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Human immunodeficiency virus (HTV) and its clinical syndrome, acquired immune
deficiency syndrome (AIDS), are one of the world's most prominent health problems. To
understand the mechanisms underlying HTV transcription and thereby its propagation, we
have focused on the molecular interactions at the GC-rich binding sites of the HIV-1 core
promoter, a region important for HTV-1 transcription. Previous biochemical studies have
shown that Spl, a zinc finger transcription factor initially isolated as a cellular factor
binding that binds to the SV40 early promoter GC-rich sequence, binds to the HIV-1
GC-rich binding sites due to sequence similarities. However, the HTV-1 GC-rich binding
sites are considerably different from the Spl consensus binding sequence, and recent
genetic studies have shown the lack of regulation by Spl in numerous genes thought to be
regulated by that factor in the past. We reasoned that other factors may bind to the HTV-1
GC-rich binding sites. Using the native HTV-l GC-rich binding sequence as the bait, genetic
screening for interacting factors was performed by the yeast one-hybrid method. A cDNA
encoding a novel zinc finger protein named GBF, GC-rich sites binding factor, was isolated
from a human peripheral blood leukocyte library. Primary structure analysis of GBF
revealed a C2H2 Krtippel-type zinc finger at its C-terminus, and putative acidic and
proline-rich domains at its N-terminus. We also show that GBF belongs to a subgroup of
Krtippel-type zinc fingers distinct from Spl. By directly addressing interactions at the
HIV-1 GC-rich binding sites, our present study sheds new light on molecular interactions
at the HIV-1 promoter.
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Human immunodeficiency virus (HTV), the causative agent
of the global epidemic acquired immune deficiency syn-
drome (AIDS), is a prime focus of medical research as its
pathogenic mechanisms are not yet comprehensively
understood (i). We have focused on understanding the
mechanisms underlying HIV transcription, as regulation is
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primarily controlled at the transcription level (2).
Transcription involves a milieu of DNA-protein/pro-

tein-protein interactions assembling multi-protein com-
plexes at enhancer/core promoter elements which act in
concert to activate the basal RNA polymerase machinery.
Additional mechanisms of alteration of the chromatin
structure are seen in eukaryotes. Viruses, which have
conserved basic elements of eukaryotic transcriptional
mechanisms, are well suited for investigations because of
their simplicity. The HIV-1 core promoter is compact,
containing a canonical TATA element, GC-rich binding
sites and NFxB binding sites located within the first 100 bp
upstream of the transcription initiation site (3); these DNA
binding elements are conserved across species, and are
found in both human and simian immunodeficiency viruses.

Numerous past studies have concerned the mechanisms
of transcriptional regulation at these DNA binding ele-
ments. Biochemical studies on the GC-rich binding sites
have shown the binding of cellular zinc-finger transcription
factor Spl, which was initially isolated as an activity that
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stimulated activation of the SV40 early promoter, to the
HTV-1 GC-rich sites owing to sequence similarities (4-8).
We reasoned that other factors may bind to the HTV-1
GC-rich binding sites; (i) the HTV-1 GC-rich binding sites
are considerably different from the consensus binding
sequence of Spl, suggesting the possibility of binding (e.g.
differential affinity) of other sequence-specific DNA-
binding factors (see Fig. la for a schematic diagram); (ii)
recent studies have shown that similar yet functionally
distinct zinc finger transcription factors bind to similar if
not identical GC-rich binding sites (9-11); and (hi) genetic
loss-of-function studies in mice showed the lack of regula-
tion by Spl in numerous genes thought to be regulated by
that factor in the past (12).

To understand the precise molecular interactions at the
HTV-1 GC-rich binding sites, genetic screening involving
the native HTV-1 GC-rich binding sequence as the bait was
performed to identify interacting factors by the yeast
one-hybrid method. A cDNA encoding a factor named GBF,
GC-rich sites binding factor, was isolated. GBF is a novel
Krilppel-type zinc finger protein which belongs to a sub-
group of Krtippel-type zinc fingers distinct from Spl. Our
findings shed new light on the mechanisms underlying gene
regulation of HTV-1, and on the DNA-protein interactions
caused by zinc finger factors.

METHODS

Yeast One-Hybrid Screening—The DNA sequence span-
ning the GC-rich binding sites of HTV was synthesized with
EcoRl/Smal sites at the 5' and 3' ends (sense, 5'-AATCCG-
AGGCGTGGCCTGGGCGGGACTGGGGAGTGGCCCC-3';
antisense,5'-GGGGCCACTCCCCAGTCCCGCCCAGGCC-
ACGCCTCG-3'), annealed, and then subcloned into the
EcoRl/Smal sites of vectors pHISi and pLacZi (both from
Clontech), which contained the HLS3 and lacZ genes
downstream of the inserted binding site, respectively.
pHISi and pLacZi also harbored the HIS3 and URA3 genes,
respectively, to facilitate site-selective homologous recom-
bination. In the presence of activating factors, HI3 and
lacZ gene expression is increased, allowing for dual selec-
tion as to 3-amino-triazole (3-AT) and yS-gal activity,
respectively. Reporters were transformed into yeast strain
YM4271 (MATa, ura3-52, his3-200, ade2-101, lys2-801,
leu2-3, 112, trpl-903, tyr 1-501) by the lithium acetate
method (23). The HIS3 and lacZ reporters were integrated
selectively into the genome at the his and ura loci of
YM4271, respectively. YM4271 strains harboring the
HIS3 and lacZ reporters for HTV and p53 binding sites
(p53 constructs supplied by the manufacturer) are referred
to as YM4271/HTV and YM4271/p53, respectively. Prepa-
ration of the transformant with the HIS3 and lacZ re-
porters was confirmed by the prototrophy to histidine (His)
and uracil (Ura) on SC plates lacking His and Ura, respec-
tively. Site-specific homologous recombination was con-
firmed by means of the polymerase chain reaction using
primers specific to flanking genomic sequences. After
determining the background level of the expression of
YM4271/HTV, a human peripheral blood leukocyte library
in the A -ACT vector, which harbors the GAL4 activation
domain fused N-terminal to the clone (kindly provided by
S. Elledge), was screened. The plasmid library was trans-
formed into YM4271/HTV, and positive clones were select-

ed on SC plates lacking leucine but containing 50 mM 3-AT.
Positive clones were further selected as to /?-galactosidase
activity essentially according to the method described
previously (14). In each case, p53 was used as a control.
Plasmids containing positive clones were isolated from
yeast using the glass-beads technique and transformed into
Escherichia coli strain DH5a-. Plasmid DNA was further
isolated using standard techniques, and the nucleotide
sequence of the clone was determined by the dye termi-
nator method (Applied Biosystems Model 377 sequencer).
Nucleotide sequences were confirmed for both strands.

Co-transfection assays were performed using essentially
the same techniques. The plasmid containing the positive
clone was transformed into yeast and selected as to proto-
trophy for leucine on SC plates lacking leucine, and then
subjected to the /3-galactosidase assay.

Isolation of the Full Length cDNA Clone—To isolate the
full length clone, plaque hybridization using the peripheral
blood leukocyte A -act library was performed. After infec-
tion of E. coli strain LE 392, plaques were transferred to
Hybond N nylon niters (Amersham), fixed with alkali, and
then UV-crosslinked. One million clones were screened
under hybridization conditions of 50% formamide, 500 mM
sodium-phosphate buffer (pH 7.0), 0.1% SDS, 1 M NaCl,
5xDenhardt's solution, and 50//g/ml denatured salmon
sperm DNA. After initial preincubation for 2 h at 42"C, a
random-primed 32P-labeled 1.3 kb Xhol insert of the
positive clone was added as a probe and the filters were
hybridized at 42°C for 16 h. The filters were washed in 2 X
SSC/0.05% SDS at room temperature, followed by further
washing with 0.5 X SSC/0.05% SDS at 42'C. The filters
were then subjected to autoradiography for 24 h. Following
isolation of single plaques by two repeated screenings, E.
coli strain BNN132 was infected with the phage super-
natant, and after 30 min incubation at 30'C, the plasmid
was recovered. The plasmid DNA was further transformed
into E. coli strain DH5<* and isolated using standard
techniques. The nucleotide sequence of the positive clone
was determined using the dye terminator method (Applied
Biosystems Model 377 sequencer). Nucleotide sequences
were confirmed for both strands.

Northern Blot Analysis—A filter with mRNA from
various cell lines was obtained from Clontech. Following
preincubation of the filter in ExbressHyb hybridization
solution (Clontech) at 68'C for 30 min, a random-primed
32P-labeled 1.3 kb Xhol insert, as a probe, was added,
followed by further incubation for 1 h at 68'C. The filter
was washed with 2xSSC/0.5% SDS followed with 0.1 x
SSC/0.5% SDS at 68"C. The filter was then subjected to
autoradiography for 48 h. The GAPDH probe was used as a
control for expression.

Analysis of the Intracellular Localization of the Isolated
Facto)—The 1.3 kb Xhol fragment was subcloned in-frame
into pEGFP-Cl (Clontech) containing a red-shifted green
fluorescent protein fused N-terminal to the clone. HeLa
cells were cultured to subconfluency in DMEM (Nissui)
supplemented with 5% FCS (Gibco). pEGFP-Cl (l,ug)
with the 1.3 kb insert was tranfected using Tfx-50 reagent
(Promega), and cells were observed by microscopy at 24 h.
Hoechst nuclear staining was performed as a control for
localization of the nucleus.

Expression of the Recombinant Protein—The zinc finger
putative DNA binding domain with the flanking regions
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(from 17 amino acids N-terminal of the initial Cys residue
of the first zinc finger) of GBF was subcloned into vector
pGEX4T-l (Pharmacia Biotech) at the BamYO. site foDow-
ing PCR-mediated mutagenesis using the following primers
to introduce BamHl restriction enzyme sites into the
flanking regions (sense, 5'-CGGGATCCCATATGGACAA-
GGGAAATGGCGATGC-3'; antisense, 5'-GCCTACAGG-
ATCCACCTCTC-3')- The GST-fusion construct was trans-
fected into E. coli strain BL21(DE3)pLysS, and grown in
M9 medium containing 100//M ZnSO4 at 27"C until the
OD69S reached 0.6-0.8, at which time IPTG (0.4 mM) was
added. The cells were harvested after further growth at
27'C for 3 h.

The cells were washed in 20 mM Tris Cl (pH 7.9)/200
mM NaCl, and then suspended in Buffer A [20 mM Tris Cl
(pH 7.4), 10% glycerol, 500 mM KC1, 0.01% NP-40, and 50
mM /3-mercaptoethanol]. Following sonication, NP-40 was
added to 0.1%, and the cells were centrifuged at 18.5 krpm
for 30 min. Glutathione-Sepharose resin (Pharmacia Bio-
tech) was added to the lysate, followed by incubation for 2
h. After repeated washings with Buffer A, the recombinant
protein was eluted using Buffer A containing 20 mM
reduced glutathione (Wako).

Products were analyzed by 12% SDS-PAGE by staining
with Coomassie blue. Protein concentrations were esti-
mated using the Bio-Rad protein assay reagent (Bio-rad).
All procedures concerning proteins were performed at 4'C.

Gel Shift Assay—The double stranded sequence of the
bait for the one-hybrid screening was used as the probe for
gel shift analysis of DNA-protein binding (top 5'-TTTCCA-
GGGAG^CGTGGCCTGKKXXJGGACTGGGGAGTGGCGT-
CCCTCA-3'). The consensus p53 sequence was used as a
negative control in binding reactions (5'-GGCATGCCTA-
GGCATGCCTAGGCATGCCTAGGCATGCCTAGGCATG-
CC-3')- Hybridized double-stranded DNA was gel-purified
prior to use. Following incubation of the recombinant
protein in the presence or absence of cold self or nonself-
competitor at 4'C for 15 min in binding buffer consisting of
20 mM HEPES (pH7.6), 20% glycerol, 0.2 mM EDTA,
0.1% Triton X-100,100 mM NaCl, and 100 //M ZnSO<( the
32P kinase-labeled probe (1 ng, 1.0 x 104 cpm) was added,

followed by incubation at 30'C for 15 min. The mixture was
then electrophoresed on 6% polyacrylamide gels. The gels
were then subjected to autoradiography.

Sequence Analysis—Primary structure alignment and
phylogenetic tree analysis (NJ plot) were performed using
Clustal W (EMBL) (15). Edmundson Wheels hydrophobic
plot analysis (16) was performed with Genetyx-Mac 8.0
software (Software Development). Homology searches
were performed with online BLAST software (GenBank,
NCBI) (17). Domain analysis was performed with online
PROSITE software (GenomeNet WWW server, Human
Genome Center, Institute of Medical Science, The Univer-
sity of Tokyo) (18). Secondary structure prediction analy-
sis was performed with online Predict-Protein software
(PHD, EMBL) (19).

RESULTS

Isolation of the Putative Clone Encoding the Factor
Binding to the GC-Rich Binding Sites by Yeast One-Hybrid
Screening—On yeast one-hybrid genetic screening (scheme
shown in Fig. lb), we isolated a cDNA encoding a factor
which interacts with the HTV-1 GC-rich binding sites from
a peripheral blood leukocyte library. Of the 7.0x10° clones
screened, 30 met criteria for a dual reporter system (e.g.
HIS/3AT and ySgal). Two independent clones encoded the
novel protein. The Spl-encoding clone was not isolated.
Initial analysis of the nucleotide sequence showed this
factor contained a C2H2-type zinc finger domain, as asses-
sed by PROSITE motif analysis. This factor was named
GBF, GC-rich site binding factor. Its intracellular localiza-
tion was analyzed using a GFP-fusion construct (see Fig. 2),
which showed localization to the nucleus. This is supported
by the finding that GBF contains a stretch of basic amino
acids N-terminal of the zinc finger, which has been implied
to be a nuclear localizing signal in similar zinc finger
proteins (20). With initial data supporting that we had
obtained a novel zinc finger nuclear factor, further studies
were performed to isolate the entire coding region and to
ascertain its characteristics.

Isolation of the Entire Coding Region of the cDNA—The

HIV : -79 GGAGGCGTGGCCTGGGCGCGACTGGGGAGTGGCG -44

SV40 : -102 QGGCGGGGATTGAOGCGGGTAGGGCOGGGATTGACGCGGGT -62

transcription
machinery

IMCZ/HIS3

GAGGCGTGOCCTGGGCGGOACTGGGGAGTGGC

Vol. 124, No. 2, 1998

Fig. 1. (a) Schematic diagram of the DNA binding
elements at the HIV-1 core promoter and interac-
tions with DNA-binding factors. Note the divergence
in the GC-rich sequence between the SV40 and HIV-1
promoter regions. The underlined HFV-1 GC-rich se-
quences are regions protected by Spl as seen in DNasel
footprint studies (7), and the underlined regions in
SV40 are identically repeating GC-rich sequences. Note
that only the middle underlined region of the HTV-1
GC-rich sequence is identical to that of SV4O. (b)
Schematic diagram of the yeast one-hybrid assay.
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initially obtained clone contained an in-frame stop codon
but lacked a putative translation initiation codon. Phage
hybridization screening of a peripheral blood leukocyte
library was performed to determine the 5' end. The most
distal clone, resulting in extension 130 bp upstream, con-
tained a putative translation initiation site encoding a

methionine with a flanking consensus Kozak sequence (21),
and was denoted as the putative translation initiation codon
(see Fig. 3a). Further upstream of the putative translation
initiation site (e.g. the first methionine residue) we located
an in-frame stop codon which additionally supports this
methionine is the bona-fide translation initiation site. RT-

Fig. 2. Intracellular localiza-
tion analysis of GBF. (a) Phase
contrast microscopy, (b) green
fluorescent protein (GFP) fusion
construct, (c) Hoechst nuclear
staining.
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820 830 840 850 860 870 880 890 900
tgctcatgggaagggtgtgagtggcgttttgcaagaagtgatgagttaaccaggcacttccgaaagcacaccggggccaagccttttaaa

910 920 930 940 950 960 _9_20 980 990
tgctcccactgtgacaggtgtttttccaggcctgaccacctggccctgcacatgaagaggcacctc^aapggagcagagaggtggatcct
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1000 1010 1020 1030 1040 1050 1060 1070 1080

1180 1190 1200 1210 1220 1230 1240 1250 1260
tgggtgaccccggactcgccactggtacccgcccttccgagcggcggcctaagcctttgccgtgagatgcacactgagaatgctaatggt

1270 1280 1290 1300 1310 1320 1330 1340
CgggttgactgtatgttgaggatctaCtactgaccgtatgatgaggccaacCttttttcctcgtggctagcaagactgca

D/E-rich S-rlch S/P-rich zinc fingers

29 89 148

Fig. 3. Primary structure of GBF. (a) Nucleotide and amino acid
structures of GBF. The deduced amino arid sequences are shown below
the nucleotide sequences. Putative zinc finger regions are underlined
with the anchoring cysteine and histidine amino adds shown in bold.

183 202 283

The in-frame stop codon upstream of the first methionine and the
termination codon are boxed. Major amino acids in the non-zinc finger
region are colored: D or E, red; S, blue; P, green, (b) Schematic
diagram showing the putative domain structures of GBF.
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4 . 4 -

2.4 —

• * • «-GBF

«-GAPDH

Fig. 4. Multi-cell Northern blot analysis of GBP mRNA. A
single band at 4.4 kb (GBF) can be seen. GAPDH is shown as an
expression control. The investigated cell lines are shown at the top of
the figure.

GBF vector

YM4271/HIV

YM4271/p53

Fig. 5. Assaying of specific binding of GBF to the GC-rich
binding sites of the HIV-1 promoter on co-transfection of the
denoted plasmids into the denoted reporter yeast strain shown
on the left. The columns show transfected effectors. Note that only
the combination of YM4271/HTV with GBF, and the p53 control show
a positive interaction, as shown by blue discoloration on /3-gal
assaying.

QST-
QSF OST

p6J

— — — IlOdO llOdO *™"F~™

PCR involving HeLa mRNA was also performed to inde-
pendently confirm the sequence of the 5' untranslated
region (data not shown).

Characteristics of the Primary Structure of GBF—Blast
analysis of GBF showed the protein is similar to known
KrUppel-type DNA-binding zinc finger factors (e.g. BTEB2
and EKLF). Primary structure analysis of GBF revealed a
60 amino acid stretch at the N-terminus (aa 29-88) rich in
acidic amino acids (D/E, 25%). Secondary structure predic-
tion with Predict-Protein and hydrophobicity plotting by
Edmundson Wheels analysis further revealed this region is
predominantly helical with an amphipathic distribution
(data not shown). Given that the amphipathic helix/acidic
stretch has been implicated as a transactivation domain
(22), these findings strongly suggest this region is the
putative activation domain. Furthermore, a region rich in
serine residues (31%) (aa 89-148), and a serine- and
proline-rich region (S, 19%; P, 22%) (aa 149-183) were
found in the mid-region of the protein. The proline-rich
domain may also be a potential activation or repressor
domain. The serine-rich region may be a potential site for
additional regulatory modification (e.g. phosphorylation)
(see Fig. 3b for a schematic diagram of the GBF primary
structure).

Expression Profile of GBF—Analysis of expression by
Northern blotting using a multiple cell line blot showed that
GBF is ubiquitously expressed, and importantly that it is
expressed in T-cells, which are susceptible to infection by
HTV (e.g. MOLT-4) (see Fig. 4). A single transcript of
approximately 4.4 kb, suggesting the transcript consists of
approximately 3.5 kb non-coding and 0.9 kb coding regions,
was obtained. Studies involving multiple tissue Northern
blotting also showed GBF is expressed ubiquitously, with
marginally differing transcript levels among tissue types
(data not shown).

Specific Binding of GBF to the HIV GC-Rich Binding
Sites—Initial yeast selection and co-transfection analysis
showed the interaction between GBF and the HTV-1
GC-rich binding sites is specific with p53 as a control (see
Fig. 5). Additionally, BLAST analysis had shown GBF is

1 2 3 4 5 6 7

Fig. 6. Gel shift analysis showing direct sequence-specific
DNA-binding of the GST-fusion GBF zinc finger recombinant
protein (GST-GBF) and the HTV-1 GC-rich binding sites.
GST-GBF was competed out by increasing amounts of cold probe
oligos but not an equimolar amount of a non-specific cold competitor
(e.g. p53 consensus binding site). The arrow indicates the shifted
DNA-protein complex.

similar to known DNA-binding zinc finger factors. Studies
were further conducted to show GBF is a direct DNA-bind-
ing factor. Gel shift analysis was performed to confirm the
DNA binding and sequence-specific binding properties. The
GST-fusion GBF zinc finger recombinant protein bound to
the HTV-1 GC-rich sites, which was not competed for by the
p53 consensus binding sequence in an equimolar amount
(see Fig. 6). These findings support the sequence-specific
DNA-binding properties of GBF to the HTV-1 GC-rich
binding sites.

DISCUSSION

Elucidation of the nature of DNA-protein interactions is an
important initial step for understanding the mechanisms
underlying regulation of gene expression by transcriptional
processes, as this is a decisive step in the regulation of
transcription (23-25). To better understand the tran-
scriptional mechanisms governing HTV transcription, we
initially focused on the interaction between DNA binding
factors and their binding elements, notably on the interac-
tions at the GC-rich binding sites of the HTV-1 core
promoter. In contrast to previous studies, which had shown
that zinc finger factor Spl interacts with the GC-rich

Vol. 124, No. 2, 1998
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a
OBF DGRRRVHRCHFNG£RKVYTKSSHLKAHQRTHTGEHPYR£SWW3CE
BTKB2 LEKRRIHY£DYPGi?ITWYTKSSHLJUkHLRTHTGEKPTKCTWIOCD
EXLT RKRQAAHTCAHPG£GKSYTKSSHLKAHLRT1TGE3CPTACTW«O£G
BZF RKRTATHTCiDYAGCGKTYTKSSHLKAHLRTlTGElU'YHCDWIKJCG

S p l
Sp3
SPH1
BTKB

PGKKKQHI£HIQG£GXVYQKTSHLIUkHLRl<HTGERPFMCTOSYC;G

PGKKKQHICHIEG£GKVYOKTSHLRAHLR1»HTGERPl'ICNWlir£G
HASEKRHKCPYSGCGKVYOKSSHLJUBYRVHTGERPFPCrWPDCL

BOR»lph* SSRIRSHIgSHPGgGKTYrKSSHUUm'l'RTflTCEKPfSgSWlCagE

ga q - l m l l x

¥RFAKSDELTRgFRltHTGJLKPFK£SH£DRCFSRSDHLALHMKRgLOBF
BTKB2 g
BKLF WRFAHSDBLTBHYRKHTG<}RPFR£QL£PIULFS11SDHLALH«KRHL
HIF WKFAHSDBLTRHYH«HTGHRPFQCQKCDl»AFSRSDHLALg«KRHF

* • * • * * * * * * * * • • + * + * , • * * * * • # * * # * # * # * + *

KRFTRSDILQRHKRTBTGEKKFACPECPIOIFIIRSDHLSKHIKTHQ

-QBF

-BTEB2

-EKLF

-Spl

-Sp3

-SPR1

-BTEB

-EQRalph*

S p l
Sp3 I H Q
SPR1 KRFTRSDELQRgRRTHTGBKJCFECPE£SiaiFIIRSDHLSKHVKTHQ
BTBB KKFSRSDKLTRHYRTHTG»KQFR£PL£EiaiFllRSDHLTKBARRHT

BORalphA HRFARSDILSRHRRTHTGlKItFA£PMCDRRFlIRSDHLTKEkRRgL

Fig. 7. (a) Alignment of various human Krtippel-type DNA-
binding zinc finger regions (containing three zinc fingers). The zinc
finger regions are overlined. Amino acids critical for DNA binding, as
deduced on crystal structure analysis, are shown in bold. Divergent amino
acids located N-terminal adjacent to amino acids critical for DNA binding,

and the third amino acid of the third zinc finger critical for DNA binding are shown in blue. These amino acids share common positions relative
to the a -helix. All other amino acids showing similarity in groups to the two upper groups are shown in green. Cysteine and histidine residues
contacting the zinc are in bold and underlined. * denotes identity, • denotes similarity, fll, 02, and ff-helix represent the putative first and
second 0 sheets, and the a^-helix, respectively, as deduced on past crystal structure analyses of similar zinc finger proteins (e.g. Zif-268). The
reference accession numbers are as follows: BTEB2 (D14520), EKLF (U65404), EZF (U70663), Spl(J03133), Sp3 (M97191), SPR1 (X68561),
BTEB (D31716), EGRalpha (S81439). (b) Phylogenetic tree analysis of these zinc finger clones (Clustal W, NJ plot) showing distinct
subfamilies exist among these factors.

binding sites of the HTV-1 LTR, as previously mentioned
we had reasoned that other factors may interact with this
site under physiologic conditions given the divergence of
the DNA sequence from the consensus binding sequence of
Spl, suggesting possible binding of other sequence-specific
DNA-binding factors and/or functionally divergent mem-
bers of the zinc finger factor family. More importantly,
during the course of the present study genetic experiments
in mice (e.g. Spl knockout mice) showed that numerous
genes thought to be regulated by Spl based on in vitro
functional data were not regulated by Spl in vivo, thus
further supporting our initial hypothesis that the criteria in
past studies on the relationship between DNA binding and
functional activity do not accurately reflect the actual
qualitative and quantitative conditions in physiologic
processes.

Indeed, the validation of a bona-fide molecular interac-
tion is a difficult task. One can only improve the scientific
criteria on which the evidence is based. Biochemical studies
can only attempt to mimic physiological conditions. Estab-
lished experimental assays may not reflect actual physio-
logical conditions. Yeast one-hybrid screening was em-
ployed as a model system most likely reflecting the euka-
ryotic transcriptional processes under physiological condi-
tions, as the intracellular environment is maintained and
compartmentation is controlled. Stoichiometry (e.g. over-
expression) and conservation of the qualitative nature of
the transcriptional environment (e.g. cofactors and basal
machinery), however, are problems which remain. We
reasoned that fundamental viral transcriptional processes,
given their simplicity, are likely conserved within this
easily manipulated eukaryotic organism. Genomic integra-
tion of the reporters was also performed to better reflect
physiological conditions. Initial studies to confirm DNA
binding were performed in the present study. Further
studies are necessary to validate our claims (e.g. gene
knockout studies, etc.).

A cDNA encoding a novel zinc finger protein, GBF,
containing three zinc fingers at its C-terminal end, and
putative N-terminal acidic and proline-rich domains was
isolated through our yeast genetic screening for factors
interacting with the GC-rich binding sites of the HIV-1 core
promoter. Yeast co-transfection assays and gel-shift analy-
sis further showed that GBF directly binds to the HTV-l
GC-rich binding sites in a sequence-specific manner. The
DNA-binding characteristics of zinc finger factors have
been extensively studied. Crystal structure analyses of
DNA-binding zinc finger transcription factors have allowed
the prediction of the amino acids critical for DNA binding
from the primary structure (26, 27) (see Fig. 7a). These
amino acids in contact with DNA reside in the a -helical
region of the zinc finger. As these critical amino acids are
highly conserved in GBF and other Krtippel-type zinc finger
transcription factors, it is tempting to assume that these
Krtippel-type zinc finger factors likely share similar DNA
binding properties. Closer examination of this zinc finger
region, however, shows discrete yet distinct differences.
Notable differences are seen in the third amino acid critical
for DNA binding of the third zinc finger, and in the amino
acids N-terminal adjacent to the first amino acid critical for
DNA binding and the third amino acid critical for DNA
binding in each of the zinc fingers (see Fig. 7a). Based on
these findings, it is tempting to speculate that they may
have a stochastic effect on DNA binding properties.
Numerous other differences are evident, as shown in the
figure (see Fig. 7a). Aside from DNA-binding properties,
these differences in primary structure and quite possibly in
the overall conformation of the folded protein may have a
profound effect on protein-protein interactions, as the zinc
finger is a known interface for protein-protein interactions
including homo- and hetero-dimer formation.

Overall, based on the results of our analysis of the
primary structure, it is likely that distinct subgroups exist
within the Krtippel-type zinc finger types. Distinguishing
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characteristics in the zinc-finger region may have a possible
effect on DNA-binding properties as well as on additional
protein-protein interactions. Given that it has been esti-
mated that nearly 1% of the human genome encodes zinc
finger proteins (28), it is likely that multiple regulatory and
interacting domains are necessary for individual functional
diversity.

In closing, we have isolated a novel factor which interacts
with the GC-rich binding sites of the HTV-1 LTR by means
of methods for specific isolation of factors which interact
with the native sites. Our findings suggest that our present
knowledge of the mechanisms underlying gene regulation of
HTV-1 may still be quite limited, and also suggest the need
to further understanding of the mechanisms underlying
HTV-1 transcriptional regulation. Additionally, the under-
standing of functional discrimination of zinc finger factors
at similar GC-rich DNA binding sites will also provide a
viable model for elucidation of the physiological dissection
of transcriptional regulatory mechanisms.

Note Added in Proof: During the course of the present
work, the authors learned that Koritschoner et al. (J. Biol.
Chem. 1997; 272, 9573) had isolated a partial cDNA
identical in part with GBF in their study to isolate DNA-
binding transcription factors interacting with the core
element of the promoter of a pregnancy-specific glycopro-
tein gene.

The authors wish to thank S. Elledge for the human peripheral blood
leukocyte library. The authors are also grateful to S. Ijuin and M.
Susa for the helpful discussion regarding crystal structure analysis, T.
Kuzuhara for the helpful discussions and technical assistance, and Y.
Ogata and Y. Araki for the helpful discussions.
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