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A rapid affinity labeling procedure with enhanced specificity was developed to identify DNA-binding
proteins. 32p was first introduced at unique phosphodiester bonds within the DNA recognition sequence. UV
light-dependent cross-linking of pyrimidines to amino acid residues in direct contact at the binding site,
followed by micrococcal nuclease digestion, resulted in the transfer of 32p to only those specific protein(s) which
recognized the binding sequence. This method was applied to the detection and characterization of proteins that
bound to the upstream promoter sequence (-50 to -66) of the human adenovirus type 2 major late promoter.
We detected two distinct proteins with molecular weights of 45,000 and 116,000 that interacted with this
promoter element. The two proteins differed significantly in their chromatographic and cross-linking
behaviors.

The accurate and regulated expression of genes tran-
scribed by RNA polymerase II requires the interaction of
specific DNA-binding proteins with cis-acting promoter ele-
ments (2, 10, 14, 29, 36). Several well-characterized methods
have been developed which readily identify the locations,
boundaries, and sequences of these regulatory regions
(11-13, 41). A more difficult problem, however, has been to
identify the DNA-binding proteins that specifically recognize
these sites and to characterize the mechanisms by which
they modulate the activity of the transcription unit. At
present, identification of these trans-acting factors requires
extensive purification to near or apparent homogeneity. In
addition to recognizing specific DNA sequences, the purified
factor must also affect the transcriptional activity of the gene
with which it interacts.
We developed three interdependent strategies to rapidly

identify, purify, and characterize sequence-specific DNA-
binding proteins which regulate gene expression. First, these
factors were extensively purified by ion-exchange and DNA
Mono Q (Pharmacia) affinity chromatography with multi-
copy promoter elements (R. B. Cohen, S. Garfinkel, J. A.
Thompson, and B. Safer, manuscript in preparation). Sec-
ond, function was monitored in a novel assay system gener-
ated by the addition of specific DNA fragments to HeLa
whole-cell extract (WCE). This produced a functional se-
questration of the cognate transcription factor in that it was
bound to the DNA fragment. The activity of the factor was
then assayed by restoring function to the depleted extract
with the purified protein (S. Garfinkel, R. B. Cohen, J. A.
Thompson, and B. Safer, manuscript in preparation). Third,
the DNA-binding proteins that recognized these sequences
were identified by a novel modification of the UV-dependent
cross-linking procedure (17, 25, 27, 31) which involved the
transfer of 32p from specific phosphodiester bonds at the
binding site to the polypeptide chain. When analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE), the M, of the binding protein could be
determined directly. The third procedure is the subject of
this report. We applied these procedures toward the purifi-
cation of factors that interact with the upstream promoter
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sequence (UPS) of the adenovirus type 2 (Ad2) major late
promoter (MLP). Results of deletion and mutation analyses
have shown that efficient transcription of the Ad2 MLP is
dependent on an imperfect palindrome and flanking se-
quences extending from positions -50 to -66 (15, 18, 20).
Subsequently, a single 45- to 55-kilodalton (kDa) protein that
bound to this region has been extensively purified in several
laboratories (6, 30, 35). The data presented here, however,
demonstrate that two distinct polypeptides bind to this
positive regulatory sequence.

MATERIALS AND METHODS
Mono S fractionation of HeLa WCE. HeLa WCE (26) or

K562 nuclear extract (9) was dialyzed against buffer A [40
mM (NH4)2SO4, 6 mM MgCl2, 20 mM Tris hydrochloride
(pH 7.9), and 1 mM dithiothreitol], clarified by centrifugation
at 100,000 x g for 20 min, and chromatographed on Mono S
cation-exchange resin on a high-performance liquid chro-
matographic system (Pharmacia Fine Chemicals, Piscat-
away, N.J.). Following a wash with buffer A, protein was
eluted with a 45-ml KCl gradient from 0 to 0.6 M KCI in
buffer A. Fractions of 2 ml were concentrated to 55 ,ul with
a concentration unit (Centricon 30; Amicon Corp., Lexing-
ton, Mass.). Fractions were assayed immediately or were
stored in the vapor phase of liquid N2. Activity was stable
for periods of up to 6 months.

32P-labeled UPS DNA probe construction. We constructed
DNA probes containing 2P at specific phosphodiester bonds
within the Ad2 MLP UPS by using three related procedures.
The first method was applicable to DNA fragments that
contained restriction endonuclease recognition sequences
within the binding site. A single internal phosphodiester
bond on each strand was radiolabeled by this procedure (Fig.
1).

In this procedure AvaI digestion of the multicopy plasmid
pMC347x6 was used (Garfinkel et al., in preparation) to
generate a 347-base-pair (bp) Ad2 MLP promoter fragment
that extended from positions -138 to + 198 with AvaI linkers
on both ends. Following purification by PICS chromatogra-
phy (43), the 347-bp fragment was then subjected to restric-
tion endonuclease digestion with MaeIII. The DNA frag-
ments were then treated with calf intestinal phosphatase
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(CIP), extracted with phenol-chloroform, and precipitated
with ethanol. The purified fragments were first phosphory-
lated with T4 kinase and [y-32P]ATP (3,000 Ci/mmol; Amer-
sham Corp., Arlington Heights, Ill.) and were then ligated to
each other at 14°C for 2 h with T4 DNA ligase. Both AvaI
and MaeIII generated noncomplementary ends that only
religated in their original orientations. The products of
ligation were digested with restriction enzymes to produce
both specific and nonspecific probes. A 347-bp probe that
was uniquely labeled within the UPS was generated by AvaI
digestion of the products of ligation, followed by digestion
with CIP, to remove 32p from the 5' ends. This probe was
designated the MaeIII probe. The MaeIII probe was used in
the experiments for which the results are shown in Fig. 4C,
5, and 6B. A 347-bp probe control was generated by MaeIII
and CIP digestion of the ligation products, which generated
a radiolabeled internal AvaI site and no intact UPS se-
quence. This was referred to as the AvaI probe. One half of
the UPS sequence in this probe was located at either end of
the DNA fragment, but neither was labeled with 32p. Alter-
natively, the correct 347-bp Ad2 MLP fragment was end
labeled for use as an additional control. The specificity of
protein(s) that bound to the UPS sequence was also exam-
ined with 32p introduced at the NciI site (NciI probe) which
was at the 3' border of the UPS core element.

In the second procedure, four synthetic oligonucleotides
corresponding to the 5' and 3' regions of the UPS on the
coding and noncoding strands were used (see Fig. 8B). One
member of each pair of oligonucleotides was 5' end labeled
with T4 kinase and [_y-32P]ATP and then ligated to its partner
with T4 DNA ligase. This generated single-stranded, full-
length coding and noncoding sequences containing 32p
within the UPS. The double-stranded DNA probe was then
formed by hybridization of the complementary full-length
oligonucleotides of the coding and noncoding sequences.
This method is particularly useful when specific radiolabel-
ing is desired in binding sites that do not have unique
restriction endonuclease sites. The specific introduction of
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FIG. 1. Construction of the Ad2 MLP, 347-bp, 32P-labeled
MaeIII UPS probe by specific labeling at the MaeIII restriction
endonuclease site.

32P into any phosphodiester bond is readily achieved. This
probe was used in the experiment for which the results are
shown in Fig. 8.

In the third method, synthetic oligonucleotide templates
and primers were used to generate specifically labeled
probes. A 20-base primer was annealed to the 3' end of the
corresponding 63-base template (positions -40 to -91) by
slow cooling from 65 to 24°C in 2 x React 2 buffer (Bethesda
Research Laboratories Inc., Gaithersburg, Md.). DNA poly-
merase I (large fragment) was then used with 10 nmol of
[a-32P]TTP (400 Ci/mmol; Amersham) and 2 ,umol each of
dATP and dGTP, to extend the primer to the first dCTP
required within the UPS. After a 10-min incubation at 24°C,
2 ,umol each of dCTP and dTTP were added to complete the
synthesis of the internally labeled, 63-bp probe. The 63-bp
probe (see Fig. 6D) was used in the experiments for which
the results are shown in Fig. 6A and C, 7, and 9. Identical
strategies were also used when single-stranded bacterio-
phage M13 clones containing the 347-bp Ad2 MLP sequence
in either orientation, and a variety of primers were used.

Oligonucleotide synthesis was performed on aDNA synthe-
sizer (Coder 300; VEGA) by using phosphoramidite chem-
istry (5). Synthetic oligonucleotides were purified by PICS-
high-performance liquid chromatography, as described pre-
viously (43).
Labeled probes were purified by 8% PAGE in TBE gels,

eluted into 0.5 M (NH4)2CH3COOH-10 mM Tris (pH 7.9)-i
mM EDTA, and dialyzed against 10 mM Tris (pH 7.9)-i mM
EDTA before use.
UV cross-linking. Ad2 MLP DNA (positions -138 to

+ 198) uniquely radiolabeled at specific restriction endonu-
clease sites within the UPS, in sequences flanking the UPS,
or both or synthetic oligonucleotide probes containing the
UPS were incubated at 24°C for 10 min with 1- to 2-,l
fractions of the concentrated Mono S fractions in a total of
20 pul of buffer B [40 mM (NH4)2S04, 1 mM EDTA, 20 mM
Tris hydrochloride (pH 7.9), and 1 mM dithiothreitol]. In
general, 10 fmol of the 32P-labeled DNA probe was incu-
bated with 1 to 10 ,ug of protein. The binding reaction was
then irradiated with short-wavelength UV light (260 to 280
nm) at 4°C with an average intensity of 600 p.W/cm2.
Following the specified time of irradiation, CaCl2 was added
to a final concentration of 10 mM, followed by the addition of
50 U of micrococcal nuclease. After a 30-min digestion at
37°C, fractions were resolved by 12% SDS-PAGE and ana-
lyzed by autoradiography.
Other procedures. DNase I footprinting, DNA mobility

shift analysis, and footprint analysis of DNA shift bands
have been described in detail elsewhere (7; Cohen et al., in
preparation). Southwest blotting was performed as de-
scribed previously (1). Protein analysis by SDS-PAGE was
performed as described previously (34). G+A ladders used
to calibrate DNA footprinting gels were generated by the
method of Maxam and Gilbert (28).

Materials. Radiolabeled nucleotides were obtained from
Amersham. Restriction endonucleases, T4 polynucleotide
kinase, T4 ligase, and Klenow enzyme were purchased from
New England BioLabs, Inc. (Beverly, Mass.). Micrococcal
nuclease was obtained from Boehringer Mannheim Biochem-
icals (Indianapolis, Ind.).

RESULTS

Mono S chromatography of HeLa WCE resolves two UPS-
binding factors. To identify factors which bind to the UPS of
the Ad2 MLP, HeLa WCE was fractionated by cation-
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FIG. 2. Chromatography of HeLa WCE on Mono S reveals UPS-binding factor heterogeneity. (A) HeLa WCE (2 ml, 9.6 mg) protein was
fractionated by Mono S chromatography in buffer A. Bound proteins were eluted with 45 ml of a linear KCI gradient, from 0 to 0.6 M. The
A280 and gradient profiles are shown. (B) Coomassie blue-stained 12% SDS-PAGE analysis of the eluted proteins. Abbreviations: L, Load;
FT, flow through. (C) DNA mobility shift assay for UPS-binding proteins. Binding reactions (25 ,ul) contained 1 Ll of the Mono S gradient
fractions, 1 ,ug of poly(dI-dC) (dI-dC), and 0.2 ng of the 5', 32P-labeled UPS probe (10,000 dpm). The major UPS probe-factor complex was
present as a characteristic doublet in fractions 4 and 5. Less abundant UPS-binding protein-DNA complexes were also identified in fractions
that eluted at higher salt concentrations (Ca). A duplicate assay was performed in the presence of an unlabeled, 63-bp UPS oligonucleotide
competitor (Cb). (D) DNase I footprint analysis of the major UPS-birnding activity eluting in Mono S fractions 4 and 5. The position and extent
of the UPS-binding factor footprints on both the coding and noncoding strands were mapped with respect to the cap site (+1) of the MLP.
(E) DNase I footprint analysis of other UPS-binding protein-DNA complexes identified in panel C. Complexes in fraction 4 (Ea) and the upper
two (Eb) and the lower two (Ec) bands in fraction 6 yielded identical footprint patterns. Lanes U and B refer to unbound and bound DNA,
respectively. The DNA probe used was the 230-bp AvaI-DdeI fragment that was 5' or 3' end labeled at the AvaI site (position -138). Each
25 ,ul of reaction mixture contained 1 p.l of the protein fraction, 1 ,ug of poly(dI-dC) (dI-dC) carrier DNA, and 10 fmol of the labeled probe.

exchange chromatography on Mono S resin (Pharmacia).
The A280 profile and the Coomassie blue-stained polypeptide
pattern of proteins, which first eluted with a linear KCI
gradient and which were then analyzed by SDS-PAGE, are
shown in Fig. 2A and B. Individual fractions were first
analyzed for UPS-binding factors by the DNA mobility shift
assay described by Fried and Crothers (11). By using a
230-bp end-labeled Ad2 MLP fragment (positions -138 to

+98), several distinct DNA-protein complexes were gener-
ated (Fig. 2Ca). To identify those complexes that are depen-
dent on specific binding to the UPS, a duplicate mobility
shift assay was performed in the presence of a 100-fold molar
excess of a synthetic 63-bp DNA fragment that contained the
UPS but that lacked other promoter elements (positions -40
to -91). This identifies (by elimination) those protein-DNA
complexes that are dependent on sequence-specific binding
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to the UPS (Fig. 2Cb). Several chromatographically distinct
protein-DNA complexes that are dependent on binding to
the UPS are identified by this procedure (indicated by
asterisks in Fig. 2Ca). The most abundant UPS-binding
protein eluted from Mono S at 125 mM KCI (fractions 4 and
5). The DNase I footprints of the major UPS-binding protein
on both the coding and noncoding strands of the Ad2 MLP
are presented in Fig. 2D. The footprint on the coding strand
extended from positions -47 to -69 and was characterized
by two distinct hypersensitive sites at positions -48 and
-50. However, additional UPS-binding factors, which elu-
ted at higher salt concentrations, formed complexes with the
UPS probe with mobilities that were distinctly different from
those of the most abundant species. Similar results were
obtained with either HeLa WCE or K562 nuclear extract
over a wide range of protein to probe ratios. To verify
further that the DNA-protein complexes identified by this
procedure contained UPS-specific binding proteins, the
DNA-protein complexes were treated with DNase I prior to
electrophoresis. Following electrophoresis, DNA was ex-
tracted from the complexes identified in Fig. 2C and ana-
lyzed on sequencing gels. Each complex contained the same
DNase I footprint over the UPS (coding strand), extending
from positions -47 to -69 (coding strand) and displaying the
prominent hypersensitive bands at positions -48 and -50
(Fig. 2E). The data show, therefore, that in addition to the
major UPS-binding activity identified in fractions 4 and 5,
other, less abundant, chromatographically distinct isoforms
or other unrelated UPS-binding proteins can be identified.

Strategy for the affinity labeling of sequence-specific DNA-
binding factors. For direct identification of the polypeptide(s)
which form stable complexes with DNA, an affinity labeling
procedure based on UV light-mediated cross-linking of pro-
tein and DNA (16, 17) was modified to increase the labeling
specificity. An outline of the basic strategy is presented in
Fig. 3. DNA was radiolabeled at specific phosphodiester
bonds within a binding sequence, and was incubated with
proteins in chromatographic fractions under conditions
which promote the formation of specific protein-DNA com-
plexes. Sequence-specific proteins bind stably at the site into
which specific radiolabeled phosphodiester bonds have been
introduced, while nonspecific protein-DNA interactions are
randomly distributed across the fragment and are weaker.
Following cross-linking of protein-DNA complexes by UV
irradiation, DNA-protein adducts were digested with micro-
coccal nuclease. Extensive nuclease digestion left only small
oligonucleotides covalently linked to protein. Consequently,
radiolabeled oligonucleotides were specifically transferred
only to those proteins that were directly in contact with the
specific DNA-binding sequence containing 32P-labeled phos-
phodiester bonds. Nonspecific DNA-binding proteins were
not visualized since micrococcal nuclease digestion sepa-
rates these proteins from 32P-labeled binding sites. Fractions
were then analyzed for 32P-labeled proteins by SDS-PAGE.
The mobility of the micrococcal nuclease-treated polypep-
tides was not significantly altered during SDS-PAGE (16),
and the molecular weight of the sequence-specific DNA-
binding protein was obtained directly by autoradiography.

Affinity radiolabeling identifies a UPS-binding protein with
an M, of 116,000. The DNA affinity labeling procedure was
first evaluated for the identification of proteins that bound to
an upstream promoter element of the Ad2 MLP (15, 18, 20).
Initially, polypeptides in the HeLa WCE fractions resolved
by Mono S chromatography were analyzed for UPS-binding
proteins by incubating radiolabeled probes with proteins that
were transferred to nitrocellulose after SDS-PAGE (South-

west blot analysis [1]). A large number of DNA-binding
proteins were identified (Fig. 4A) by using the uniquely
labeled UPS probe shown in Fig. 4E. End-labeled DNA
probes or the internally labeled AvaI site probe (see above)
that were used as controls generated an essentially identical
pattern of radiolabeled proteins (data not shown). In con-
trast, cross-linking of proteins in column fractions with the
MaeIII probe (see above) specifically labeled within the
UPS, followed by micrococcal nuclease digestion, radiola-
beled a single major protein with an Mr of 116,000 (Fig. 4C).
The 116-kDa protein detected by autoradiography did not
coincide with any band visualized by Coomassie blue or
silver staining. Since a DNA-binding protein, with the same
Mr, that affected the activity of the Ad2 MLP transcription
unit was previously shown to be poly(ADP)ribose synthe-
tase (38), the Mono S fractions were examined for this
activity by a modification of the procedure described by
Jump and Smulson (21). Incubation with [32P]NAD strongly
radiolabeled a 115-kDa band in fraction 5 (data not shown).
No activity was found in fractions which, by UV cross-
linking, contained the 116-kDa UPS-binding protein.
Use of end-labeled probes (AvaI or MaeIII ends) gener-

ated a nonspecific pattern of radiolabeled polypeptides (Fig.
4B) similar to that seen in the Southwest blot analysis. No
specific radiolabeled proteins were generated when a probe
containing the internally labeled AvaI site was used (data not
shown). The ability to radiolabel a single, low-abundance
polypeptide in a sequence-specific manner suggests that a
correct UPS-binding factor was identified. The 116-kDa
protein identified by specific UV cross-linking eluted from
Mono S from 0.25 to 0.32 M KCl within the region that also
showed DNA mobility shift (Fig. 2C) and DNase I footprint-
ing (Fig. 2E) activities. However, the chromatographic be-
havior of this protein was distinctly different from that of the
protein that was responsible for the formation of the major
DNA shift band that eluted at 0.12 M KCI (compare Fig. 2C
and E and 4C).
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FIG. 3. Strategy for the direct identification of DNA-binding
proteins. UV cross-linking specificity was achieved by the incorpo'-
ration of 32P exclusively within the specific binding sequence and by
the separation of nonspecific protein-DNA cross-links from these
32P-labeled phosphodiester bonds by extensive micrococcal nucle-
ase digestion.
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FIG. 4. Comparison of DNA-binding proteins identified by Southwest blot analysis and UV cross-linking (x-link) with DNA probes that
were radiolabeled within the UPS or 5' end labeled. (A) Proteins displayed in Fig. 1B were electrophoretically transferred to nitrocellulose.
Following partial renaturation in buffer A, the blot was probed with [32P]Ad2 MLP DNA (positions -138 to +11%) that was radiolabeled as
indicated in panel D or E. Identical results were obtained with probe that was labeled specifically within the UPS (E) or 5' end labeled (D),
indicating the inability of identifying sequence-specific DNA-binding proteins by this procedure. (B) Nonspecific DNA-binding proteins were
Identified by the 5'-end-labeled probe (D) by using the UV cross-linking procedure. (C) A single 116-kDa DNA-binding protein was identified
with the specific UPS probe labeled internally at the MaeIII restriction endonuclease site within the UPS (E). The positions of 32p within these
probes are indicated with asterisks (D and E). The duration of UV irradiation was 5 min. FT, Flow through V, transcription start site.

Detection of a second UPS-binding factor requires extended
UV cross-linking times. To visualize the protein that eluted at
a low salt concentration from Mono S and that was respon-
sible for the major DNA mobility shift band, several param-
eters of the cross-linking protocol were examined. The first
important variable was found to be the duration of UV
irradiation. With extended irradiation times, a second 45-
kDa protein that eluted in fractions 4 and 5 was identified
with a MaeIII-labeled UPS probe. Details of the purification
of the 45-kDa UPS-binding-factor will be reported elsewhere
(Cohen et al., in preparation). The time course of DNA
cross-linking to the 45- and 116-kDa UPS-binding proteins
was distinctly different. While cross-linking of both the 116-
and 45-kDa proteins was absolutely dependent on UV irra-
diation, the half time of cross-linking to the former was
approximately 2 min, while cross-linking to the latter pro-
ceeded linearly for 60 min. Simultaneous detection of both
UPS-binding proteins in Mono S fractions with the MaeIII
probe therefore requires a much longer period of UV irradi-
ation than was initially used. In addition, the amount of
nonspecific competitor DNA required for cross-linking spec-
ificity varied with both proteins. UV cross-linking of the
45-kDa UPS protein was enhanced by poly(dI-dC) poly
(dI-dC) at early stages of its purification, while cross-linking
of the 116-kDa UPS protein was not.
The second important variable was the amount of 32p-

labeled probe that was required to detect factors in partially
purified fractions. An analysis of UV cross-linking to the
116- and 45-kDa UPS-binding proteins as a function of probe
concentration is presented in Fig. 5. Mono S fractions
containing either the 45- or the 116-kDa proteins were
combined in a ratio which made the band intensities of both
proteins comparable on autoradiography. The mixture of
UPS-binding proteins was then irradiated for 30 min. At
limiting concentrations of 32P-labeled probe (2 fmol), the
45-kDa protein, but not the 116-kDa protein, was seen. At
higher concentrations of probe, both proteins were readily
visualized. The data illustrate, therefore, that at limiting

concentrations of probe, not all sequence-specific DNA-
binding proteins may be detected.

Sequence specificity of the affinity labeling procedure. To
demonstrate the sequence-specific nature of the proteins
which we identified using the affinity labeling procedure, we
performed several types of control experiments. In the first
of these, 32P-containing bonds were introduced at different
sites within the UPS or in flanking regions just outside the
UPS. One such probe was produced by using a synthetic
63-nucleotide oligonucleotide of the noncoding strand (posi-
tions -40 to -91) which was annealed to a complementary
20-nucleotide primer (positions -71 to -91). Primer exten-
sion with the Klenow enzyme in the presence of [32P]ITP,
dGTP, and dATP but in the absence of dCTP limited the
incorporation of deoxyribonucleotides to a region 10 bases 3'

fmol [32P] UPS

10 8 6 4 2 0.5 0.2 0.1

116- v4 _

45- " *

FIG. 5. Effect of probe concentration on UV cross-linking to the
116- and 45-kDa UPS-binding proteins. Mono S fractions 5 and 12
were combined and incubated with increasing amounts of the
specific internally labeled 347-bp UPS probe for 10 min. UV
cross-linking analysis was then performed by using a 30-min UV
exposure period. The amounts of 45- and 116-kDa proteins used
were chosen such that bands with comparable intensities could be
produced in the presence of saturating levels of probe. The relative
band intensities therefore do not reflect their relative abundances in
unfractionated HeLa WCE.
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FIG. 6. The specificity of UV cross-linking is highly dl
on the 32P-labeled phosphodiester bond position. 32P-label
phodiester bonds were introduced within the UPS at the Me
(0) or at the NciI site just 3' to the UPS core sequence (A) (
the UPS and its immediate 5'-flanking region by primer e
(*). Unique cross-linking of the 116-kDa UPS-binding pro
obtained only with the MaeIII site-labeled probe. (A) N
linking was observed with the NciI site-labeled probe (
shown). Probe labeled by primer extension identified not
116-kDa protein but also a 110-kDa protein that eluted from
at a lower KCI concentration. (B) Several consensus topois
I (TOPO I)-binding sites in the immediate flanking region
UPS were identified by sequence analysis (indicated by ti
line in panel D; the lighter line in panel D indicates the L
sequence). The kinetics of UV cross-linking of the 100- and
proteins to Ad2 MLP probe labeled at the asterisks is shown
C.

to the primer. Synthesis of the coding strand w,
completed by a cold chase with all four deoxyribo
tides. This strategy limited the incorporation of 321
region beginning six nucleotides upstream of the U
ending at the fourth position within the UPS (Fig. 6
32P-labeled phosphodiester bonds introduced by thiE
dure are indicated by asterisks in Fig. 6D. For coml
the 32P-labeled phosphodiester bonds introduced
MaeIII site in a second probe are indicated by two
third probe labeled at the NciI restriction site just 3
UPS was also constructed, and the 32P-labeled bonc
duced in this manner are indicated by triangles.
By using the NciI probe, no DNA-binding protein

of the fractions eluted from Mono S were specifical
tified by the UV affinity labeling procedure (data not:%
This was not surprising since the NciI site lies al
border of the UPS core sequence. This was also th
which we obtained earlier with the permuted Ad
347-bp probe containing an internally labeled AvaI s

unlabeled disrupted half UPS sites at its ends. For compar-
ison, the UPS probe labeled at the MaeIII site specifically
labeled the 116-kDa UPS-binding protein (Fig. 6B). Results
of cross-linking studies with the internally labeled 63-nucle-
otide synthetic oligomer again demonstrated radiolabeling of
the 116-kDa UPS-binding protein but then also revealed
radiolabeling of a new 100-kDa protein that eluted in Mono S
fractions 9 and 10. The kinetics of cross-linking of the
100-kDa protein were even faster than that of the 116-kDa

-01112 protein (Fig. 6C). Results of subsequent studies showed that
lo' 1l2 formation of a covalent bond between the probe and the

100-kDa protein did not require UV irradiation, but could be
accomplished by the addition of SDS (unpublished data).
DNA sequence analysis of this region indicated the presence
of several consensus topoisomerase I recognition sites (39)
immediately upstream of the UPS (positions -67 to -73).
Several of these sites would contain the 32p label introduced
by the primer extension protocol outlined above. That the
100-kDa protein was indeed topoisomerase I was then con-
firmed by copurifying it with an ATP-independent relaxation
activity on supercoiled plasmids (S. Sturm, personal com-
munication). Thus, the exact site of the 32P-labeled phospho-
diester bond within the DNA probe determines the speci-
ficity obtained by this affinity transfer procedure.

In the second type of control experiment, we employed
unlabeled competitor fragments to decrease specific cross-

GdCA; linking of UPS-binding proteins to the UPS. For these
TXCG studies we used the internally radiolabeled, 63-bp fragment

described above and protein fractions containing the 45-kDa,
UPS-binding protein identified in Mono S fractions 4 and 5

ependent (Fig. 2C). As competitor fragments we used either a cloned
led phos- 230-bp Ad2 MLP fragment that extended from positions
aeIII site -138 to +98 and that contained the UPS or a cloned 149-bpor within fragment that contained an intact Ad2 MLP TATAA se-
:xtensionbxteislnw quence but that lacked the entire UPS. The extent of UV
lo cross- cross-linking in the absence of competitor is shown in Fig. 7
'data not (lane 5). With increasing amounts of the 230-bp DNA frag-
only the ment, the extent of UV cross-linking was decreased. No
Mono S competition was observed, however, with the 149-bp frag-
iomerase ment which lacked the UPS. The specificity of the UV
5' to the affinity transfer procedure was thus confirmed by two inde-
he heavy pendent techniques.
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FIG. 7. Competition analysis of the specificity of UV cross-
linking of the 45-kDa protein to the UPS. The 45-kDa UPS-binding
protein was incubated with 10 fmol of the internally labeled 63-bp
UPS probe and increasing amounts of unlabeled Ad2 MLP frag-
ments containing (positions -138 to +98) or not containing (posi-
tions -37 to +28) the UPS. Following 10 min of incubation, UV
cross-linking was performed for 30 min. With competitor DNA
containing the UPS, UV cross-linking was essentially eliminated at
a 50-fold molar excess. A similar inhibition did not occur with the
nonspecific competitor DNA. Lane numbers are indicated at the
bottom of the gel.

MOL. CELL. BIOL.

_0 ,

6.r



DNA AFFINITY LABELING OF UPSTREAM FACTORS 111

A Isa Mr
-205
-116
-97
-67

-45
-36

I' ~~~~29
-24

_j- 1-14

A B 2 4 6 8 10 12

B
TCGGG|TTATAGGTGTAGGeCACGTGACCGGGTGTTCl

C|AAT ATC C ACATCC GG T GC*A CT GG CCC ACAAG|AGC C

FIG. 8. Specificity of UV cross-linking is affected by probe size.
(A) UV cross-linking to proteins in Mono S fractions was performed
with a 38-bp synthetic oligonucleotide probe. The placement of 32p
within the core sequence of the UPS is indicated by asterisks (B).
UV cross-linking analysis was performed over a 30-min irradiation
period. Both the 116- and 45-kDa UPS-binding proteins were
identified in fractions 10 and 11 and 4 and 5, respectively (fraction
numbers are indicated at the bottom of the gel). Several other
unidentified proteins become radiolabeled, however, in contrast to
the results obtained with the longer 347- and 63-bp probes (Fig. 4C
and 6B, respectively).

Size also affects probe specificity. To examine the effect of
probe size on the specificity of UV cross-linking, an inter-
nally labeled 38-bp probe containing 32p within the UPS was
constructed by ligation and subsequent hybridization of four
synthetic oligonucleotides (Fig. 8B). Use of this shorter
probe to identify UPS-binding proteins eluting from Mono S
by affinity cross-linking resulted in the identification of both
the 45- and 116-kDa UPS-binding proteins (Fig. 8A, fractions
4 and 5, and lanes 10 and 11, respectively). A pattern of
nonspecific protein labeling was also present, however, that
was similar to that generated with any end-labeled DNA
fragment. This limited the usefulness of such short probes in
the initial identification of specific DNA-binding proteins.
Presumably, the nonspecific background arises from end-
binding proteins which extend along the DNA oligomer
sufficiently to allow UV cross-linking, which was a distance
of 17 nucleotides in this particular probe. Once the identity
of the affinity-labeled proteins is established, however, such
probes can be used to monitor purification of the specific
DNA-binding proteins. Alternatively, UV cross-linking can
be performed in the presence of higher levels of nonspecific
unlabeled DNA competitors which increase the signal to
noise ratio in this and other assay systems that are depen-
dent on sequence-specific protein-DNA interactions.

DISCUSSION

Deletion and mutation analysis of the Ad2 MLP identifies
a cis-acting element upstream of the TATAA box which
regulates the rate of expression of this transcription unit (15,
18, 42, 20). In vitro transcription activity of the Ad2 MLP
exhibited a 10- to 20-fold dependence on this sequence. This
UPS contains an imperfect, centrally located palindrome,
GGCCACGTGACC. By DNase I footprint analysis, it was
determined that the UPS spans this palindrome and extends
from positions -47 to -69, with two hypersensitive sites on
the coding strand located at positions -48 and -50. In
several laboratories a 42- to 55-kDa protein has been purified

which can generate the DNase I footprint, and this protein
has been designated as the upstream element factor (30),
major late transcription factor (6), upstream binding (UB)
factor (35), or upstream stimulatory (US) factor (37). In a
recent report (6), it has been indicated that purification to
apparent homogeneity was achieved. A major problem that
we encountered, however, was an apparent loss of transcrip-
tional activity with increasing purification of this transcrip-
tion factor (R. B. Cohen and S. Garfinkel, unpublished
data). Similar observations have been made by other inves-
tigators during the purification of UPS-specific DNA-binding
proteins. Carthew et al. (4) noted a requirement for a fraction
that eluted at a high salt concentration from cation-exchange
resins in their fractionated assay system as the major late
transcription factor was increasingly purified. Moncollin et
al. (30) also reported an increasing loss of transcriptional
activity with the highly purified upstream element factor.
Several other transcription factors, including Spl (22), NF-
1/CTF (8, 19, 22), heat shock transcription factor (40), and
IID (32), have also been reported to exist in several discrete
molecular weight forms (33). Such heterogeneity is likely to
result from purification of distinct but related species. Since
several DNA-binding proteins which regulate transcription
unit activity have separate DNA sequence recognition and
effector domains (3, 23, 24, 29), we considered the possibility
that the partial assays used to purify the UPS factor might
result in the purification of only one of these domains. Most
partial assays that are currently used for factor purification
rely on DNA-binding activity or effects on DNA structure,
which alter accessibility to enzymatic or chemical modifica-
tion, rather than activity. The extent of DNA-binding activ-
ity, however, need not correlate directly with functional
activity during transcription. Specifically, a loss of catalytic
activity by modification of the functional domain could occur
during purification, independent of any alteration of the
DNA recognition domain. To study the native form of these
factors, we sought to develop an analytical procedure by
which, in crude or partially fractionated extracts, those
proteins that are responsible for sequence-specific DNA-
binding activity could be identified directly. If possible, the
method could be employed early in a fractionation procedure
to identify the number and native Mrs of DNA-binding
proteins that recognize a specific DNA sequence and to
devise additional strategies for purification of these proteins.

Photochemical cross-linking of proteins to nucleic acid
was explored as a method by which sequence-specific DNA-
binding proteins could be identified directly. Photochemical
cross-linking was first used to study binding of lac repressor
to lac operator DNA (25, 31) and histone binding to DNA
and chromatin (27). Subsequently, cross-linking was used to
identify those subunits of a highly purified RNA polymerase
that were in direct contact with DNA (16). More recently, a
significant improvement was achieved through the applica-
tion of laser technology, which increased the efficiency and
rapidity of cross-linking (17). In all of these studies, how-
ever, uniformly labeled probes were used. It was not possi-
ble in these studies, therefore, to be certain that DNA-
protein cross-linking occurred exclusively at specific binding
sites. In addition, in all of these studies either highly purified
or very abundant proteins were used; this limited the number
of radiolabeled bands that were generated. Since formation
of covalent bonds between DNA and protein is confined to
points of intimate contact, we reasoned that specific transfer
of label from DNA to protein would occur if radiolabel was
placed only within DNA sequences that were recognized by
their specific cognate-binding protein. Proteins that cross-
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linked to the specifically radiolabeled DNA at nonspecific
binding sites would not be visualized by autoradiography,
since only short, nonradioactive oligonucleotides would
remain cross-linked to them following nuclease digestion. In
addition, the molecular weight of the specific DNA-binding
protein could then be determined by SDS-PAGE, since the
mobility of proteins linked to short nucleic acid oligomers or
monomers is not significantly altered (16).

Specific cross-linking of proteins bound to the UPS of the
Ad2 MLP was achieved by limiting the introduction of 32p to
phosphodiester bonds within the UPS. By using 260- to
280-nm UV irradiation, cross-linking occurred without any
requirement for the incorporation of bromodeoxyuridine
into the DNA probe (17). Indeed, the only requirement for
successful UV-mediated cross-linking appears to be the
presence of radiolabeled pyrimidines within the binding site.
This is advantageous for several reasons. First, single-strand
breaks at bromodeoxyuridine sites in the DNA probes
resulting from UV irradiation are avoided, thus minimizing
the background of nonspecific proteins identified by this
procedure. Second, sequence-specific DNA-binding pro-
teins that recognize sites that do not contain thymidine can
still be identified. It is noteworthy that when thymidine-
containing probes were used, as in this study, the slow
kinetics of UV cross-linking of the 45-kDa UPS-binding
factor were comparable to those in the recent report of
Chodosh et al. (6), in which bromodeoxyuridine-substituted
probes were used.
The most important feature of the specific probes used in

this study was that radiolabel was introduced solely within
the binding sequence. In addition, we found that it is
important to introduce radiolabel at an internal site to avoid
labeling the nonspecific proteins that bind to fragment ends.
When low-abundance, DNA-binding proteins are studied,
the use of uniformly labeled probes results in a large increase
in the number of radiolabeled polypeptides generated by the
affinity cross-linking procedure. Since these probes are
generally easier to make and are still able to identify the
specific binding protein, in addition to the nonspecific bands,
they may nevertheless be useful once the specific band is
identified unambiguously. They cannot be used, however, in
an initial screening procedure in crude extracts for rare
sequence-specific DNA-binding proteins.

Protein detection by UV cross-linking with site-specific
labeled probes may also provide a useful technique for
estimating the pool sizes of DNA-binding proteins. The two
methods used to date, DNase I footprinting and gel electro-
phoresis mobility shift assays, are poorly suited to this
purpose. DNase I footprinting, which is perhaps the superior
of the two techniques for pool size estimates, requires the
presence of saturating amounts of protein to generate detect-
able protection from DNase I. This requirement limits its
applicability to DNA-binding proteins which are present in
subsaturating amounts in crude or partially purified extracts.
The gel electrophoresis mobility shift assay is probably more
sensitive to the presence of limited amounts of protein, but
this assay is also subject to interference by nonspecific
binding proteins. UV cross-linking, when performed in the
manner that we have described here, is sensitive enough to
detect proteins beneath the threshold of the DNase I foot-
print assay. If radiolabel is placed only in the binding site,
the nonspecific DNA-protein interactions complicating inter-
pretation of mobility shift assays are largely eliminated.
Careful titrations to ensure probe excess (Fig. 5) and deter-
mination of the intensity and/or duration of UV irradiation
are necessary, however.

How is it that the larger UPS-binding protein was not
observed by other investigators? We suspect that there are
nuclear proteins, perhaps those that are catalytically most
active in transcription initiation, which are present in very
small amounts, beneath the limits of detection of the DNase
I footprinting and gel electrophoresis mobility shift assays.
In addition, as Hockensmith et al. (17) have noted, se-
quence-specific DNA-binding proteins may scan the tem-
plate for their target by a sliding mechanism, passing through
several binding conformations in the process. Rapid cross-
linking with UV light may be the only method at this time for
detecting such short-lived DNA-protein intermediates.
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