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We developed a general method for the enrichment and identification of sequence-specific DNA-binding
proteins. A well-characterized protein-DNA interaction is used to isolate from crude cellular extracts or
fractions thereof proteins which bind to specific DNA sequences; the method is based solely on this binding
property of the proteins. The DNA sequence of interest, cloned adjacent to the lac operator DNA segment is
incubated with a lac repressor-beta-galactosidase fusion protein which retains full operator and inducer
binding properties. The DNA fragment bound to the lac repressor-beta-galactosidase fusion protein is
precipitated by the addition of affinity-purified anti-beta-galactosidase inmobilized on beads. This forms an
affinity matrix for any proteins which might interact specifically with the DNA sequence cloned adjacent to the
lac operator. When incubated with cellular extracts in the presence of excess competitor DNA, any protein(s)
which specifically binds to the cloned DNA sequence of interest can be cleanly precipitated. When isopropyl-
jP-D-thiogalactopyranoside is added, the bc repressor releases the bound DNA, and thus the protein-DNA
complex consisting of the specific restriction fragment and any specific binding protein(s) is released, permitting
the identification of the protein by standard biochemical techniques. We demonstrate the utility of this method
with the lambda repressor, another well-characterized DNA-binding protein, as a model. In addition, with
crude preparations of the yeast mitochondrial RNA polymerase, we identified a 70,000-molecular-weight
peptide which binds specifically to the promoter region of the yeast mitochondrial 14S rRNA gene.

Sequence-specific DNA-binding proteins are the media-
tors of many essential cell regulatory processes including
transcription, initiation ofDNA replication, and site-specific
recombination. Studies in phage and bacterial genetics have
allowed the identification and characterization of a number
of procaryotic sequence-specific DNA-binding proteins.
However, relatively few such proteins have been identified
in eucaryotes, where classical genetic manipulations are
cumbersome and biochemical analyses, are often hindered
by smaller quantities of starting materials and by the appar-
ent low abundance of many sequence-specific DNA-binding
proteins.

In contrast, recombinant DNA technology coupled with
improved methods for introducing in vitro manipulated DNA
into eucaryotic cells has permitted the rapid identification of
specific sequences involved in the regulation of gene expres-
sion, in the replication of viral DNAs, or in site-specific
recombination (such as immunoglobulin gene rearrange-
ment). Techniques for in vivo and in vitro footprinting can
define the precise DNA sequences protected by unidentified
factors (12). In addition, the development of accurate sys-
tems for the in vitro transcription of cloned DNAs has
helped define some of the template requirements necessary
for faithful RNA synthesis (10, 17). We devised a general
method which uses specific DNA regulatory sequences
identified by standard molecular biological approaches to
detect and enrich the protein components which specifically
interact with those sequences. The method uses a well-
characterized specific and avid DNA-protein interaction, the
binding of the lac repressor to the lac operator, as the basis
for isolating specific factors from complex mixtures of pro-
tein. The DNA sequence of interest is cloned adjacent to a
lac operator, and a DNA fragment containing both the
operator and regulatory sequence is precipitated by the
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sequential addition of both a lac repressor-beta-galacto-
sidase fusion protein and immobilized antibodies directed
against beta-galactosidase (Fig. 1A). The specifically bound
DNA fragment is then incubated with competitor DNA and
an extract or fraction containing the factor(s) which recog-
nizes the regulatory sequence of interest (Fig. 1B). The
immobilized DNA is recovered (Fig. 1C), and the lac oper-
ator-containing DNA fragment with bound proteins is spe-
cifically released by the addition of isopropyl-p-D-
thiogalactopyranoside (IPTG) which allosterically induces
the lac repressor (Fig. 1D). The eluate can then be analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis.
We demonstrated the specificity of this technique by

isolating lambda repressor from whole cell extracts of Esch-
erichia coli as a complex with the lambda operator region OL.
In a single step the repressor is enriched from a minor cell
constituent to approximately 90%o of the total protein. The
applicability of this method to less well-characterized sys-
tems is shown by the identification of a 70,000-molecular-
weight (MW) peptide which binds to the promoter region of
the yeast mitochondrial 14S rRNA gene. Partially purified
preparations of yeast mitochondrial RNA polymerase,
which support faithful transcription in vitro of yeast mito-
chondrial genes, contain a prominent 45,000-MW peptide as
well as many minor bands which can be separated by
polyacrylamide gel electrophoresis and visualized with silver
staining (9, 15). Although polyclonal antibodies directed
against gel-purified 45,000-MW peptide inhibit polymerase
activity, the enzyme was never purified to homogeneity, and
there has been no definitive evidence that this 45,000-MW
protein is an intrinsic component of the yeast mitochondrial
transcriptional apparatus. Further analysis of the factors and
conditions influencing specific and nonspecific transcription
with conventional methods has been hampered by the low
relative abundance and small absolute quantities of specific

2307



2308 LEVENS AND HOWLEY

A.

Operator Regulatory Sequence R

Lac Repressor (3-Galactosidase
Fusion Protein

jfAnti -p-Galactosidase

(: Goat Anti-Rabbit

Immunobeads

C.

B. Comp
II]

)etitor DNA

_..~' Non-Specific, or Non-Sequence R
,g6)_DNA Binding Proteins

Sequence R
Binding Protein

Sequence R

D.

FIG. 1. Schematic summary of procedure for identifying sequence-specific DNA-binding proteins. A detailed protocol is described in the
text.

proteins present in preparations of the mitochondrial RNA
polymerase. With the knowledge that the sequences imme-
diately containing and surrounding the initiation site of
transcription are sufficient to promote RNA synthesis in
vitro, we inferred that a promoter region-binding protein
(perhaps the RNA polymerase itself) would exist and might
be amenable to identification with the technique described
above. A 70,000-MW peptide, a minor component of par-
tially purified preparations of the yeast mitochondrial RNA
polymerase, can be demonstrated to bind the 14S rRNA
promoter region. Furthermore, preliminary evidence corre-
lates the binding of this protein with the presence of specific
transcription in vitro, although not with total RNA synthetic
catalytic activity.

MATERIALS AND METHODS

Bacterial strains. BMH72-19-1, which contains the lac
repressor-beta-galactosidase fusion gene, was the generous
gift of M. Koenen and B. Muller-Hill, Universitat zu Koln,
Cologne, Federal Republic of Germany. Bacterial strain N99
(harboring the plasmid pKB277 which encodes the lambda
repressor cI gene under lac control) was the generous gift of
M. Gottesman, National Cancer Institute, Bethesda, Md.

Plasmids. Six plasmids were used in these experiments.
Experiments with the lambda repressor used pUC8 and a
pUC8 derivative in which an HpaI (nucleotide 35,261 from

the left end of lambda DNA)-HindIII (nucleotide 36,845)
fragment was cloned between the SmaI and HindIII sites in
the polylinker. This fragment contains the leftward promoter
(PL) and its operator (OL). The resulting plasmid is desig-
nated pUC8-OL (Fig. 2). Cleavage of pUC8-OL with restric-
tion endonucleases PvuII and BglII produced three frag-
ments. The smallest fragment is 733 base pairs and contains
the lac operon regulatory sequences as well as OL and PL.
Cleavage of pUC8 with PvuII produced two fragments; the
smaller fragment is 301 base pairs (bp) and contains the lac
operon regulatory sequences.
Four plasmids were used in the experiments identifying

the mitochondrial promoter region DNA-binding protein
(Fig. 3). Two plasmids, pTB3'+29 and pTB3'-31, contain
segments of the yeast mitochondrial 14S rRNA gene with
deletions extending from a site in the body of the gene, in a
5' direction, to positions +29 and -31, respectively (2). The
5' border of the mitochondrial sequences in these plasmids is
the SacII site at position -234 relative to the site of the
initiation of transcription. The mitochondrial sequences are
cloned between the BamHI (5') and EcoRI (3') sites of
pUR250 (26). pTB3'+29 contains the lac operator approxi-
mately 250 base pairs to the 5' side of the initiation site of
transcription. The mitochondrial insert and the lac operator
can be excised on a 501- or 561-bp PvuII restriction enzyme
fragment from pTB3'-31 or pTB3'+29, respectively. In
addition, the mitochondrial inserts from these plasmids were
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FIG. 2. Structure of pUC8-OL. The HpaI-HindIII fragment con-
taining lambda DNA sequences 35,261 through 36,845 was excised
from plasmid pKC30 and inserted between the Smal and HindIII
sites of pUC8. A 733-bp PvuII-BgIlI fragment which contains the lac
operator, as well as operator OL and promotor PL, can be cleaved
from the resulting plasmid.
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cloned as EcoRIIBamHI fragments between the EcoRI and
BamHI sites of pBR322, generating pBR3'-31 and
pBR3'+29, respectively; this step separated the mitochon-
drial sequences from the lac operator to prevent their
precipitation in binding experiments.
High-MW DNA. Commercial salmon sperm DNA (Sigma

Chemical Co., St. Louis, Mo.) was sonicated, extracted four
times with phenol and once with chloroform, and precipi-
tated with ethanol. E. coli DNA was prepared by the
procedure of Marmur (18).

Bacterial extracts. Bacterial extracts were prepared by the
procedure of Mauer et al. (19). Briefly, mid-log bacteria were
harvested, suspended in 2 volumes of buffer, sonicated,
centrifuged for 10 min at 13,000 x g, and dialyzed into 10
mM Tris hydrochloride (pH 7.4)-2 mM CaCI2-. 1 mM
EDTA-1 mM beta-mercaptoethanol-5% glycerol (WB) with
100 mM KCI.

Antibodies. Rabbit anti-beta-galactosidase was purchased
from Cappel Laboratories, Cochranville, Pa., and affinity
purified on beta-galactosidase coupled to CNBr-activated
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FIG. 3. Summary of plasmids. The hatched region represents mitochondrial sequences containing or immed,iately 5' to the initiation site
of transcription of the 14S rRNA gene. The small arrow shows the direction of transcription. (A) pTB3'+29 was constructed as described
previously (9). The open bar shows the i gene and lac operon sequences present in pUR250. The thin lines indicate the remaining vector
sequences. (B) pTB3'-31 was constructed as described previously (9). The thin line with the delta symbol indicates the sequences deleted
in this plasmid compared with pTB3'+29. (C) pBR3'+29 was constructed by cloning the mitochondrial sequences of pTB3'+29 into
pBR322. (D) pBR3'-31 was constructed by cloning the mitochondrial sequences of pTB3'-31 into pBR322.
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Sepharose prepared by the specifications of the manufac-
turer (Pharmacia Fine Chemicals, Piscataway, N.J.). Im-
munobeads with covalently bound goat anti-rabbit were
purchased from Bio-Rad Laboratories, Richmond, Calif. lac
repressor-beta-galactosidase fusion protein was prepared by
the procedure of Fowler and Zabin (11). Preliminary exper-
iments were performed with fusion protein, which was the
generous gift of I. Zabin.

Mitochondrial RNA polymerase. A partially purified prep-
aration of yeast mitochondrial RNA polymerase (gift of J.
Wettstein, University of Chicago, Chicago, Ill.) was pre-
pared by the procedure of Levens et al. (15) through the
phosphocellulose step with the omission of the Sepharose 4B
column. Polyacrylamide gel electrophoresis of this enzyme
revealed a complex mixture of peptides, ranging in MW from
approximately 15,000 to 200,000.

Protein electrophoresis. Proteins were separated on SDS-
polyacrylamide gels (10% for mitochondrial experiments and
12% for lambda repressor) and visualized with Kodavue
stain (Eastman Kodak Co., Rochester, N.Y.). The staining
procedure used did not visualize nucleic acids, in contrast to
conventional silver staining procedures.

Binding of specific proteins. The binding procedure conve-
niently is divided into several steps. The lac repressor-beta-
galactosidase fusion protein was added to a solution of
restriction endonuclease-digested plasmid DNA. This fusion
protein retains full operator-binding capacity, inducibility,
and beta-galactosidase activity (3, 21). The restriction endo-
nuclease chosen should leave both the lac operator and the
DNA sequence of interest on the same fragment. Typically,
3 to 5 p.g of digested plasmid DNA is dissolved in lac
repressor binding buffer, and 1 to 2.5 ,ug of lac repres-
sor-beta-galactosidase fusion protein is added. To minimize
the binding of non-operator DNA, it is essential to use
sufficient operator-containing DNA to saturate the lac
repressor-beta-galactosidase fusion protein.
Immunobeads were suspended in phosphate-buffered sa-

line according to the recommendations of the manufacturer,
and affinity-purified anti-beta-galactosidase (approximately
10 ,ug/ml of suspension) and 100 ,ug of bovine serum albumin
per ml were added. This suspension was then incubated for
3 to 12 h at 4°C and washed twice with phosphate-buffered
saline and then twice with lac repressor binding buffer (10
mM Tris hydrochloride [pH 7.4], 10 mM MgCl2, 20 mM
NaCl, 0.1 mM dithiothreitol, 0.1 mM EDTA). The washed
Immunobeads were suspended in 100 to 200 ,ul of binding
buffer per ml of original suspension. Immunobeads from a
total of 0.5 ml of the original suspension were added for each
microgram of lac repressor-beta-galactosidase fusion pro-
tein. The beads were added in three to four portions at
intervals of approximately 15 min to the repressor-operator
binding reaction. The incubation was continued for another
60 min with periodic mixing, after which the beads were
briefly centrifuged and washed twice in binding buffer. The
washed beads with the bound restriction fragment next were
suspended in the appropriate buffer along with an excess of
competitor DNA. The protein extract or fraction was added
last. The temperature and duration of the incubation was
dependent upon the individual protein. In some experi-
ments, after the binding reaction, additional competitor
DNA was added to further absorb out non-sequence-specific
DNA-binding proteins. The reaction was briefly centrifuged,
washed two to four times in the buffer of choice, and eluted
into 10 mM Tris hydrochloride-2 mM EDTA-2 mM IPTG-
20 mM NaCI for 20 to 30 min. A portion of the sample may
be analyzed by agarose gel electrophoresis for the presence

of the lac operator-containing restriction fragment, and the
remainder of the eluate may be concentrated by lyophiliza-
tion and subjected to polyacrylamide gel electrophoresis for
the analysis of protein components. Nonspecific competitor
DNA must be included in the final wash to increase the
efficiency of elution. Proteins and DNA not eluted with
IPTG may be recovered by washing the beads in a solution
containing 0.2% SDS. Typically, 50 to 90% of the bound
restriction fragment is present in the IPTG eluate.

Transcription reactions. For in vitro transcription reac-
tions, Immunobeads bearing immobilized restriction endo-
nuclease fragments containing or deleted of mitochondrial
14S promoter region sequences were incubated with 40 RI of
crude RNA polymerase and washed under the same condi-
tions as described in the legend to Fig. 5. However, the
second wash did not include salmon sperm DNA. The
Immunobead pellets with bound protein were suspended in
50 ,u1 containing 10 mM Tris hydrochloride (pH 7.4), 10 mM
MgCI2, 125 ,uM each of ATP, GTP, and CTP, 5% glycerol,
100 ,ug of bovine serum albumin per ml, 1 mM dithiothreitol,
1 mM IPTG, and 20 ,uM [a-32P]UTP (60 Ci/mmol) as well as
template DNA at 25 to 60 ,ug/ml. The template DNA was
pBR3'+29 cleaved with either HincIl (which generates a
485-nucleotide runoff transcript from the mitochondrial
promoter in the presence of the mitochondrial RNA poly-
merase) or AatII (which yields a 101-nucleotide runoff
transcript). Specific transcription of the immobilized pro-
moter-containing DNA pTB3'+29 results in a 138-nucleotide
transcript (2). pTB3'-31 does not direct specific RNA
synthesis (2). Transcription reactions were allowed to pro-
ceed for 20 min at 20°C with periodic mixing. The reactions
were stopped by the addition of SDS and EDTA to final
concentrations of 1% and 10 mM, respectively. After cen-
trifugation, the supernatants were removed, proteinase K
was added to 100 ,ug/ml, and the mixtures were incubated at
37°C for 30 min. The reactions were extracted with phenol,
and the aqueous phase was centrifuged on a Bio-Gel P6
column as described previously (23). The excluded material
was precipitated with ethanol, dried, counted for Cherenkov
radiation, and analyzed by urea-polyacrylamide gel electro-
phoresis. Runoff transcripts synthesized by crude mitochon-
drial RNA polymerase and not subjected to the binding
procedure were processed in a similar manner.

RESULTS
Binding of lambda repressor demonstrates the principle of

this technique. We describe here a method designed to
exploit knowledge of regulatory sequences, based on genetic
or in vitro experiments, to isolate the factors which bind to
the DNA regulatory elements. The feasibility of this ap-
proach is demonstrated by specifically binding and enriching
lambda repressor from crude lysates of E. coli. Figure 4,
lanes 1 and 2, shows lysates of E. coli containing plasmid
pKB277 from cells grown in the presence or absence of 1
mM IPTG. The amount of protein run on the gel shown is
equal to 1% of the input into the binding reactions. Exami-
nation of the crude lysates reveals, as expected, a compli-
cated mixture of proteins. Comparison of the lysates in the
region of lambda repressor monomers (26,000 MW) fails to
reveal any prominent IPTG-induced band. In addition, com-
parison of these crude lysates with E. coli extracts from cells
possessing no lambda repressor gene fails to reveal the
presence of a new band at 26,000 MW (data not shown).
Expression of the lambda cI gene under lac control has been
reported to result in the synthesis of lambda repressor
amounting to approximately 1% of cellular protein (1, 14).
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The extracts shown were subjected to the binding procedure
outlined above in the presence of E. coli competitor DNA
according to the details in the legend of Fig. 4. Of the total
IPTG eluate from the induced and uninduced extracts, 8% is
shown in lanes 3 to 6. Induced and uninduced extracts reveal
the binding of the expected 26,000-MW lambda repressor
peptide to DNA fragments containing the lac regulatory
seqeunces OL and PL (lanes 4 and 6) but not to the PvuII
fragment of pUC8 containing the lac sequences but no
lambda sequences (lanes 3 and 5). From the intensity of
staining in several gels, we estimate that in induced extracts
the 26,000-MW band amounts to approximately 90% of the
total bound and eluted protein; it also is clearly the major
protein bound, even in uninduced cells. No similar band
could be enriched in extracts from cells lacking a cI gene

Extract I N N N I

Competitor DNA - - + + + +

Bound DNA - - 0L-OL+0OL-OL

97,000

68,000-

43,000 -

26,000-

18,000

12,000

1 2 3 4 5 6
FIG. 4. Enrichment of lambda repressor from whole-cell ex-

tracts in one step. A 6-,ug amount of pUC8 (OL ) cleaved with PvuIl
and 7.5 ,±g of PUC8-OL (OL') cleaved with Pvull and BglII were each
incubated with 4 ,ug of repressor-beta-galactosidase fusion protein
and Immunobeads saturated with anti-beta-galactosidase as de-
scribed in the text. The beads were washed twice with binding buffer
containing 20 mM KCl and suspended in 400 Rl of WB with 30 mM
KCI-10 mM MgC92. Each reaction was divided equally, and 100 ,ul
of WB containing 170 ,ug of sonicated E. coli DNA(c) was added to
each tube. Then 100 RI1 of an E. coli extract from cells expressing
lambda repressor under lac control either induced with IPTG (I) or
uninduced (N) was added to each reaction. The reactions were
incubated for 30 min at 4°C, centrifuged, washed twice in WB with
30 mM KCL-10 mM MgCL2, and eluted as described in the text.
The eluates were lyophilized and analyzed on the 12% SDS-
polyacrylamide gels shown here. Of the final eluates, 8% are
displayed here. Lanes: 1, 1 R1 of extract I containing 15 pg of total
protein; 2, 1 R1I of extract N containing 11 ,ug of total protein; 3,
proteins from extract N bound to pUC8 DNA; 4, proteins from
extract N bound to PUC8-OL DNA; 5, proteins from extract I bound
to pUC8; 6, proteins from extract I bound to PUC8-OL. The
positions of MW standards are indicated.

(data not shown). It is interestng that several minor bands
amounting to a small fraction of the total protein present in
the eluates also appear to be binding specifically to the
lambda sequences. The two largest of these minor bands
comigrate with the two largest bands present in the whole-
cell extracts and hence can be identified as the beta and beta'
subunits of E. coli RNA polymerase (4).

Application of the binding technique to yeast mitochondria.
Having demonstrated the efficacy of the method described
above in a procaryotic model, we next sought to demon-
strate its applicability to a less well-characterized system by
identifying the protein(s) which binds to the promoter of the
yeast mitochondrial 14S rRNA gene. Figure 3 shows the
plasmnids used in these experiments. pTB3'+29 contains
sufficient sequences to direct the in vitro synthesis of a
specific runoff transcript initiated at position +1 of the 14S
rRNA gene. pTB3'-31 does not allow detectable specific
transcription of the 14S rRNA gene (2). These plasmids
differ only by 60 bp centered on position + 1 and containing
nucleotides -10 to +2 which are essential for accurate in
vitro transcription (2). The mitochondrial sequences present
in each plasmid consist of A-T-rich (approximately 95%)
DNA with no other distinctive features (28). Cleavage of
each of these plasmids with PvuII generates a small fragment
containing the entire mitochondrial insert and the lac oper-
ator; these fragments were immobilized on Immiunobeads
via the lac repressor-beta-galactosidase fusion protein and
anti-beta-galactosidase as described above. To eliminate the
isolation of mitochondrial proteins potentially binding to
sequences upstream from position -31, which are not re-
quired for specific transcription in vitro (2), the competitor
plasmids retained the same upstream mitochondrial DNA
sequences through position -234 as those retained by
pTB3'-31 and pTB3'+29. The resulting plasmids pBR3'+29
and pBR3'-31 do not contain lac operator sequences and
hence are not precipitated in the binding reaction.

Identification of a 70,000-MW peptide which binds to the
mitochondrial 14S rRNA promoter region. The experiments
shown in Fig. 5 directly identify and enrich a 70,000-MW
peptide which specifically binds to the promoter region of
the 14S rRNA gene. This peptide binds to promoter-
containing DNA immobilized on the Immunobeads in the
presence of a 50-fold mass excess of competitor DNA
deleted of promoter sequences (Fig. 5, lane 4). This peptide
is not precipitated by immobilized promoter-deleted DNA
(Fig. 5, lanes 2 and 3). In addition, the binding of the peptide
is eliminated when the competitor DNA in excess contains
functional promoter sequences (Fig. 5, lane 5). (In some
experiments, trace amounts of an 85,000-MW sequence-
specific DNA-binding protein are also detected [Fig. 5, lane
4].)
The specific binding of the 70,000-MW peptide to immo-

bilized promoter sequences is dependent upon the stoichi-
ometry of the immobilized and free promoter region se-
quences (Fig. 6). As the molar ratio of bound
pTB3' +29/competitor pBR3' +29 is decreased from 1/0 to 1/8
to 1/25 (Fig. 6, lanes 1 to 3, respectively), the precipitation of
the 70,000-MW peptide is progressively reduced. The total
mass of competitor DNA in the experiments depicted in Fig.
5 and 6 was not varied, indicating that the disappearance of
the 70,000-MW-peptide can only be attributed to specific
competition by sequences within the 60-nucleotide region
contained uniquely on the promoter-plus plasmid.
The presence or absence of the 70,000-MW peptide in

various fractions cannot be explained by variation in the
efficiency of elution of the protein-DNA complex from the

VOL. 5, 1985 2311



2312 LEVENS AND HOWLEY
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presence of these fragments demonstrates saturation of the
repressor with operator DNA and indicates the mobilities of
the various restriction fragments.

Functional assessment of the specifically bound fraction.
Recent experiments have shown that preparations of the
mitochondrial RNA polymerase can be resolved into a
selective fraction which supports accurate transcription in
vitro as well as a nonselective catalytic fraction (B. Ticho
and G. S. Getz, University of Chicago, personal communi-
cation). These results suggest that accurate transcription
might require a specificity factor to confer selectivity on the
catalytic component. To functionally assess with our method
the role of the factors which are bound to DNA, Im-

Polymerase -t- t t

Competitor DNA pA p ± p +
pA

Bound DNA p -tF- p±+

26,000 -

97,000

68,000 -

18,000 -
1 2 3 4 5 6

HG6. 5. A 70,000-MW peptide binds to the yeast mitochondrial
14S rRNA promoter region. A 15-,ug amount each of pTB3'+29 (p+)
and pTB3'-31 (pA) DNA cleaved with PvuII was incubated with 10
,ug of the lac repressor-beta-galactosidase fusion protein and Im-
munobeads saturated with anti-beta-galactosidase as described in
the text. The Immunobeads were washed three times with binding
buffer containing 20 mM KCI and suspended in 200 p.1 of binding
buffer with 100 p.M ATP-5% glycerol and no KCI or NaCl. The
Immunobeads with bound DNA were divided into separate reac-
tions containing the appropriate competitor DNA cleaved with
Hinfl. RNA polymerase (60 ,ul) was added last. Final reaction
volumes were 420 ,ul in binding buffer with 5% glycerol-100 p.M
ATP and approximately 40 to 50 mM KCI supplied by the addition
of the RNA polymerase. The reactions were incubated at 15°C for 30
min, centrifuged, and washed once in 0.5 ml of binding buffer with
5% glycerol-100 p.M ATP-30 mM KCI and then once with 0.5 ml of
the same buffer containing 100 p.g of salmon sperm DNA per ml.
Finally, the reactions were eluted as described in the text. Samples
were analyzed for DNA content (the rest was lyophilized), and 70%
of each sample was subjected to electrophoresis on the 10% poly-
acrylamide gel shown here. The additions to each reaction follow.
Lanes: 1, 2 p.l of input RNA polymerase, 2, 80 p.1 of pA Im-
munobeads and 75 p.g of pBR3'-31i 3, 80 p.l of pA Immunobeads
and 75 p.g of pBR3'+29; 4, 80 p.1 of p+ Immunobeads and 75 p.g of
pBR3'-31; 5, 80 pI of p+ Immunobeads and 75 p.g of pBR3'+29; 6,
40 p.1 each of p+ and pA Immunobeads and 37.5 pLg each of
pBR3'+29 and pBR3'-31. Positions ofMW standards are indicated.
Several faint additional bands seen in reactions without polymerase
are artifacts of staining (22, 30).

Immunobeads. Figure 7 shows portions of the eluates from
the samples shown in Fig. 5 analyzed for DNA on a 1.5%
agarose gel. Equal amounts of lac operator-containing re-
striction fragments and a small quantity of residual salmon
sperm DNA are present in each sample. Also shown (Fig. 7,
lanes E and F) is the DNA not bound in the reaction which
immobilized the lac operator-containing fragments. The

43,000

26,000-

18,000

1 2 3
FIG. 6. For each point, 3.0 p.g of Puill-digested pTB3'+29 was

reacted with 0.7 p.g of lac repressor-beta-galactosidase fusion
protein, bound, and washed as described in the text. Approximately
50% of the lac operator-containing restriction fragment bound in
each sample. The Immunobead pellets were suspended to a final
reaction volume of 300 p.1 in binding buffer containing 5% glycerol,
40 mM KCI (supplied by the addition of RNA polymerase), 100 pM
ATP, and the additions noted below, RNA polymerase being added
last. The samples were incubated for 20 min at 20°C, at which time
40 p.g of salmon sperm DNA as additional competitor was added to
the samples. All samples were immediately centrifuged, washed
once in 0.5 ml of binding buffer with 100 p.M ATP and 20 p.g of
salmon sperm DNA, and then eluted into 300 p.l of 10 mM Tris
hydrochloride (pH 7.4)-5 mM EDTA-2 mM IPTG for 20 min. The
eluates were lyophilized and analyzed on the 10% polyacrylamide
gel shown here. The plasmid competitor DNA was digested with
Hinfl extracted with phenol and then ethanol precipitated before
being added to the binding reactions. The additions to each reaction
follow. Lanes: 1, 50 p.g of pBR3'-31 and 40 p.1 ofRNA polymerase;
2. 15 p.g of pBR3'+29, 35 p.g of pBR3'-31, and 40 p1 of RNA
polymerase: 3, 50 p.g of pBR3'+29 and 40 p.l of RNA polymerase;
p+ DNA contains a functional mitochondrial promoter. In pA DNA
the functional promoter sequences have been deleted.
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munobead pellets with proteins bound to the promoter
region-containing DNA fragment were allowed to synthesize
RNA directed from both bound and exogenously added
templates. Faint specific runoff transcripts were produced
from both the bound and added templates from binding
reactions with immobilized promoter-containing DNA but
not with immobilized promoter-deleted DNA (data not
shown). Transcripts of 138 and 485 nucleotides, respec-
tively, were directed by the bound PvuII fragment of
pTB3'+29 and by added pBR3'+29 cleaved with HinclI. In
addition, reactions containing pBR3'+29 cleaved with AatII
produced the expected 101-nucleotide transcript. Less than
0.5% of the total polymerizing activity added to the binding
reaction was recovered in the pellets (the binding reagents
do not inhibit transcription, data not shown), which indicates
that catalytic activity is not enriched by this specific binding
assay. However, specific transcription in vitro is reconsti-
tuted by the method described in this paper with the addi-
tions of a fraction containing nonselective activity and a
bound fraction prominently enriched for a 70,000-MW pep-
tide (data not shown; see below).

DISCUSSION

Binding of lambda repressor: a demonstration of the
method. We developed a method to identify proteins which
bind to known regulatory DNA sequences. To verify the
utility of this approach, we applied the procedure to extracts
of E. coli containing the lambda repressor. In a single step,
the lambda repressor is brought to approximately 90% of the

A B C D E F
FIG. 7. Promoter-containing and promoter-deleted DNA are re-

covered equally from binding reactions. Of the total eluate recov-
ered from samples shown in Fig. 5, 6% were analyzed on the 1.5%
agarose gel shown here. Reaction additions are listed below. Com-
petitor DNA was restricted with Hinfl. Lanes: A, 80 ,ul of p+
Immunobeads and 75 ,g of pBR3'+29; B, 80 ,ul of p+ Immunobeads
and 75 ,ug of pBR3'-31; C, 80 ,u1 of pA Immunobeads and 75 ,ug of
pBR3'+29; D, 80 ,u1 of pA Immunobeads and 75 jig of pBR3'-31.
Lanes E and F show a portion of the supernatant from the binding
reaction which immobilized the lac operator-containing restriction
fragment and demonstrates DNA excess in that reaction relative to
lac repressor-beta-galactosidase fusion protein as well as indicating
the mobilities of the restriction fragments used in the experiment.

total protein in the purified sample. In addition to the lambda
repressor, it appears that a much smaller amount of E. coli
RNA polymerase is also specifically precipitated by the
technique described here. This could be due to specific
binding of E. coli RNA polymerase to the lambda phage
DNA sequences in PUC8-OL or to a weak association of
polymerase with the lambda repressor bound to DNA. The
increased amount of polymerase precipitated from extracts
of induced cells containing the greatest amount of lambda
repressor would favor the second possibility.

Is the 70,000-MW protein a yeast mitochondrial transcrip-
tion factor? We also applied this technique to a less well-
characterized system in identifying a heretofore unrecog-
nized protein which binds to a 60-bp promoter region of the
yeast mitochondrial 14S rRNA gene. The identification and
enrichment of this peptide have been made solely on the
basis of its binding to a 60-bp region containing sequences
essential for specific transcription in vitro. These sequences
direct the accurate in vitro initiation of 14S rRNA transcrip-
tion and have been analyzed extensively with a series of
nuclease BAL 31-generated deletion mutants. By using
nested deletions extending from upstream or downstream
sites toward the initiation site (+1), the region from -10 to
+2 was shown to provide all of the information necessary for
the correct promotion of RNA synthesis in vitro. The
necessary nucleotides for accurate transcription lie squarely
in the middle of the 60-base region unique to the promoter-
plus plasmids used in the current experiments. The binding
of the 70,000-MW peptide to immobilized promoter-
containing DNA but not to promoter-deleted DNA in the
presence of a 50-fold mass excess of competitor demon-
strates its specificity for this region. In addition, the
stoichiometric titration of the binding of the 70,000-MW
peptide from bound to soluble promoter sequences confirms
this observation.
The 70,000-MW peptide which specifically binds to the

60-bp region is only a minor component of a crude, active
fraction of yeast mitochondrial RNA polymerase and is
distinct from the major 45,000-MW peptide. Although the
70,000-MW peptide is not enriched for catalytic activity, the
binding of this factor correlates with a small amount of
specific transcription in vitro. A simple model is that the
70,000-MW peptide is a factor which confers transcriptional
specificity to unidentified catalytic components. Transcrip-
tion by partially purified preparations of the yeast mitochon-
drial RNA polymerase has a second-order concentration
dependence consistent with this model (9). The partial
resolution by conventional chromatographic techniques of
specific and nonspecific transcriptional activities for yeast
mitochondria has revealed that selective activity is observed
in an overlap region between the nonspecific activity and
fractions enriched for a 70,000-MW peptide (Ticho and Getz,
personal communication). Although direct addition of this
70,000-MW peptide-enriched fraction to a fraction with
nonspecific activity fails to reconstitute specific transcrip-
tion, binding of the 70,000-MW peptide-enriched fraction to
immobilized DNA by the technique described in this paper,
followed by the addition of nonspecific activity, restores
accurate in vitro transcription and eliminates random RNA
synthesis (unpublished data). This result, in combination
with the direct demonstration of a 70,000-MW promoter
region specific binding protein reported here, strongly sug-
gests a role for the 70,000-MW peptide in the initiation of
transcription.
The mechanisms through which promoter specificity is

conferred upon RNA polymerases can vary. Some RNA
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polymerases, such as those found in some bacteriophage,
possess intrinsic capacity for promoter site selection (6).
Most bacterial host RNA polymerases rely upon sigma
factors which do not bind directly to DNA but do confer
specificity upon core syzymes (5). In eucaryotes, transcrip-
tion factors such as TF IIIA and Sp-1 bind directly to specific
sequences independently of RNA polymerase (8, 10). If the
70,000-MW peptide proves to be a transcription factor, it
would appear to be similar to other more well-characterized
eucaryotic transcription factors in that it possesses specific
DNA-binding properties in the absence of RNA polymerase.
An alternative role for this 70,000-MW peptide in the regu-

ldtion of 14S rRNA gene expression cannot be excluded at
this time. It should be noted, however, that a similar
consensus sequence is present at the initiation sites of
transcription from a variety of mitochondrial genes (7i.

Small amounts of other peptides also may be enriched
from the partially purified yeast mitochondrial RNA poly-
merase fraction. For instance, an 85,000-MW peptide is also
visualized (Fig. 5, lane 4). Because the 60-bp segment used
for specific binding is potentially large enough to bind more

than one factor, we cannot determine whether the binding of
the 85,000-MW peptide is independent of, cooperative with,
or complexed to the 70,000-MW peptide. Binding experi-
ments with small, defined deletions in the promoter region
may help to resolve this matter and could provide a general
means for precisely localizing the specific DNA-binding sites
of particular proteins.
Thermodynamic and kinetic constraints of the method. (i)

The lac repressor-beta-galactosidase fusion protein is a

tetramer of 150,000-MW monomers and possesses two iden-
tical DNA-binding sites (3, 4, 21). A typical concentration of
lac repressor-beta-galactosidase protein used in an analyti-
cal experiment is approximately 1 x 10-8 M; hence, the
maximal specific DNA concentration bound is approxi-
mately 2 x 10-8 M. Therefore, any protein with a sequence-

specific Kd of 5 x 10' M or less may be significantly
depleted after several washes. However, many specific
sequence binding proteins characterized thus far bind tighter
than a Kd of 10-9 M under optimal conditions, i.e., simian
virus 40 large T antigen, lambda repressor, and cro protein
(13, 20, 24, 29).

(ii) The extent of enrichment could be limited by the
relative Kd's of a specific protein for the specific DNA
sequence bound to the Immunobeads versus the nonspecific
sequences present as competitor. In addition, the source and
quality of the competitor DNA may influence the binding of
the protein of interest.

(iii) The Kd for the binding of nonspecific sequences by the
protein of interest as well as the quantity of competitor DNA
determines kinetically the rate at which the protein of
interest approaches equilibrium binding to its specific regu-

latory sequence. For example, the lac repressor has a Kd of
approximately 0.5 ,ug/ml for non-operator-containing DNA
and under the conditions used (approximately a 100-fold
excess of competitor DNA, relative to operator, present at a

final concentration of 300 jig/ml) should attain 90% equilib-
rium binding to operator in approximately 150 s (16). Pro-
teins which bind tighter to nonspecific sequences may re-

quire decreased amounts of competitor DNA or extended
incubations, or both, to approach equilibrium.

(iv) Because the lac repressor binds tightly to random
DNA (Kd, 0.5 jig/ml) (16), it is important to use sufficient
operator-containing DNA to saturate all DNA-binding sites
in the repressor-beta-galactosidase fusion protein. This pre-

vents significant amounts of competitor DNA carrying non-

specific proteins from precipitating with the protein of inter-
est.

(v) IPTG increases the Kd of lac repressor for lac operator
from 10-13 M to approximately 10-10 M, which is still very
tight binding (25). Therefore, the presence of long pieces of
competitor DNA in the final wash or the use of operator-
containing competitor DNA facilitates elution with IPTG by
binding to vacant repressor DNA-binding sites, effectively
blocking rebinding of eluted DNA and thereby displacing the
protein DNA complex of interest into the supernatant of the
final centrifugation. Due to the tight binding of the lac
repressor to the lac operator even in the presence of IPTG,
fragments bearing multiple lac operators are to be avoided
when attempting to identify and enrich DNA-binding pro-
teins. Effective elution is prevented by multiple repressor-
operator interactions on the same piece of DNA.

This procedure theoretically can be scaled up approxi-
mately 100- to 1,000-fold and still be performed on a conve-
nient laboratory scale. In all likelihood, the amount of
available extract will be the limiting factor, not the amount
or expense of required reagents. All of the reagents are
either commercially available or easily prepared in the
laboratory.

Potential applications, advantages, and limitations. The
method described in this paper has many potential applica-
tions. It can be used with 35S-labeled cells for the radio-
graphic identification of sequence-specific DNA-binding pro-
teins from cell extracts or partially purified fractions. Much
of the background staining seen in the results shown in this
paper is from the added protein reagents and Kodavue
staining and not from the crude mitochondrial RNA poly-
merase. Therefore, with radiolabeled extracts, this portion
of the background becomes invisible.

Preliminary experiments with extracts of 135S]methionine-
labeled mammnalian cells reveal the IPTG elution to be a very
specific step which leaves nonspecifically absorbed proteins
bound to the Immunobeads. If desired, the nonspecifically
bound proteins can be eluted for electrophoretic analysis by
the addition of SDS.

Factors recognizing transcriptional regulatory DNA se-
quences (possibly enhancers) should be identifiable with this
method, even if specific for supercoiled DNA. Supercoiled
plasmids can be readily and, in fact, preferentially precipi-
tated with this method (data not shown). No covalent
modification of the reversibly immobilized DNA is neces-
sary with this technique; therefore, one can be certain of the
integrity of the bound supercoiled molecules. Potentially,
this technique can be coupled with the use of extra-
chromosomal vectors such as bovine papillomavirus (27) or
yeast plasmids to rapidly identify regulatory proteins bound
in vivo to DNA and to study chromatin structure. Addition-
ally, the factors which regulate the expression of genes
cloned into these extrachromosomal vectors may be isolated
as part of a complex, formed in vivo, with their target
sequences.
The technique described in this paper is designed to enrich

and identify proteins solely on their ability to bind to specific
DNA sequences. It provides no evidence for function other
than DNA binding; hence, correlation with additional in vivo
or in vitro evidence is required to assign a role to an enriched
peptide in replication, recombination, or gene regulation.
Because these experiments are performed in DNA excess to
drive the equilibrium toward maximal specific DNA binding,
techniques which require quantitative or near quantitative
protection of specific sequences such as DNase footprinting
cannot be performed directly on the eluted DNA-protein
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complex. Additional analysis of the specific protein may
require elution from its target sequence and removal of
nucleic acid. Additional advantages and limitations of this
technique will be defined by applications such as those
outlined above.
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