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ABSTRACT. A low-abundance DNA-binding protein for the DNA polymergsé5-pol) promoter initiator
element was purified from bovine testis. The transcriptional initiator element (Inr) of the mammalian
B-pol promoters characterized is highly conserved, and the b@#p@ promoter Inr has the sequence
“LCAGAGGCGGCCATTGTTS. The purified initiator element-binding protein (Inr-BP) binds with high
affinity to an oligonucleotide corresponding to thgool promoter Inr K4 = 5 pM), and increasing ionic
strength decreases stability of the protelPNA complex. Mutational analysis of the Inr shows that the
purified Inr-BP binds with sequence specificity to the sequence CCAT2ato +2 of the Inr, but that
seven residues on the &ide and three residues on thesRle of the CCAT sequence are required also.
Using anin vitro transcription assay with HelLa cell nuclear extract, we find that the endogenous Inr-BP
is required for transcriptional activity of th&pol promoter; addition of purified Inr-BP restores activity

to the nuclear extract depleted in Inr-BP by affinity chromatography. These results, based upon the sequence
specificity for DNA binding, indicate that Inr-BP is a YY1-like protein and suggest that it is a required
transcription factor ins-pol gene expression.

DNA polymerase (B-pol)t is one of the required transcriptional activators of the ATF/CREB family bind,
components of the mammalian DNA repair pathway known especially ATF-1 and CREB-1 (unpublished data). These
as base excision repair, conducting the short gap-filling DNA proteins are known to be important regulators fpol
synthesis step prior to DNA ligation (Singhal et al., 1995; promoter transcriptional activity (Widen et al., 1988; Narayan
Sobol et al., 1996). After treatment of Chinese hamster ovary et al., 1994, 1995). Thes-pol promoters also share a
(CHO) cells with monofunctional DNA alkylating agents, conserved sequence at and around the transcriptional start
N-methylN'-nitro-N-nitrosoguanidine (MNNG) or methyl  sjte termed the Inr.
methanesulfonate (MMSJ-pol gene transcription and the

cellular 8-pol level are up-regulated, and the mechanism of A r_n_od_el for assembly OT the RNA poly_merase Il closed
this up-regulation through the protein kinase A pathway is preinitiation complex (RE with TATA-containing promoters

under investigation (Englander & Wilson, 1992; Kedar et has been developed. The TATA e_Iement is generally present
al., 1991; Narayan et al., 1995; Srivastava et al., 1995; ~30 bp upstream of the start site, and assembly of RP
Wilson, 1990). Several mammaligapol promoters, includ- ~ consists of multiple sequential steps after the initial binding
ing human, rodent, and bovine, have been cloned andof TFIID atthe TATA element; binding of several other basal
characterized (Widen et al., 1988; Yamaguchi et al., 1989; transcription factors, and eventually RNA pol Il, proceeds
Chen et al., 1995). TATA elements located just upstream in an ordered sequential fashion leading to the assembly of
of the transcriptional start sites have not been found in theseRP: (Maldonado & Reinberg, 1995). However, with TATA-
B-pol promoters, ang-pol promoters are considered mem- less promoters, such as mammalfapol, TFIID does not
bers of the family of “TATA-less promoters”. These bind directly to the promoter, and RRssembly in these
mammaliarng-pol promoters share many similarities, includ- promoters is thought to hinge instead on Inr-BP (Usheva &
ing multiple GC boxes and a lone CRE site, to which Shenk, 1994). The TATA-less promoters have been divided
into five subgroups according to the DNA sequence of the
t This work was supported by NIH Grant ES06492. respective Inr. These subgroups are termed AAV p5, TdT,
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IIl, RNA polymerase II: YY1, cellular ying-yang-one transcription INF iS to act as a DNA-binding site for Inr-BP; after Inr-BP

repressor/activator; Inr, initiator element; Inr-BP, initiator element- binds at the Inr, assembly of general transcription factors

bindin_g _p_rotein; RE closed preinitiatipn complex; NE, nuclear extract; gceurs to form the RP(WeiS & Reinberg, 1992)_ Several
NEd, initiator element-binding protein depleted nuclear extract; AAV diff h b identified. includi
p5, adeno-associated virus p5; DHFR, dihydrofolate reductase; MLP, different Inr-BPs have been identified, including TFII-I (Roy

major late promoter; PBGD, porphobilinogen deaminase; TdT, terminal et al., 1991, 1993), E2F (Blake & Azizkhan, 1989; Means
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1994). All of these Inr-BPs specifically bind to the Inr of

respective TATA-less promoters and appear to facilitate

assembly of the RP

Previously, we found that mammalian nuclear extract
proteins bind to the Inr of the humaspol promoter, as
revealed by the DNase | footprinting assay (Englander &
Wilson, 1990), and that purified TFIID could not bind to
the coreB-pol promoter. The Inrs of the bovine and human

p-pol promoters are similar and have sequence homology

with the Inr of the adeno-associated virus (AAV) p5
promoter, which is known to bind the Inr-BP termed YY1
or ying-yang-one. Therefore, th&pol promoter Inr is a

member of the AAV p5 subgroup. Transcriptionally, YY1

has been proposed as the Inr-BP for this subgroup (Weis &
Reinberg, 1992). In addition, YY1 appears to be capable

of either up-regulation or down-regulation of several cellular
and viral promoters. In the present study, we purified a
bovine testis YY1-like Inr-BP. Characterization of the DNA-
binding properties of this protein showed that it has very
high affinity for the Inr of both thes-pol promoter and the
AAV p5 promoter, but not for other TATA-less promoter
Inrs or for the model TATA-containing promoter, the
adenovirus major late promoter (MLP). Our results also
indicate that the purified bovine Inr-BP is a transcription
factor required fo3-pol promoter transcriptional activity
vitro.

MATERIALS AND METHODS

Purification of Inr-BP from Beine Testis Nuclear extract

was prepared from frozen bovine testis (Pel-freez Biologicals,

Rogers, AR) as described by Widen and Wilson (1991). All
procedures were done af€. In brief, 400 g of tissue was
minced in 3 volumes of buffer A (10 mM HEPES, pH 8.0,
1.5 mM MgClk, 100 mM NacCl, 10 mM sodium metabisulfite,
0.5 mM DTT, 1 mM PMSF, and kg/mL pepstatin A) and
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Scheme 1

bovine testis crude nuclear extract

heparin—agarose column

0.6 M KCI

Affi-gel blue column

0.1 1.0 MKCI
0.5-0.8 KCI

specific oligonucleotide column

0.05 1.0 MKCI
0.4 M KCI

purified initiator element-binding protein

1 mM DTT, 1 mM PMSF, and kg/mL Pepstatin A]. The
pooled fractions were mixed with 4 mg each of sonicated
and heat-denatured salmon sperm DNA. This mixture was
applied to a 3 mLB-pol initiator element-specific oligo-
nucleotide affinity column with a flow rate of 0.5 mL/min.
The column was prepared as described by Wu et al. (1988),
except that the oligonucleotide was not ligated before
coupling to CNBr-activated Sepharose 4B resin (Pharmacia
Biotech). The column was washed with 10 mL of 50 mM
KCl in buffer D, and the bound protein was eluted with a
gradient of KCI (50 mM— 1 M) in buffer D. Most of the
binding activity appeared in the 6-B.4 M gradient fractions.
The active fractions were pooled and reapplied to the
oligonucleotide affinity column, and the process was repeated
3 times. The purity of the protein was determined by
resolution with SDS'PAGE and staining with silver stain.
UV Cross-Linking of Purified Inr-BP t&P-Labeleds-pol
Initiator ElementSpecific Oligonucleotide The 5-pol initia-
tor element-specific oligonucleotide' {6GCGGCCATT-3
was 3-end-labeled withf-3?P]JATP, annealed to its comple-

homogenized with a blender. The homogenate was pelletedmentary strand, and then purified using a Nensorb-20 column

by centrifugation at 100@pfor 20 min. The pellet was
resuspended in 1.5 volumes of buffer B (buffer A plus 1 M

NacCl) and blended for 30 s. The homogenate was centri-

fuged at 100008 for 1 h. The clear supernatant fraction
was brought to 50% saturation by adding solid NSO,
with stirring. The precipitate was recovered by centrifugation
for 20 min at 15000. The pellet was resuspended in buffer
C [10 mM Tris-HCI, pH 8.0, 100 mM KCI, 1 mM DTT, 1
mM PMSF, 1ug/mL pepstatin A, and 10% (v/v) glycerol],

(DuPont). The labeled oligonucleotide (2 ng) was incubated
for 30 min at room temperature with 10 of purified
protein in a final volume of 2QuL containing 20 mM
HEPES, pH 8.0, 50 mM KCI, 1 mM DTT, 10@g/mL BSA,

10 ng of salmon sperm DNA, and 10% (v/v) glycerol. The
samples were spotted on parafilm and irradiated at 254 nm
using a UV-stratalinker (Stratagene) for various times. The
samples were boiled for 5 min in SB®RAGE sample buffer
and separated by 10% SBBAGE. The gel was dried and

and the solution was dialyzed against the same buffer for exposed to X-ray film for autoradiography.

14 h. Nuclear extract was then clarified by centrifugation
at 1000@ for 20 min. The method of purification of Inr-
BP is summarized in Scheme 1.

In Vitro Runoff Transcription AssayHelLa cell nuclear
extract (NE) was prepared as described (Shapiro et al., 1988).
The Inr-BP-depleted NE was prepared by passing NE

The crude nuclear extract fraction was applied on a 100 through ag-pol initiator element-specific oligonucleotide

mL heparin-agarose column (Sigma) with a flow rate of 2
mL/min. The column was washed with-% volumes of
buffer C containing 400 mM KCI. The Inr-BP-binding
activity was step-eluted from the column with 0.6 M KCl in
buffer C. The 0.6 M KCI fraction was diluted to bring the
KCI concentration to 0.1 M and applied to a 50 mL Affi-gel
blue column (BioRad) with a flow rate of 0.5 mL/min.
Bound protein was eluted with a linear gradient of KCI
(0.1-1 M) in buffer C. The specific activity of Inr-BP was

recovered between the 0.5 and 0.8 M KCI gradient fractions.

affinity column 3 times. The flow-through was collected
and used as Inr-BP-depleted NE. The extent of Inr-BP
depletion was determined by the electrophoretic mobility
shift assay (EMSA) as described below. The wild-tgpeol
promoter (FP8) was linearized witlPoull to generate the
210 nt runoff transcript (Narayan et al., 1994). The reaction
mixture in a final volume of 254L contained 20 mM
HEPES, pH 7.9, 5 mM MgG) 2 mM DTT, 65 mM KClI,
10% (v/v) glycerol, 1% (w/v) polyvinyl alcohol, 20 units
of RNasin (Promega), 1.bg of plasmid, and 40 ng of Inr-

The active fractions were pooled and dialyzed against buffer BP-depleted NE, supplemented with increasing amounts of

D [10 mM HEPES, pH 8.0, 50 mM KCl, 10% (v/v) glycerol,

purified Inr-BP. The reaction mixture was preincubated at
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22°C for 30 min. The NTPs solution (5QtM each of ATP,
GTP, and UTP and 2BM [a-*?P]CTP) was added, and the
incubation was continued for an additional 60 min at22
RNA transcripts were extracted with chloroform/phenol,
precipitated with ethanol, and resolved on a 6% polyacryl-
amide/8 M urea gel.

Filter-Binding Assay The filter-binding assay was per-
formed as described previously (Widen & Wilson, 1991;
DasGupta et al., 1993). The concentration of 19-mer double-
stranded initiator element-specific oligonucleotide used in
the binding assay was determined from its UV absorbance
at 260 nm. One hundred nanograms of the oligonucleotide
was 3-end-labeled with-32P]JATP and T4 polynucleotide
kinase. The specific activity and the recovery of purified
labeled oligonucleotides from the Sephadex G-25 column
were determined by TCA precipitation (Beard & Wilson,
1995). The specific binding activity of Inr-BP was deter-
mined by the filter-binding assay. The concentration of
oligonucleotide was fixed, and the concentration of Inr-BP
was varied. The amount of Inr-BP at saturating oligonucle-
otide concentration was used to determine the specific
binding activity (Riggs et al., 1970). For the filter-binding

assay, the binding buffer was the same as in the EMSA, as

described below. Thd,, and ks rates of Inr-BP were
determined in a final volume of 16@L. For ko, rate
determinations, 10< 1072 M 32P-labeled oligonucleotide
and the same amount of purified Inr-BP were incubated for
30 min at room temperature, and 3 QO portions of the
reaction mixture were filtered through 3 individual nitrocel-
lulose membranes (Millipore HA, 25 mm, 0.45) in a 12-
position Millipore sampling manifold without washing. The
data at each time point were gathered in triplicate. The
background on the filter was determined with the same
mixture without the addition of protein. Fok. rate
determinations, the DNAprotein mixture was incubated for
30 min, and a 500-fold excess of unlabled specific initiator
element oligonucleotide was added to the reaction. Aliquots
of the reaction were filtered at different time points. The
calculation ofkgn, koft, and Ky was performed according to

equations described by Lehninger (1978). To determine the

salt effect on proteirDNA complex formation, equal
amounts of DNA and Inr-BP were equilibrated for 30 min
in a reaction buffer containing various KCI concentrations
and then filtered through a nitrocellulose membrane.

Electrophoretic Mobility Shift Assay (EMSAThe assay
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Table 1: Purification of Inr-BP from Bovine Testis
volume _ Proteinconcn (mg)  iota act.
fraction (mL) per mL total (pmol)
nuclear extract 200 11 2200 131.7
heparin-agarose 70 0.73 51.1 1755
Affi-gel blue 15 0.33 4,95 46.2
DNA affinity 5 0.0005 0.0025 125

2400 g of bovine testis used.

samples. The proteinDNA complexes were separated on
a 4% native polyacrylamide gel. Electrophoresis was run
in 0.5x TBE buffer (45 mM Tris-borate, 1 mM EDTA,
pH 8.0) at 100 V for 2.5 h at room temperature.

RESULTS

Purification of Inr-BP from Beine Testis In preliminary
gel mobility shift experiments with crude nuclear extract
(NE) from bovine testis and &-pol Inr oligonucleotide as
probe, we observed a proteiDNA complex that was
specific for thes-pol Inr (data not shown). Therefore, this
assay was used to follow the purification of Inr-BP. Bovine
testis was used as the protein source because it is known to
contain a high level of-pol mMRNA and is used to purify a
ATF/CREB family member that is important for the tran-
scriptional regulation of the3-pol promoter (Widen &
Wilson, 1991). A NE was prepared and applied to a
heparin-agarose column, as described for bovine ATF/
CREB (Widen & Wilson, 1991). Bound proteins were eluted
in a stepwise fashion with serial addition of buffer with
increasing concentrations of KCI. Most of the Inr-BP DNA-
binding activity was present in the 0.6 M KCl fraction. This
fraction was diluted to 0.1 M KCI and loaded onto an Affi-
gel blue column. The Inr-BP activity was eluted with a linear
gradient of KCI, in the 0.50.8 M KCI range (data not
shown). Use of these two column steps yieldethb0-fold
purification of the Inr-BP. Oligonucleotide affinity column
chromatography was used in the final step of purification;
active fractions from the Affi-gel blue column were pooled,
mixed with salmon sperm DNA, and applied t@gool Inr-
specific oligonucleotide affinity column. A linear gradient
of KCI was used to elute the protein between 0.05 and 1.0
M KCI. Overall purification of Inr-BP is summarized in
Table 1. Recovery of activity from the initial NE was50%
and probably reflected removal of an inhibitor in the last
step; the specific activity increased over 100 000-fold,

was based on the method described by Fried (1989) andsuggesting that the quantity of Inr-BP per cell is relatively

modified by Widen et al. (1991). The initiator element-
specific oligonucleotide of the bovingpol promoter (CA-
GAGGCGGCCATTGTTCA) and other promoters (AAV p5,
TdT, PBDG, DHFR, ribosomal, and MLP) were labeled with
[y-32P]JATP. Purified Inr-BP (12 uL) was mixed with 0.25
ng 3?P-labeled double-stranded oligonucleotide ini200f
reaction mixture containing 20 mM HEPES, pH 8.0, 50 mM
KCI, 0.1 mM EDTA, 1 mM DTT, 100ug/mL BSA, 0.5ug/
mL sonicated salmon sperm DNA, and 10% (v/v) glycerol

low.

To confirm the specificity of the purified Inr-BP for the
fB-pol promoter initiator element, an oligonucleotide competi-
tion EMSA was performed (Figure 1). Inr oligonucleotide,
but not nonspecific oligonucleotide, blocked Inr-BP binding
to the®?P-labeled3-pol initiator element oligonucleotide. To
examine the polypeptide composition of the purified Inr-
BP, SDS-PAGE analysis was conducted on the final
fraction; proteins were visualized with silver stain. The

and incubated for 30 min at room temperature. For crude purified fraction contained one major polypeptide 062
nuclear extract and partially purified Inr-BP, the concentra- kDa, and a minor amount of 40 and 34 kDa polypeptides
tion of sonicated salmon sperm DNA was increased to 100 (Figure 2A). UV cross-linking and Southwestern blotting
ug/mL, and BSA was omitted. In competition experiments, were used to further examine Inr binding by these polypep-
different concentrations of unlabeled specific or nonspecific tides. Typical results from UV cross-linking are shown in
oligonucleotide (GTGCCTGATCCTTACGGTA) were added Figure 2B. A single cross-linked polypeptide migrating at
in excess to the reaction mixture before addition of protein ~70 kDa was observed. The migration of this material was
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Competitor Initiator Element Oligo. Non-specific Oligo. A NE + 4+ - -
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Ficure 1: Competition analysis of purified Inr-BP binding to the Free — - w
initiator element oligonucleotide by electrophoretic mobility shift

assay. 3?P-Labeled initiator element oligonucleotide was used as

a probe for binding assays. Purified Inr-BPAduL) was mixed

with 0.25 ng of32P-labeled probe in a 2@L reaction mixture

containing 20 mM HEPES, pH 8.0, 50 mM KCI, 0.1 mM EDTA, B NE + - - - -
1 mM DTT, 100ug/mL BSA, and 10% (v/v) glycerol and incubated NEd - + + +
for 30 min at room temperature. The competitor oligonucleotide Inr-BP - - + + +
was added to the reaction mixture before addition of purified Inr- 2.55

BP. Numbers above the lanes indicate the molar excess of

unlabeled specific Inr oligonucleotide (lanes ) or unlabeled 210 nt— = s B
nonspecific oligonucleotide (lanes-84) as competitors. After

preincubation, the proteirDNA complexes were separated on a 123 45

4% native polyacrylamide gel.
Ficure 3: Purified Inr-BP stimulates transcriptional activity of the

UV Exposure Time B-pol promoter in anin vitro transcription assay system. Panel A:
Electrophoretic mobility shift assay to examine the depletion of
05 1 2 Inr-BP from HeLa cell nuclear extract (NE). Inr-BP-depleted NE
(NEd) was prepared by passing NE 3 times throughpal initiator
200— element-specific oligonucleotide column. The flow-through was
collected as NEd. The extent of Inr-BP removal in the NEd was
determined by electrophoretic mobility shift assay: lanes 1 and 2,
69.0— undepleted NE (as control); lanes 3 and 4, NEd. PandhBitro
46.0— runoff transcription assay. A58 plasmid (1.5g) containing wild-
type -pol promoter as template was mixed with NE (lane 1) or
NEd, and the indicated amount of purified Inr-BP was added in a
standardin vitro runoff transcription reaction mixture. Runoff
product of 210 nt with NEd alone (lane 2) and with NEd
supplemented with 2.5, 5, and 7 of purified Inr-BP, respec-
tively (lanes 3-5), is shown with an arrow. RNA transcripts were
resolved on a 6% polyacrylamide/8 M urea gel.

>
=
Marker

kDa

97.4—

Marker

kDa

97.4 — 30.0— o

66.2 —
45.0—

'. Purified Inr-BP

b

31.0—

21.5 — - 3
_ = 145 -

! 2 'z e polypeptide was found to be Inr-BP in Southwestern analysis
SDS-PAGE UV cross-linking
. — __ . . (data not shown).
Ficure 2: Identification of Inr-BP purified from bovine testis by Purified Inr-BP Actiates in Vitro Transcription from the

silver-staining and UV cross-linking witf’P-labeled Inr oligo- - L .
nucleotides. Panel A: Inr-BP purified from three passages on an #-P0l Promoter To examine transcriptional activity of the

Inr-specific oligonucleotide affinity column was concentrated with  purified Inr-BP,in zitro transcription assays were performed.
Centricon-10 (Amicon) and analyzed by resolving on a 10%SDS  An Inr-BP-depleted HelLa cell NE was prepared by passage
PAGE and silver staining: lane 1, 250 ng of BioRad low molecular of the NE through an Inr-specific oligonucleotide affinity
mass protein marker; lane 2, 14 of purified and concentrated column; the Inr-BP depletion was first verified by EMSA,

bovine Inr-BP. The arrow indicates a major peptide~&?2 kDa. - DT
Panel B: UV cross-linking of purified Inr-BP with specific initiator ~ Where Inr-BP-binding activity in the NE was undetectable

element oligonucleotides.®2P-Labeled oligonucleotide (2 ng)  after the depletion (Figure 3A). The vitro transcription
spanning from the—7 to +3 region of thej-pol promoter mixture was assembed wifB-pol promoter plasmid gP8
(GGCGGCCATT) was incubated with 10 of purified Inr-BP in - a4 the Inr-BP-depleted NE, either alone or with purified
reaction buffer for 30 min at room temperature; the mixture was In-BP. The Inr-BP-depleted NE had much lower transcrip-

pipetted on parafilm and exposed to UV light at 254 nm in a UV- | . g .
stratalinker (Stratagene) at the indicated times (lare$fr 30 s, tional activity than the initial undepleted NE extract (Figure

1 min, and 2 min, respectively). Samples were transferred into 3B, lanes 1 and 2), indicating that Inr-BP is required for
test tubes and boiled fgr 5 min in SDS sample buffer. Proteins activity. The activity of the depleted extract was restored
were separated by 10% SBBAGE. The gel was dried and  py aqdition of the purified Inr-BP (Figure 3B, lanes-5).

subjected to autoradiography. The arrow indicates the predicted - . - . .
con%plex 0f~62 kDa pegtid% ;’nd 6.5 kDa oligonucleotide t% make The results indicate that this purified Inr-BP is a required

the ~70 kDa proteir-DNA complex. transcription factor for thg-pol promoter.

DNA-Binding Properties of Inr-BP A quantitative DNA-
consistent with the 62 kDa polypeptide cross-linked to one binding assay was used to characterize properties of the
molecule of Inr oligonucleotide. Similarly, the 62 kDa interaction between the purified Inr-BP and Inr oligonucle-



pB-pol Promoter Inr-Binding Protein Biochemistry, Vol. 35, No. 6, 19961779

otide. In preliminary studies, we observed that most of the A .
Inr-BP/DNA complex was retained on the nitrocellulose

membrane. Yet, the membrane-bound complex was ex-

tremely sensitive to washing with binding buffer. Therefore,

instead of washing the membrane to reduce background, we &

used the method described by DasGupta et al. (1993) to &

correct for background as follows: observed countX + 2

(100 — X)Y, whereX = percent of counts due to DNA &

protein complexes an&d = the counts retained on the }‘;

membrane in the absence of Inr-BP. To determine the rate 2

constant of disassociatiok,f), the Inr-BP and 5end-labeled

Inr oligonucleotide were first preincubated, and then an ° \ \ . A A A
excess of unlabeled specific oligonucleotide was added. The ) 20 40 60 80 100 120

dissociation of complex corresponded to a first-order decay
with a ty» of ~10 min and ak.s of 1 x 1073 st (Figure

4B). To determine the rate constant of associatigy),(10 B.
pM each of both 5end-labeled Inr oligonucleotide and Inr-
BP was incubated in binding buffer containing 50 mM KCI
for various times at 28C. Thety, for complex formation
was ~25 s (Figure 4A), corresponding toka, of 4 x 1C°
M~1s™1 The calculatedKy value fromky, andkes was 5x
1072 M. The effect of KCI concentration on the Inr-BP/
DNA complex was examined also. The amount of complex
formed was sensitive to increasing KCI concentrations of
the binding buffer (Figure 4C).

DNA Sequence Specificity for the Inr-BP/DNA Interaction
Based upon the initiator element sequences, the TATA-less
promoters are divided into five-subgroups: AAV p5, TdT,
PBGD, DHFR, and ribosomal. Comparison of the Inr of
the bovine g-pol and the AAV p5 promoters reveals
homology in the 5 bp sequence (CCATT), and some C-
similarity is seen with Inrs of other TATA-less promoters 100
(Figure 5B). Inr-BP affinity for the boving-pol promoter
Inr was compared with that of Inrs from these five TATA- 80
less promoter subgroups and also with the Inr of the
adenovirus major late promoter (MLP), a TATA-containing
promoter. The purified Inr-BP showed binding affinity only
with the g-pol and the AAV p5 promoter Inrs (Figure 5A).
Thus, the initiator element of th&pol promoter appears to
be functionally similar to that of Inr-BP binding of the AAV
p5 promoter. The binding specificity of purified Inr-BP for
both human and boving-pol Inr oligonucleotides was . ) :
observed (Figure 7A, lanes 1 and 10). Therefore, these 0 0.1 0.2 0.3 0.4 0.5 0.6
results indicate our purified bovine Inr-BP is a YY1-like KCI (M)
protein, binding to the Inr of thg-pol/AAV p5 promoter
family. Based upon this similarity, it appears that the bovine FIGURE4: Kinetic properties of Inr-BP binding witfi-pol promoter initiator

. . C element oligonucleotides. Panel A: The rate of associakigi ¢f purified
Inr-BP is related to the human YY1 protein, which is known Inr-BP with Inr oligonucleotides. Equal amounts®P-labeled oligonucle-

to bind humang-pol and AAV p5 promoter Inrs [see for  otide and purified Inr-BP (10< 1012 M) were used in the filter-binding

review Weis and Reinberg (1992)]. assay. Labeled oligonucleotides and Inr-BP were mixed irgd6@action
Various modified3-pol promoter Inr oligonucleotides were mixture at various times. Three »Q aliquots of the reaction mixture were

used to examine base pair residues involved in binding to filtered through three individual nitrocellulose membranes by using 12-

- . . . position Millipore sampling manifold without further washing. Data in each
the pu”f'ed Inr-BP. O“gom"CIeOtldeS deS|gnated W14 time point are in triplicate. Values of bound oligonucleotides were corrected

Time (sec)

Log_ Percent Probe Bound

Time (min)

60

40

Percent Probe Bound

20

(Figure 6B) were sequentially truncated in theflanking for background using the relationshipt + (100 — X)Y = observed counts
region of the initiator element, whereas oligonucleotides (X = counts due to proteilDNA complex; Y = counts retained on the
designated M5M10 were truncated in the '3lanking filter in the absence of the protein). Panel B: Determination of the rate of

; P : ; 3 dissociation Koir) of Inr-BP—DNA complexes. After DNA was bound with
region. Bmdmg of these O“gonUCIeOtldes to Inr-BP as the same amount of Inr-BP-binding activity, dissociation of the protein/DNA

me_:a_sured by EMSA is i||UStrate_d in F_igure BA. _The bindi_ng complex was performed in the presence of a 500-fold excess of unlabeled
efficiency was much less with oligonucleotides having competitor DNA in the reaction to trap the free protein. The mixture was
deletions from—11 to —7 as compared with wild-type incubated at the indicated times and filtered through the membrane. Panel
oligonucleotide. Oligonucleotides with 6 or fewer residues C: The effect of ionic strength on prote#DNA complex formation.

. . T L . Purified Inr-BP and DNA were incubated with different concentrations of
on the 3-side of +1 failed to show blndlng activity (Flgure KCl in the reaction buffer, equilibrate for 30 min at room temperature, and

6, lanes 4 and 5). Oli.gonUdeOtiqu deleted frém (MS) passed through the filters. The bound radioactivity on the filter was counted
or +3 (M6) in the 3 side also failed to show the binding and is presented as the percent of bound labeled probe.
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B. Inr Oligonucleotide Sequences: Promoter Binding Activity CAGQgggg$g2¥¥g$$g: “l\jl’{ :::+
" GGCGGCCATTGTTCA M2 +
CAGAGGCGGCCATTGTTCA B-pol + GCGGCCATTGTTCA M3 -
+1 CGGCCATTGTTCA M4
AGGGTCTCCATTTTGAAGC AAVpS + CAGAGGCGGCCA M5
+1
CAGAGGCGGCCAT M6 -
AGAGCCCTCATTCT AGA -
ATTCTGGAG TdT CAGAGGCGGCCATT M7 +
GCTCAGTGTCCTGGTTACT PBGD - CAGAGGCGGCCATTG M8 +++
+ CAGAGGCGGCCATTGT M9 +++
COATTTCGCGCCAAACTTG DHFR : CAGAGGCGGCCATTGTT M10 bt
CCGCOETTCCCTTTTCCGG Ribosomal FIGURE 6: Determination of the range g@tpol promoter initiator
CTCGTCCTCACTCTCTTCC MLP - element oligonucleotides required for Inr-BP-binding activity. Panel

A: Wild-type and mutated Inr oligonucleotides (shown in panel
B) were used as substrates for electrophoretic mobility shift assays.
32P-labeled wild-type or various truncated Inr oligonucleotides were
incubated with duL of purified Inr-BP in a binding buffer for 30

min and applied to a 4% native polyacrylamide gel. The migration
of bound and free probes is indicated with arrows. Panel B:
Oligonucleotide sequences of truncated bovihpol Inr. The
truncated Inr oligonucleotides in the'-flanking regions are
designated as MiM4, and those in the'dlanking regions are
designated as M5M10. The size of each oligonucleotide was the
same. The binding activity was determined with a computerized
Bioimager system, and the results are shown on the right-hand side
of the oligonucleotide sequences as the relative binding activity.

Ficure 5: Purified Inr-BP-binding activity with thg-pol promoter
and its comparison with other TATA-less promoters and a TATA-
containing promoter (MLP). Inr oligonucleotides were designed
corresponding to five TATA-less promoters terms AAV p5, TdT,
PBGD, DHFR, and ribosomal. The sequences are shown in panel
B. These oligonucleotides weréénd-labeled with T4 polynucle-
otide kinase and)-*2P]JATP. The labeled oligonucleotides were
incubated with purified Inr-BP as described above for the electro-
phoretic mobility shift assay. The data are shown in panel A.
Binding affinities of Inr-BP with the3-pol promoter, other TATA-
less promoters, and MLP (TATA-containing promoter) were
quantified with a computerized Bioimager system (Millipore); the
results are shown in panel B.

activity (Figure 6, lanes 6 and 7); truncation 64 (M7) DISCUSSION

showed some binding activity; and truncation to residues In TATA-containing promoters, formation of a closed
further downstream (M8 to M10) showed full binding preinitiation complex (RE with RNA pol Il appears to be
activity. These results indicate that residues flanking on initiated by the transcription factor TFIID, which binds to
either side of+1 are important for full Inr-BP DNA, the TATA element and nucleates the assembly of.RP
especially residues-7 through+3. About half of the so-called “housekeeping” gene promoters,
such as that fofs-pol, do not have a TATA element, and,
therefore, TFIID probably does not bind directly to these
promoters. Instead, initiator element-binding proteins, such
) o X ., as YY1, recognize specific sequences at the start site and
used (Figure 7). Binding analysis showed that nu.cleotldes may play a rc?le in thpe initiatio(r]I of RRassembly. In the
(bp) at—2, —1, +1, and+2 play an important role in Inr- g4 dies described here, we purified a protein from bovine
BP DNA binding. Mutation in the latter three positions egiis that specifically binds to the bovine or hungpol
eliminated binding, and the effect of a point mutation-& promoter initiator region. The 5 bp sequences-atto +3
resulted in a 72% decrease in binding (Figure 7, lare8)6 of the start sites of the twB-pol promoters and the AAV
By contrast, point mutations in the region ef7 to —3, or p5 promoter are identical (CCATT) and, as shown in this
to +3, did not significantly alter binding of Inr-BP. The  study, are critical for binding the purified Inr-BP. Our results
binding with either bovine or humagi-pol wild-type Inr showed similar DNA-binding affinity of the purified Inr-
oligonucleotides was similar, indicating that the substitution BP for the Inrs of thgs-pol and AAV p5 promoters, all of

at A at—3 and—4 and the substitutions at8 and—10 had which share primarily the CCATT sequence.

no effect on Inr-BP binding. From these results, we  Human YY1 is a known transcription factor that can act
concluded that Inr-BP binding to thé-pol promoter Inr  either as a transcriptional repressor or as an activator. For
requires specific residues CCAT at2 to +2 and that example, YY1 has been shown to down-regulate the actin
additional residues on both thé#&nd 3 sides contribute to  (Lee et al., 1994)3-casein (Raught et al., 1994), and HIV-1
optimal binding. (Margolis et al., 1994) promoters, but to active the c-myc

To further examine the binding of Inr-BP with the bovine
p-pol promoter Inr, a series of modified oligonucleotides with
single nucleotide differences in the7 to +3 region were
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A. promoter (our unpublished data), and when Inr-BP was
depleted from the nuclear extragipol promoter activity
was lost. Thus, Inr-BP is required fg#-pol promoter
transcriptional activity in thisn witro transcription system.
Our data indicate that Inr-BP binds with high affinity to
the Inr in theS-pol promoter. TheKy value of~5 x 10712
M obtained in the presence of 50 mM KCl is similar to that
reported for other high-affinity sequence-specific DNA-
binding proteins, such as lac repressor (Riggs et al., 1970)
Bound—= -a=m- - - and bovine ATF/CREB (Widen & Wilson, 1991). We found
that the “core” sequence CCAT af to +2 of the initiation
start site of theg-pol promoter is critical for binding activity
of the purified Inr-BP. This core element is the same as the
YY1-binding consensus sequence, i.e., CCAT (Javahery et
al., 1994). The TdT and DHFR initiator element sequences,
in comparison with3-pol initiator element sequences, are

- - T - v - - =

Labeled Probe:

WT (Bovine)

Free probe—m similar except for a single residue difference: TCAT in the
1234 5678910 TdT promoter; and CCAA in the DHFR promoter. However,
B. Point Mutant Inr Oligonucleotides Binding Activity purified Inr-BP did not bind to Inrs of the TdT and DHFR
1 " promoters. A similar result was obtained with point muta-
CAGAGGCGGCCATT Bovine et tions in the CCAT sequence at the initiator element of the
NI SIS Mi2 - f-pol promoter: mutation of only one of the residues in the
CAGAGGIGGCCATT mi et core sequence CCAT remarkably reduced binding activity,
AT MIS ' ie,CtoAat—2,CtoAat—1,AtoCat+l, or Tto G at
CAGAGGCGgCgiq m}g - +2. Nevertheless, the consensus sequence CCAT alone was
gﬁgﬁg%gcgcﬁg MIS e not sufficient to confer protein binding; residues adjacent to
CGGGGGCAACCATT Human H+ the core sequence also were important for binding, yet point
Ficure 7: Identification of specific nucleotides of thg-pol mutants in these residues did not change Inr-BP binding

promoter initiator element that are required for Inr-BP-binding. affinity. We suggest that the purified Inr-BP specifically
Panel A: 3P-Labeled mutant and wild-type initiator element recognizes the core CCAT sequence, and that thark

oligonucleotides were incubated withiL of purified Inr-BP in 3-flanki t to stabilize th lex i
the binding buffer for 30 min at room temperature. The protein ~ © ~'alKINg Sequences act 1o stabilize the compliex in a

DNA complexes were resolved on a 4% native polyacrylamide gel. Sequence-nonspecific manner.
Various oligo_nucleotides conta_ining a point mutation_ at around_the In summary, we purified and characterized binding
Inr were designed as shown in panel B. These oligonucleotides properties of Inr-BP for th@-pol promoter. The interaction

\é{vgrsilt:siend |§rs]e§ rgbgﬁdfolroe;ergtrv?lﬁﬂoﬁac_tyrggb:uﬁﬁa?g:ﬂegsrﬁgzts' of this Inr-BP with general transcription factors and activators

oligonucleotides of bovine and humAspol promoters, respectively. ~ appears to F’_'@y a required r0|(_3 in rggulation @fpol
Lanes 2 through 9 represent the results with various point mutant promoter activity. Further studies will be required to

oligonucleotides of the boving-pol promoter. Panel B: Sequences examine interactions between Inr-BP and other transcription

of point mutant oligonucleotides. Underlined nucleotides are the ; _
mutant residues. Binding activities of Inr-BP with modified initiator factors in the assembly of Rt theg-pol promoter.
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