, but not 1-126, can fully support RUNX1-mediated gene transcription
Inside eukaryotic cells, CBFf has a natural binding factor named RUNX, and CBFB-RUNX
binding has been shown to be essential for regulation of host gene expression (7, 12). It
would therefore be interesting to determine whether a CBFf variant that is able to assist Vif
could still regulate a RUNX1-mediated promoter. Therefore, we transfected CBFf3-
knockdown HEK293T cells with 500ng of a firefly luciferase MCSFR promoter construct
(pMCSFR-luc) (15), 500ng of the RUNX1c-myc plasmid (a gift of Dr. A. Friedman), and
lug of each CBFB-HA variant construct in triplicate. Forty eight hours post transfection, the
cells were lysed, and the luciferase activity was quantified with the Promega Dual-Luciferase

Reporter Assay System (Promega) according to the manufacturer’s protocol.

Surprisingly, although CBF1-126 was fully functional in terms of the Vif-induced
degradation of A3G, it lost the ability to regulate RUNX1 (a >2-fold decrease); in contrast,
all other longer variants, including CBFB1-130, maintained their ability to regulate RUNX1
(Fig. 2A). Further investigation suggested that although binding to RUNX was detected for
all the other functional CBFf variants (Fig. 2B), CBFp1-126 and 1-120 were unable to bind
RUNXI efficiently (Fig. 2B). Therefore, we conclude that different lengths of CBFf are
required for its role in Vif function and for its role in RUNX function, with residues 127-130

being essential for RUNX1-mediated gene transcription.

CBFp acts through different domains in its interactions with Vif and RUNX1
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The differing potencies of CBFf1-126 and CBFf1-130 with regard to RUNX1 led us to
hypothesize that CBFp may function through different domains in assisting Vif and RUNX1.
We therefore tested this hypothesis using CBFBd2-14 and d69-90 (Fig. 3A), which were
previously reported to have differing abilities to bind Vif (38). Consistently, CBFp variant
d2-14, which could still bind Vif, was fully functional in assisting with the degradation of
A3G (Fig. 3B and 3C), indicating that the first 14 residues of CBFp are also dispensable for
Vif assistance. In contrast, CBF} variant d69-90 failed to bind Vif and assist in degrading
A3G (Fig. 3B and 3C), confirming that the CBFB-Vif interaction is essential for the
downstream degradation of A3G. The RUNX1-mediated promoter test presented a different
story, however, with d2-14, but not d69-90, failing to bind RUNX and support RUNX
function (Fig. 3D and 3E). Therefore, CBFf indeed interacts with RUNX and Vif through

different binding regions.

Loop3, but not other loops of CBFp, is important for the inactivation of A3G
CBFBd69-90, whose deletion covers the majority of the longest loop (Loop3, residue 68-85)
in the published CBFf structure (PDB: 1H9D) (33), is deficient for Vif binding (38),
indicating the importance of this loop for Vif binding. We therefore introduced several
mutations into Loop3: pCBFBLoop3.1-HA, pCBFBLoop3.2-HA, and pCBFfLoop3.3-HA
were synthesized and sequenced by Shanghai Generay Biotech Co., Ltd (Shanghai,
China)(Fig. 4A). Further tests indicated that only the first six amino acids of Loop3 were
important for the degradation of A3G, since mutations in this area led to a partial rescue of
A3G in the presence of Vif (Fig. 4B and 4D). We did notice that the expression of Loop3.1 in
Fig. 4B was less than wild type CBFf, so a dose manner was applied to wild type CBFf} and
we again observed the inability of Loop3.1 in assisting Vif (Fig. 4C). Consisting of

CBFBd69-90, this mutation did not alter CBFp’s capacity to assist RUNXI1 (Fig. 4E and 4F).
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Similar tests were also performed with other CBFf loops including Loop1, Loop2, and
Loop4 to identify other potential Vif binding domains (Fig. 5A). Loop5 was excluded
because of its possible interaction with RUNX according to the reported crystal structure
(33). Analysis of Loop1, Loop2, and Loop4 mutants indicated that these areas were not
important for either Vif-mediated degradation of A3G or for RUNX1-mediated regulation of
gene expression (Fig. SB-E). It is possible that these loop mutants may have an increased

affinity for Vif (Fig. 5C).

In this study, we have now for the first time screened both N- and C-termini of CBFf for a
primary functional domain that is important for Vif function. Our results with C-terminal
truncations of different lengths suggested that the entire C-terminal tail, together with the last
helix (H4), is not required for assisting Vif; our examination of CBFf3d2-14, on the other
hand, revealed that residues 2-14 of CBFp are also dispensable. Therefore, we conclude that
CBFp 15-126 contains the minimum fragment required for CBFf} to maintain the ability to

assist in the Vif-induced degradation of A3G.

CBFp is essential for mouse embryo development. It was surprising that we connected
functional CBFp truncations such as CBFp1-126 and CBFB1-130 to Vif and RUNX,
respectively, since it has been reported that CBFf155 isoform composed with CBFB1-133
plus 161-182 cannot restore the development of murine embryos (35). Since we have
determined that the C-terminal tail of CBFf (131-182) is dispensable for both Vif-induced
A3G degradation and RUNX 1-mediated transcription of the MCSFR promoter, it is possible
that the C-terminal tail of CBFp has a novel function in embryo development. It is also
possible that different domains on CBFp are required for the regulation of different host

genes.
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We have previously reported that loop3 of CBFf may be important for Vif binding (38). In
the current study, we have determined that the first six amino acids (68-73) in loop3 of CBFf3
are important for Vif binding and function. During the preparation of this paper, Hultquist et
al. reported their findings (11), which shared some similarities with ours. For example, they
observed that CBFBF68D was defective for Vif binding and function. It is not clear whether
only F68 in loop3 is important for Vif binding and function. We observed that CBFBF68S
could still support Vif function (data not shown). Further study will be required to determine

the importance of amino acids 69-73 of CBFf in Vif binding/function.

Various distinct regions of CBFf3 were shown in this study to be important either for Vif’s
ability to degrade A3G or for RUNX-mediated regulation of host genes. However, no regions
yet have been discovered that have an impact on both functions of CBFf. Hultquist et al.
recently screened a series of CBFf mutants and also found no mutants that affected both the
Vif-related and RUNX-related activities (11). In addition, according to the known structure
of the binding between CBFf3 and RUNX, the region (loop3) of CBFp that was found to be
critical for Vif binding has no contact with RUNX1. Therefore, the one protein, CBFp, must
fulfill different requirements for HIV-1 Vif-mediated A3G degradation and RUNX1-
mediated transcription. A more detailed understanding of the CBFf-Vif binding interface
should provide crucial information for designing anti-HIV-1 drugs that will not interrupt the

normal CBFB-RUNX function in human cells.
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318  degradation. A. Cartoon of CBFf C-terminal truncation. B. Effect of C-terminal CBF3

319  deletions on Vif-mediated A3G degradation. A3G-HA, HXB2-Vif, and CBF variants were
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321  to detect A3G, Vif, and CBFf expression. Results are representative of three independent
322  experiments. C,D. Co-IP to detect interactions between HIV-Vif and the CBFp variants in the
323  absence of A3G. Results are representative of three independent experiments.
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Figure 2. CBFP1-130, but not 1-126 or 1-120, can interact with RUNX1c and regulate gene
transcription mediated by RUNX1c. A. Luciferase assays confirmed that CBFf1-130 is
functional in terms of RUNX1c regulation of the MCSFR promoter. It has been reported that
endogenous RUNX1 expression is very low in HEK293 cells. For the MCSFR promoter
assay, exogenous RUNX1 is introduced into HEK293 cells as previously described (15). For
all luciferase tests, the ratio of the luciferase count of the MCSFR promoter-Luc plus Runx1
and a control vector was used as the reference and was set to 1. Results are representative of
four independent experiments. Each bar is the average of three replicates from the same
experiment (error bars indicate mean+SD). B. CBFB1-130 can still interact with RUNXlc,
while CBFB1-126 and 1-120 lost such capability. Results are representative of three

independent experiments.

Figure 3. CBFp acts through different domains to assist Vif and RUNXI1. A. Cartoon of
CBFp domain truncations. B. Functional comparison of wild type and mutant CBF[3, N-
terminal CBFf truncation d2-14 could support Vif function in degrading A3G, while d69-90
was defective for Vif-induced A3G degradation. Results are representative of five
independent experiments. C. Co-IP showed that CBFfd2-14 could bind Vif, but d69-90 could
not. Results are representative of three independent experiments. D. CBFd69-90 could bind
RUNXIc, but d2-14 could not. Results are representative of three independent experiments.
E. Luciferase assays confirmed that CBFd69-90 was fully functional in terms of RUNX1c¢
regulation of the MCSFR promoter, but d2-14 was not. Results are representative of three
independent experiments. Each bar is the average of three replicates from the same

experiment (etrror bars indicate mean+SD).
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Figure 4. Mutations occurring on Loop3 of CBFf have no impact on RUNX1-mediated
transcription, while the first six residues of Loop3 are important for Vif-induced degradation
of A3G. A. Mutations designed for Loop3 of CBFf. In general, Ala scanning mutagenesis
was performed. However, to achieve the maximum effect, small amino acids such as Gly and
Ala were changed to charged amino acids. Hydrophobic amino acids with aromatic long side
chain such as Phe and Try were changed to hydrophilic Ser residues. A similar strategy was
also applied to the other loop mutations. B. The first 6 aa in Loop3 are important for Vif-
induced A3G degradation. Results are representative of four independent experiments. C.
Functional comparison of wild type CBF and mutant CBFf3 (Loop3.1 and F68D). Both
mutant CBFB Loop3.1 and F68D lost the capability of assisting Vif to degrade A3G when
compared to wild type CBFp. Results are representative of three independent experiments. D.
Co-IP indicated that Loop3.1 malfunctioned because of compromised interaction with Vif.
Results are representative of three independent experiments. E. Co-IP confirmed that the
mutations on Loop3 did not affect the CBFB-RUNXIc interaction. Results are representative
of three independent experiments. F. Luciferase assays confirmed that all Loop3 mutants
were fully functional with regard to Runx1c-mediated regulation of the MCSFR promoter.
Results are representative of three independent experiments. Each bar is the average of three

replicates from the same experiment (error bars indicate mean+SD).

Figure 5. Mutations occurring in other loops of CBFf have no impact on either RUNX1-
mediated transcription or Vif-induced A3G degradation. A. Mutations designed for Loopsl, 2,
and 4. B. No crucial residue was detected in these loops in terms of Vif-induced A3G
degradation. Results are representative of four independent experiments. C. Co-IP confirmed
that mutations in Loopsl, 2, or 4 do not affect the CBFB-Vif interaction. Results are

representative of three independent experiments. D. Co-IP confirmed that mutations in
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Loopsl, 2, or 4 do not affect the CBF-RUNXIc interaction. Results are representative of
three independent experiments. E. Luciferase assays confirmed that all these mutants were
fully functional in terms of RUNX1c-mediated regulation of the MCSFR promoter. Results
are representative of three independent experiments. Each bar is the average of three

replicates from the same experiment (error bars indicate mean+SD).
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