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Isolation of a Protein Fraction That Binds Preferentially to Chicken Middle

Repetitive DNA

Michael Sanzo,* Bryn Stevens, Ming-Jer Tsai, and Bert W. O’Malley*

ABSTRACT: We have fractionated oviduct tissue extracts by
using a combination of ion-exchange and DNA-Sephadex
chromatography. By comparing the electrophoretic patterns
of proteins eluted from competing specific and nonspecific
DNA columns, we isolated a fraction which bound with spe-
cificity to columns containing the chicken middle repetitive
sequence “CR1”. This fraction showed a clear preference for
binding to separate, cloned CR1 fragments derived from either
the 57 or the 3’ transition region of the ovalbumin gene domain
when examined by using nitrocellulose filter binding assays.
To localize the protein binding site, a CR1 clone was digested

’]:le DNA of a large number of species has been shown to
contain certain nucleotide sequences which are repeated many
times and whose copies are interspersed among structural genes
(Davidson et al., 1975, 1977; Schmid & Deininger, 1975). In
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with various restriction enzymes, and the resulting fragments
were examined for preferential protein binding. Results
suggest that the binding site lies within a 39-nucleotide se-
quence which is highly conserved among different CR1 ele-
ments. This finding represents the first isolation of a protein
which demonstrates a preference for binding to a middle
repetitive sequence and suggests that this interaction may have
a biological role. The DNA column competition adsorption
method should have general application to the isolation of other
gene-regulating proteins possessing DNA sequence preference.

chicken cells, a family of short (250 nucleotides) repetitive
elements, designated “CR1”, is present in about 7000 copies
per genome (Stumph et al., 1981). CRI sequences have been
shown to contain regions homologous with Alu repetitive el-
ements from the human and with BI repetitive elements from
the mouse and to contain short direct repeats, a characteristic
common to many transposable elements (Stumph et al., 1981).
Of particular interest is the positioning of CR1 elements in
relation to the ovalbumin gene. In oviduct tissue, the oval-
bumin gene is highly transcribed and is located within a region
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of DNA that is preferentially sensitive to digestion by DNase
I (Garel & Axel, 1976; Lawson et al., 1980, 1982). The
DNase I sensitive domain extends over a region about 100
kilobases (kb) in length and contains two other ovalbumin
related genes which are coordinately expressed with ovalbumin
in response to steroid hormones (Lawson et al., 1982; Colbert
et al., 1980). At the 5’ and 3’ borders of this domain, there
are transition regions in which the DNA becomes progressively
more resistant to nuclease digestion, reflecting structural
changes in the chromatin. CR1 elements are located within
both the 5’ transition region and the 3’ transition region,
suggesting that they may play a role in conferring upon the
DNA a conformation which is both nuclease sensitive and
amenable to transcription (Stumph et al., 1983). There are
several ways in which CR1 elements could mediate such an
effect: First, it has been reported that repetitive sequences
of the Alu family contain promoter sites for RNA polymerase
III and that Alu transcripts are present in hamster cells as
discrete, primary products (Duncan et al., 1981; Haynes &
Jelinek, 1981). This led to the consideration that CR1 se-
quences may also contain promoters which, in the act of in-
itiating transcription, or through the action of their RNA
products, relieve constraints on the DNA in surrounding re-
gions (Stumph et al., 1983).

A second possibility is that CR1 segments are acting as
transposable elements, as has been suggested for other repe-
titive DNA sequences (Haynes et al., 1981; Calabretta et al.,
1982; Van Arsdell et al., 1981). The incorporation of such
elements at specific sites may cause rearrangements in the
DNA which result in conformational changes leading to the
expression of genes in specific tissues. However, this mech-
anism appears unlikely in that hybridization studies using
DNA sequences near repetitive elements of the ovalbumin gene
domain as probes have failed to detect any major DNA re-
arrangements in various tissues (Stumph et al., 1983).

A third possibility is that the function of CR1 elements is
mediated through a protein, or set of proteins, which binds
to a specific nucleotide segment within the CR1 sequence. We
have examined oviduct tissue extracts for the presence of
CR1-specific proteins. Our procedure involves fractionating
oviduct tissue extracts by ion exchange and then applying each
fraction to two competing columns of DNA-Sephadex linked
in tandem as developed by Bearden (1980). One column has
Escherichia coli (nonspecific) DNA, and the other column
contains a cloned, CR 1-containing (specific) DNA fragment.
Proteins are recirculated in the presence of a decreasing salt
gradient, and then bound proteins are eluted from each column
separately. By comparing electrophoretic patterns of proteins
eluted from the two columns, we have established a protocol
in which proteins that bind selectively to the CR1 DNA
column can be recovered. When examined with nitrocellulose
filter binding assays, these proteins show a clear preference
for DNA fragments containing CR1 elements. No preference
is seen in proteins eluted from the E. coli DNA column. A
comparison of nucleotide sequences in different preferentially
bound CR1 fragments reveal a highly conserved region which
is about 39 nucleotides long and which appears to contain a
binding site for CR1-specific proteins.

Experimental Procedures

Recombinant DNA Clones. The preparation of the recom-
binant plasmids used in these studies as well as restriction maps
and nucleotide sequences for the clones has been previously
reported (Stumph et al., 1981, 1983). Restriction enzymes
were purchased from either Bethesda Research Labs or New
England Biolabs.
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Labeling of DNA. Restriction fragments used in nitro-
cellulose filter binding assays were end labeled by using either
the Klenow fragment of E. coli DNA polymerase I (Boch-
ringer) and [a-3?P]dATP (Amersham, 3000 Ci/mmol).
Preparations were extracted with phenol-chloroform and then
chromatographed on columns of Sephadex G-50 to remove
unincorporated label.

Construction of DNA-Sephadex Columns. p2.3/500 was
digested with Ddel in order to yield a 920 base pair CR1-
containing fragment. This was isolated by preparative gel
electrophoresis and was used in constructing CR1 DNA~-
Sephadex columns. E. coli DNA (Sigma) was deproteinized
by repeated extraction with phenol—chloroform and was used
for constructing nonspecific DNA columns. Two separate
samples were prepared: the first contained approximately 1
mg of CR1 DNA, 6 mL of deionized, distilled H,O (dd-H,0),
and 2 g of Sephadex G-10, and the second contained 100 mg
of deproteinated E. coli DNA, 33 mL of dd-H,0, and 11 g
of Sephadex G-10. Each of the samples was placed in a beaker
and covered with parafilm. The samples were mixed by using
a wrist-action shaker for 4-6 h at room temperature in order
to allow the G-10 to swell and were then completely dried by
using a vacuum desiccator. Samples were reconstituted in
100% ethanol (10 mL for CR1 DNA preparations and 40 mL
for the E. coli DNA preparation) and were irradiated with
UV light (85-W, low-pressure mercury vapor lamp; General
Electric Model H85A) for 20 min at a distance of 15 c¢m.
During irradiation, samples were continuously mixed by using
a stir motor and magnetic stir bar. G-10 was pelleted by
centrifugation and was washed twice with water to remove
ethanol. The packing was allowed to swell for about 4 h at
room temperature and was then washed and equilibrated with
cold high-salt buffer [20 mM N-(2-hydroxyethyl)piperazine-
N"-2-ethanesulfonic acid (Hepes) (pH 7.4), 10 mM ethyl-
enediaminetetraacetic acid (EDTA), 1.5 M NaCl, and 1 mM
dithiothreitol (DTT)]. Finally, E. coli and CR1 preparations
were packed into columns at 4 °C and washed thoroughly with
high-salt buffer.

Determination of the Amount of DNA Bound. Forty
milligrams of dried packing from E. coli and CR1 preparations
and 40 mg of irradiated G-10 were weighed out and placed
in screw-top test tubes with Teflon-lined caps. One milliliter
of 1 N HCI was added to each tube, and samples were hy-
drolyzed for 30 min at 95 °C. After hydrolysis, 1 mL of 1
N NaOH was added to each sample to neutralize HCI, and
test tubes were centrifuged at low speed to pellet Sephadex.
Supernatants from the E. coli and CR1 DNA-Sephadex
preparations were removed, and their absorbance at 260 nm
was determined by using the supernatant from the G-10
sample as the blank. The concentration of DNA in the sam-
ples was determined from the optical density.

Isolation of CR1-Specific Binding Proteins. Oviducts from
diethylstilbestrol-stimulated White Leghorn chicks were re-
moved and immediately frozen in liquid nitrogen. These were
stored at ~70 °C until use. A 250-g sample of frozen oviduct
tissue was pulverized in a Waring blender and washed 3 times
with 500-mL aliquots of ice-cold phosphate-buffered saline
containing 2.5 mM DTT and 2 mM phenylmethanesulfonyl
fluoride (PMSF). All subsequent steps were carried out at
0-4 °C. The washed tissue was reconstituted with 2 volumes
(500 mL) of buffer [20 mM tris(hydroxymethyl)amino-
methane hydrochloride (Tris-HC1) (pH 7.9), 2.5 mM MgCl,,
0.2 mM EDTA, 0.25 M sucrose, 2.5 mM DTT, and 2 mM
PMSF] and was tissuemized 3 times with 30-s bursts (Tekmar
Tissuemizer, Cincinnati, OH). The suspension was homo-
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genized (two strokes) by using a motor-driven homogenizer
with a Teflon pestle and then centrifuged at 6000 rpm (4360g)
for 15 min. The pellet was reconstituted with 1.5 volumes (375
mL) of buffer [10 mM Tris-HCl (pH 7.9), 1 mM EDTA, 2.5
mM DTT, and 2 mM PMSF] and homogenized (2 strokes).
The homogenate was incubated at 4 °C for 45 min with
constant stirring and then rehomogenized (7-10 strokes).
One-half volume (125 mL) of buffer [SO mM Tris-HCI (pH
7.9), 10 mM MgCl,, 25% sucrose, 30% glycerol, 2.5 mM DTT,
and 2 mM PMSF] was added, and the preparation was placed
on a stir motor at 4 °C. Proteins were slowly extracted with
ammonium sulfate until the preparation was 10% saturated.
At that point, chromatin containing unextracted proteins was
removed by centrifugation at 50000 rpm for 2 h at 2 °C in
a Beckman 60 Ti rotor. The supernatant was removed, and
solid ammonium sulfate was added until the preparation was
65% saturated. Precipitated protein was collected by cen-
trifugation at 18 000 rpm for 30 min in a JA 20 rotor. Pellets
were reconstituted in about 50 mL of buffer [20 mM Hepes
(pH 7.9), 0.2 mM EDTA, S mM MgCl,, 20% glycerol, 2.5
mM DTT, and 2 mM PMSF] and dialyzed against the same
buffer overnight.

The extract prepared as described above was separated by
ion exchange using basically the same procedure previously
described for the isolation of oviduct transcription factors (Tsai
et al., 1981), except that larger columns were used [300 mL
for the DEAE-Sephadex column (4 X 24 ¢m) and 60 mL for
the phosphocellulose column (2.4 X 13 cm)], the concentration
of DTT was 2.5 mM in all elution buffers, and no spermidine
was included in the phosphocellulose elution buffer. The
fraction most extensively used in our studies was MP-1 which
was derived from a protein fraction that was unadsorbed by
DEAE-Sephadex and which eluted from phosphocellulose with
1 M KCI. This ion-exchange fraction was given the desig-
nation P-1000. In terms of recovery, we applied 250-300 mg
of protein to the DEAE-Sephadex column and obtained
200-240 mg in the flow-through fraction (DE50). This
fraction was then applied to the phosphocellulose column. At
the end, we recovered 12-20 mg of protein eluted in the P-1000
fraction.

Ion-exchange fractions were separated on columns of
DNA-Sephadex by using a procedure similar to that reported
by Bearden (1981) and as described in the text.

Nitrocellulose Filter Binding Assays. Nitrocellulose filter
binding assays were performed by using a procedure similar
to that previously described (Compton et al., 1983). Nitro-
cellulose sheets (Millipore, 0.45-um pore size) were cut into
0.5 cm X 0.5 cm squares. These were soaked in 0.5 N KOH
for 15 min and then equilibrated with assay buffer [SO mM
potassium phosphate (pH 7.4), 0.1 mM EDTA, 10% glycerol,
and 50 ug/mL bovine serum albumin (BSA)]. Protein-DNA
binding reactions proceeded at 4 °C for a period of 30 min
in a total reaction volume of 400 uL. Reactions were ter-
minated by filtering samples through nitrocellulose squares
in 200-uL portions. Filters were rinsed with two 200-uL
aliquots of assay buffer minus BSA in order to remove pro-
tein-free DNA. In competition experiments, filters were placed
in 22-mL scintillation vials, mixed with 0.5 mL of 0.5 N HCI,
and then dissolved in 1 mL of ethyl acetate. Ten milliliters
of Aquasol counting fluid (New England Nuclear) was added
to each vial, and radioactivity was determined by liquid
scintillation counting. In preferential binding experiments,
filters were cut into small pieces and incubated in 200 uL of
extraction buffer [10 mM Tris-HCI (pH 7.4), 0.5 M ammo-
nium acetate, and 0.5 M sodium acetate] at 50 °C for 30 min.
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FIGURE 1: Location of CR1 segments within ovalbumin DNase [
transition regions. The location of CR1 elements with respect to the
ovalbumin and the X and Y multiple gene domains has been deter-
mined (Stumph et al., 1983) and is shown in (A). The CR1 elements
have been cloned and given the designations p4.3/167, p2.7/252, and
p2.3/500. A restriction map of p2.3/500 (the fragment used most
commonly in our studies) is also shown (B).

Samples were centrifuged, supernatants were removed, and
200 pL more of extraction buffer was added to each filter.
Samples were incubated at 37 °C for 30 min and centrifuged
and the resulting supernatants placed with those from the first
extraction. Filter extracts received 5 uL of 1 mg/mL carrier
RNA and were then precipitated with 2 volumes of ethanol.
Resulting DNA pellets were washed twice with 70% ethanol
and electrophoresed on agarose gels. Bands were visualized
by autoradiography.

Sodium Dodecyl Sulfate (SDS) Gel Electrophoresis of
Proteins. Proteins were treated with SDS and separated on
12.5% polyacrylamide gels according to the procedure of
Laemmli (1970).

Protein Assays. The concentration of protein in various
preparations was determined by the method of Lowry (Lowry
et al,, 1951) using bovine serum albumin (Sigma) as a
standard.

Results

Location of CR1 Segments in the Ovalbumin Gene Domain.
The location of CR1 segments with respect to the ovalbumin
gene has been previously reported (Stumph et al., 1983) and
is shown in Figure 1A. The gene lies within a 100-kilobase
(kb) section of DNA that is preferentially sensitive to digestion
by DNase I (Lawson et al., 1982). This region is bordered
at the 5’ and 3’ ends by transition regions in which the DNA
becomes increasingly resistant to digestion. Two CR1 seg-
ments are found within the 5’ transition region and one within
the 3’ region. DNA fragments containing each of the CR1
segments have been cloned, and their positions are shown in
the figure. The clones p2.3/500 and p2.7/252 were used in
the nitrocellulose filter binding assays described below. In
addition, fragments obtained by digesting p2.3/500 with re-
striction endonucleases were used in isolating CR 1-specific
proteins and in studies designed to localize protein binding sites.
A restriction map of this clone is shown in Figure 1B.

Isolation of CRI1-Specific Protein. Chick oviduct tissue was
extracted with 10% ammonium sulfate. The extract was ap-
plied to a DEAE-Sephadex column in buffer containing 50
mM ammonium sulfate. Proteins adsorbed by the column
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FIGURE 2: Isolation of specific CR1 DNA binding proteins. Chick
oviduct tissue was extracted with 10% ammonium sulfate and the
extract fractionated by ion exchange on columns of DEAE-Sephadex
and phosphocellulose. Proteins preferentially binding to CR1-con-
taining DNA were isolated from an ion-exchange fraction eluting from
phosphocellulose with 1 M KCI using columns of DNA arranged as
shown. The CR1 DNA column was prepared from a 920-nucleotide
fragment obtained from p2.3/500 by digestion with Ddel (Figure 1B).

were eluted in steps of 175 mM ammonium sulfate and 500
mM ammonium sulfate. Material unadsorbed by the anion-
exchange column was applied to a phosphocellulose column
in buffer containing 100 mM KCI. The unadsorbed fraction
was collected, and the column was then eluted in steps of 350
mM KCI and 1000 mM KCI.

Between 12 and 20 mg of protein from each ion-exchange
fraction was dialyzed against “high-salt” buffer [20 mM Hepes
(pH 7.4), 10 mM EDTA, 1.5 M NaCl, and 1 mM dithio-
threitol (DTT)] and applied to the DNA columns illustrated
in Figure 2. One column contained approximately 60 mg of
E. coli DNA covalently bound to Sephadex G-10 (1.6 X 15
cm) by UV irradiation. Hybridization studies have failed to
reveal the presence of CR1 segments in E. coli DNA (W.
Stumph, personal communication). This nonspecific DNA
column was linked in tandem to a smaller, CR1-containing
DNA-Sephadex column (0.9 X 10 ¢cm). The second column
had about 600 ug of a 920 base pair fragment derived from
clone p2.3/500 by digestion with Ddel (Figure 1B). Effluent
from the CR1 DNA column was pumped through the hollow
fiber dialyzing system shown at the bottom of Figure 2 and
then recirculated back onto the E. coli DNA column. The
hollow fibers allow the passage of small inorganic salts but
retain larger molecular weight species such as proteins. At
the start of experiments, columns were equilibrated with
high-salt buffer, and the reservoir surrounding the fibers was
filled with this buffer. As proteins were recirculated through
the columns, low-salt buffer [20 mM Hepes (pH 7.4), 10 mM
EDTA, 0.15 M NaCl, and 1 mM DTT] was pumped into the
hollow fiber buffer chamber and mixed by means of a magnetic
stir bar and motor. This created a gradient of decreasing ionic
strength within the column system.

Proteins were recirculated at a flow rate of 1.5-2 mL/min
for a period of time sufficient to allow the complete equili-
bration of columns with low-salt buffer (approximately 24 h).
At the end of this time, columns were uncoupled, and each
was washed with 5 column volumes of low-salt buffer to re-
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FIGURE 3: SDS gel electrophoresis profile of proteins adsorbed by
E. coli DNA and CR1-containing columns. Proteins in the P-1000
ion-exchange fraction were allowed to partition between columns of
E. coli DNA and CR1 DNA as described in the text. Proteins bound
to each column were electrophoresed on 12.5% polyacrylamide gels
and visualized by silver staining. The lane marked “total” shows the
proteins present in the P-1000 precursor fraction. The following two
lanes show the proteins bound by the E. coli and CR1 DNA columns.

move unbound protein. Adsorbed proteins were eluted with
1.5 column volumes of high-salt buffer. Eluted protein was
stabilized by the addition of an equal volume of a second buffer
[0.05 M Tris-HCI (pH 7.9), 10 mM MgCl,, 25% sucrose, 30%
glycerol, 2.5 mM DTT, and 2 mM PMSF] and immediately
concentrated in a dialysis bag by placing the bag in a container
of dry Sephadex G-10 or G-25. Preparations were dialyzed
to remove salt, lyophilized, and examined by SDS-poly-
acrylaide gel electrophoresis. Proteins with a specificity for
CR1 DNA should appear in gels as bands present in “CR1-
adsorbed” lanes at positions not occupied by prominent bands
in “E. coli adsorbed lanes”. Of the various protein preparations
examined, only that derived from the ion-exchange fraction
eluting from phosphocellulose with 1000 mM KCI (the “P-
1000” fraction) had such bands (Figure 3). The CRI1-ad-
sorbed lane shows a band with a molecular weight of about
42000, which is much more intense than what would be ex-
pected of a nonspecific binder on the basis of an observation
of bands in the same position in the E. coli adsorbed lane.
Several other bands of relatively weak intensity are also present
in the CR1-adsorbed lane. The dramatic enrichment of the
44 000-dalton protein in relation to these other bands is a
reflection of its greater perference for the CR1-containing
DNA column.

The amount of protein recovered from E. coli and CR1
DNA columns varied from preparation to preparation. In
general, about 500 ug of protein was recovered from the E.
coli column when 12 mg of P-1000 was applied. Protein levels
in CR1 DNA fractions were often too low for an accurate
determination using the Lowry assay; however, a rough es-
timate would place levels at between 5 and 10 ug.

Nitrocellulose Filter Binding Assays of CRI-Specific
Protein Fractions. The P-1000-derived protein fraction iso-
lated from the CR1 column was given the designation “MP-1”
and was examined for specificity in DNA preferential binding
assays. In these assays, 3P end-labeled DNA fragments and
proteins are incubated together and then passed through a
nitrocellulose filter. Protein~-DNA complexes are retained by
the filter whereas free DNA is not. DNA fragments are then
extracted from the filter, separated by electrophoresis, and
visualized by autoradiography. By comparing the intensity
of the signals recorded at various positions on the X-ray film,
it can be determined if the proteins have shown a preference
for binding to a particular DNA fragment. Figure 4 shows
the results of an assay performed by using the insert and
plasmid DNA obtained from the digestion of p2.3/500 with
EcoRI. MP-1 protein concentration was roughly 1 ng/uL.
The preparation shows a clear preference for binding to the
CRI1-containing DNA at doses of between 20 and 80 uL.
Scans of autoradiographic films using a densitometer showed
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FIGURE 4: Preferential binding of CR1-adsorbed protein in the ni-
trocellulose filter binding assay. Clone p2.3/500 was digested with
EcoRI to yield a 2.3-kb CR1-containing fragment and a 4.3-kb
fragment of pBR322 plasmid DNA. These were **P end labeled and
incubated with fraction MP-1 at 4 °C for 30 min. Samples were passed
through nitrocellulose filters which retain protein-DNA complexes.
DNA was extracted from the filters and electrophoresed on 0.7%
agarose gels. For comparison, protein adsorbed by the E. coli DNA
column and also core histones (10 pg/mL) isolated from chick oviduct
DNA were also examined in the assay. The labeled DNA fragments
are shown at both low (left panel) and high (right panel) doses.

preparations of MP-1 to have a preference for the CR1 insert
of p2.3/500 as high as 18-fold, with an average value for all
experiments of greater than 10-fold. Neither E. coli adsorbed
proteins nor histone proteins showed any similar preference
relative to input DNA.

The specificity of CR1-adsorbed proteins was also studied
by using competitive nitrocellulose filter binding assays (data
not shown). Incubations were performed in the presence of
the labeled 2.3-kb insert and increasing doses of unlabeled
competitor DNA. Unlabeled 2.3 was found to be an effective
competitor for MP-1 while chick DNA fragments from clones
devoid of CR1 sequence and plasmid fragments were relatively
poor competitors. In contrast, 2.3, CR1-free chick DNA, and
pBR322 all competed equally well for proteins isolated from
the E. coli DNA column, as would be expected for nonspecific
DNA binding proteins.

Preferential Binding of MP-1 to the Insert of p2.7 /252 and
Localization of the Protein Binding Site. The results from
the above experiments indicate that MP-1 selectively binds
the CR1-containing insert of p2.3/500. However, since the
CR1 region contains only about 11% of the nucleotides in this
fragment and only about 27% of the nucleotides in the frag-
ment which was used in isolating MP-1, it was possible that
the preferential binding site for proteins in MP-1 lay outside
the CR1 region. To test this possibility, preferential binding
assays were performed using p2.7/252, a separate CR 1-con-
taining clone derived from the 5" transition region of the
ovalbumin gene domain (Figure 1A). Analyses of partial
nucleotide sequences from the inserts of p2.3/500 and
p2.7/252 as well as Southern hybridization analysis have in-
dicated that these fragments share no regions of homology
outside of the CR1 sequence. It can be seen from the results
shown in Figure 5 that MP-1 has a preference for the 2.7-kb
insert (17-fold as determined by densitometry) similar to that
seen with the 2.3-kb insert. Since the CR1 segments are the
only regions which these fragments have in common, it appears
that the binding site for MP-1 proteins lies within the CR1
sequence. ‘

A similar line of reasoning can be used in considering the
location of the binding site within the CR1 region. CRI
repetitive elements are about 250 nucleotides in length whereas
a typical protein binding site would be expected to be com-
prised of about 20 nucleotides. A sequence comparison made
between the CR1 segments from four cloned fragments, in-
cluding those from p2.7/252 and p2.3/500, has shown that
these repetitive elements have two regions of high homology
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FIGURE 5: Preferential binding of MP-1 to the insert of p2.7/252.
The insert of clone p2.7/252 is derived from the 5’ transition region
of the ovalbumin gene domain and shares no detectable homology
with the insert of p2.3/500 outside of the CR1 region. The results
of a preferential binding assay performed with this fragment and MP-1
are shown. The labeled DNA fragments used in the incubations are
shown on the far right. Also shown is the result of an incubation
performed with core histones (10 ng/uL) and the results of assays
performed with protein adsorbed by the E. coli DNA column.
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FIGURE 6: Localization of protein binding site in CR1-adsorbed
protein. The insert of p2.3/500 was digested with Aval and HindIIl
to give fragments of 1.2, 0.8, and 0.4 kb. These were used in pref-
erential binding assays performed with protein obtained from either
the CR1 DNA column (MP-1) or the E. coli DNA column. Results
are shown in panel A. A second fragment was isolated from p2.3/500
after digestion with Hpall and Aval. Avall was then used to generate
fragments of 787, 375, and 458 nucleotides. Approximately 60 base
pairs of the CR1 segment were located on the 787-nucleotide fragment
and the rest on the 375-nucleotide fragment. The result of a pref-
erential binding assay performed with these fragments is shown in
panel B. The protein fractions were the same as those in panel A.

separated by a region of low homology (Stumph et al., 1983).
The first homologous region is 100 nucleotides long and has
about 80% of its nucleotides conserved among the clones.
There is then a stretch of about 60 nucleotides of low hom-
ology, followed by a second highly homologous region (about
85%) approximately 39 nucleotides long. From Figures 4 and
5, the binding site for MP-1 proteins would be expected to be
in one of the highly conserved sequences. In order to determine
which homologous region is more likely to contain the MP-
1-specific protein binding site, we cleaved a CR1 segment at
a site between the two and performed preferential binding
assays on the resulting fragments. p2.3/500 was first digested
with EcoRI, HindIll, and Aval to give a 1.2-kb CR1 fragment
whose entire sequence was known. A preferential binding
assay was performed which confirmed that MP-1 selectively
bound the CR1-containing 1.2-kb fragment (Figure 6A).
A similar fragment was then isolated from p2.3/500 after
digestion with Hpall and Aval. The use of Hpall instead of
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Consensus: CATTGAGGTCCCTTCCAACCCANACCATTCTATGATTCT

p2.3/500: T T T
p2.7/252: T

ph.3/167: - -

TCT A C

FIGURE 7: Homology between CR1 sequences in the region of DNA preferentially bound by MP-1. MP-1 preferentially bound to a DNA
fragment derived from p2.3/500 which contained approximately 60 nucleotides from the CR1 segment. Included in this sequence was a 39-nucleotide
segment which is highly conserved among different CR1 elements (between nucleotides 177 and 215 of the published consensus sequence; Stumph
et al., 1983) and which is shown above for the three CR1 elements in the vicinity of the ovalbumin gene. The consensus sequence was determined
by choosing the most common nucleotide at each position when the individual sequences are aligned for maximum homology. Deviations from
the consensus sequence for each individual sequence are shown on the lines below. The letter “N” was used to indicate that there was no agreement
among the three individual sequences at this position. The dashes in the sequence of p4.3/167 indicate positions that were deleted in aligning

sequences for maximum homology.

EcoRlI in this digestion resulted in the inclusion of about 400
extra nucleotides from pBR322 on the 1.2-kb piece. This was
done in order to facilitate the separation of fragments after
a final digestion was performed, this time using Avall. The
procedure resulted in the generation of three fragments; a 787
base pair fragment which contained the smaller region of
homology and 21 additional nucleotides from the CR1 seg-
ment; a 375 base pair piece containing the other region of
homology and the rest of the CR1 sequence; and a 458 base
pair piece which was devoid of CR1 sequence. The results
of preferential binding experiments performed with the three
fragments are shown in Figure 6B. The preference of MP-1
for the 787 base pair fragment over either the 375 or the 458
base pair fragments is evident from these results. Although
E. coli adsorbed proteins also appear to bind slightly better
to the larger, 787 nucleotide fragment than to the 375 base
pair fragment, densitometric scans show this difference to be
minimal (about 2-fold and proportional to size) when com-
pared to the preference (>10-fold) exhibited by the MP-1
proteins. The results suggest that the specific binding site for
proteins in MP-1 lies within the first 60 nucleotides of the CR1
segment in p2.3/500 and is probably within the 39 base pair
sequence shared by the CR1 fragment from p2.7/252. The
nucleotide sequences of this region in the three CR1 segments
associated with the ovalbumin gene are shown in Figure 7. It
can be seen that when compared with a consensus sequence
determined by taking the most common nucleotide at each
position, 87% of the nucleotides in p2.3/500 and p2.7/252 and
82% of the nucleotides in p4.3/167 are conserved.

Discussion

The results presented in this paper show that oviduct tissue
contains proteins that bind with specificity to DNA clones
which have been derived from either the 3’ or the 5" transition
region of the ovalbumin gene domain and which contain the
CR1 middle repetitive sequence. These proteins were identified
in a fraction, MP-1, which was isolated from oviduct tissue
extracts by using a DNA-Sephadex column prepared from
cloned CR1-containing fragments. Neither pBR322 plasmid
DNA nor DNA fragments cloned from a part of the ovalbu-
min gene domain free of CR1 sequence could effectively
compete with CR1 fragments for MP-1 proteins when exam-
ined by nitrocellulose filter binding assays. No preferential
binding was ever observed to fragments which did not contain
at least part of the CR1 sequence, and no preferential binding
was observed in protein fractions isolated from DNA columns
not enriched in CR1 segments.

The view that MP-1 proteins are binding somewhere within
the CR1 sequence is supported by the observation that the
inserts of p2.7/252 and p2.3/500, two clones which contain
no detectable regions of homology outside of the CR1 se-
quence, are both preferentially bound. Within the CR1 seg-

ment, there are two regions which are highly conserved. When
a CR1 clone was digested in such a way as to separate the
conserved regions, it was found that preferential binding oc-
curred to fragments containing the smaller, 39-nucleotide,
region of homology. This is the most likely site for the binding
of preferential proteins in MP-1 and is shown in Figure 7. It
is interesting to note that the segment from p2.3/500 contains
the sequence GGCCATTCT which is identical with a sequence
found 70-80 base pairs upstream from the transcription start
site of a number of cellular and viral genes (Benoist et al.,
1980; Efstratiadis et al., 1980). However, the positions of these
nucleotides appear to be the most poorly conserved within the
region of homology, making the significance of their presence
uncertain.

There are several protein bands in our MP-1 preparation,
one major band at 42000 daltons and several minor bands
(Figure 3). At present, we do not have any direct evidence
concerning which of these bands is responsible for the specific
binding to CR1 DNA.

We have shown that the CR1 sequence has a short sequence
homology to the Alu family in the human genome (Stumph
et al., 1981). Since Alu sequences are transcribed by the RNA
polymerase III transcription system, it is possible that CR1
sequences may also be transcribed by the same enzyme. If
this is the case, our MP-1 protein(s) may be identical with or
similar to TFIIIa factor which binds to the 5S RNA gene
promoter (Engelke et al., 1980). However, DNA sequence
analysis was not able to show any sequence homology between
the split promoter of polymerase III transcribed genes (58
gene, tRNA genes, and Alu sequences) and CR1 sequences.
Furthermore, we were unable to detect transcription of the
CRI1 sequences located within the ovalbumin gene chromatin
domain using an in vitro transcription system. In addition,
Northern analysis of in vivo RNA which corresponds to CR1
sequences did not yield a low molecular weight RNA species
characteristic of RNA polymerase III transcription products.
Finally, we have sequenced seven CR1 sequences and noticed
that these sequences closely resemble the LTRs of retroviruses
(unpublished results). Thus, it is likely that CR1 sequences
are transcribed (if they are transcribed at all) by RNA po-
lymerase II.

It is known that the DNA in the region of many actively
transcribed genes exists in a conformation which is preferen-
tially sensitive to digestion by DNase I (Lawson et al., 1982;
Stalder et al., 1980; Wu & Gilbert, 1981; Tata et al., 1980),
and certain proteins, for example, high mobility group (HMG)
proteins 14 and 17, appear to be involved in conveying upon
the DNA in regions surrounding transcribed genes a confor-
mation which is sensitive to the enzyme and suitable for
transcription (Weisbrod et al., 1980; Gazit et al., 1980).
Although we have no direct evidence relating to the function
of CR1-specific DNA binding proteins, the location of the
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repetitive elements with respect to the ovalbumin gene suggests
that such proteins could play a role in altering the confor-
“mation of the DNA in this region. Like middle repetitive
sequences in other species, the CR1 elements of the chick are
interspersed among structural genes throughout the genome
(Stumph et al., 1981, 1983). This arrangement could provide
a means whereby a single sequence-specific protein could
coordinate activities in different chromosomal regions.

Isolation of Sequence-Specific DNA Binding Proteins. The
procedure for identifying CR1-specific DNA binding proteins
which we have presented in this paper may be used in attempts
to isolate proteins specific for other DNA sequences. Tissue
extracts are first fractionated by ion exchange in the hope of
enriching one fraction in a specific DNA binding protein, in
our case a protein with a preference for CR1 DNA. Each
fraction is applied to the tandemly linked specific and non-
specific DNA columns under conditions which minimize the
electrostatic interactions of prime importance in nonspecific
DNA-protein binding (Record et al., 1981; Jovin, 1976). The
proteins are then recirculated in the presence of a gradient of
decreasing ionic strength. During this procedure, sequence-
specific binding proteins, P, will bind and distribute as
[PiSi1/[P\S,] = (Kq12/Ka11)([S1]/[S;]) where S, and S,
represent specific and nonspecific binding sites, respectively,
and Ky, and K}, are the dissociation constants of P, for these
sites. In the experiments presented here, about 99% of the
total S, sites are located on the E. coli DNA column. Under
conditions of DN A excess, it would be expected that if Ky,
were 100 times higher than K, ,, P, would distribute evenly
between the columns. At Ky,,/K;;, ratios greater than 100,
P, would be found preferentially bound to the smaller CR1
column. Nonspecific DNA binding proteins, P,, will also bind
to the columns. However, since the dissociation constant of
these proteins for specific binding sites is equal to the constant
for nonspecific binding sites, the majority will be found on the
larger E. coli DNA column.

Initially, column eluants were examined for the presence
of specific DNA binding proteins by comparing the electro-
phoretic patterns of E. coli adsorbed and CR1-adsorbed
fractions on SDS gels. The advantage of screening prepara-
tions in this way is that it is rapid, and unlike nitrocellulose
filter binding assays does not demand that the structural in-
tegrity of a specific binder be maintained. Once a potentially
interesting fraction has been identified, steps can be taken to
maintain the native conformation of proteins in future eluants
prior to filter binding assays. It is particularly important that
eluants be concentrated as quickly as possible, and the addition
of dry Sephadex to preparations has proven quite useful in this
regard. The inclusion of a protein which does not bind to DNA
(e.g., bovine serum albumin) in column buffers may also help
to prevent denaturation. The overall purification obtained by
the procedure is equal to the purification due to ion-exchange
chromatography plus the purification due to the elimination
of non-DNA binders plus the purification due to the parti-
tioning of proteins between DNA columns.

There are a number of modifications which can be intro-
duced into the use of tandemly linked DNA columns that
might prove useful in attempts to purify other sequence-specific
proteins. We have used column packing made by linking DNA
to Sephadex with ultraviolet light mainly because such columns
can be easily prepared and have very good flow properties.
However, a number of other types of support can be used and
may have dramatic effects on purifications obtained [for re-
views, see Allfrey & Inoue (1978) and Stein (1978)]. Allfrey
et al. have prepared DNA-Sephadex columns using carbo-
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diimide under conditions which favor the formation of linkages
between dextran hydroxyls and monoesterified phosphates
[Allfrey et al., 1973; see also Gilham (1968) and Weissbach
& Poonian (1974)]. This method of linking DNA to Sephadex
has the advantage of avoiding damage to DNA caused by
ultraviolet light.

If a particular segment of DNA is suspected to contain
specific binding sites, in certain instances it may be possible
to clone a concatamer of that segment. Columns prepared
from such concatamers should have improved capacities for
specific binding proteins. We have recently used concatamer
DNA columns to isolate proteins that appear to be specific
for sequences immediately 5’ to the ovalbumin gene. Improved
purifications may also be achieved by changing the type of
salt used in the columns. It has been shown that the con-
formation of DNA is dependent not only on ionic strength but
also on the nature of the salt present (Anderson & Bauer,
1978; Hanlon et al., 1975; Chan et al., 1979). Since specific
binding is known, at least in some instances (Record et al.,
1977; Jovin, 1976), to depend primarily on hydrophobic in-
teractions, chaotropic salts or hydrophobic reagents such as
ethylene glycol may prove effective as eluants. Finally, if the
specificity of a protein for a certain DNA is high, it may be
possible to reapply proteins to columns to achieve greater
purification.

Finally, the availability of this technique to isolate se-
quence-specific DNA binding protein will facilitate the iden-
tification and isolation of other protein molecules important
for regulation of gene expression and therefore cellular dif-
ferentiation. For example, the promoter DNA binding pro-
teins, the enhancer DNA binding protein(s), RNA chain
termination protein(s), or Z DNA binding protein(s) may be
isolated by using this approach. Actually, in our laboratory,
we already have succeeded in identifying and isolating a protein
fraction which binds specifically to the 5/ flanking sequence
of the ovalbumin gene, and this fraction can stimulate initiation
of transcription on ovalbumin as well as globin genes (M.
Sanzo et al., unpublished results).
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Glycolipid Transfer Protein from Bovine Brain'

Martin Wong,* Rhoderick E. Brown, Y. Barenholz,§ and Thomas E. Thompson*

ABSTRACT: Glycolipid transfer protein from bovine brain has
been purified partially by ammonium sulfate precipitation,
CM-52 ion-exchange, and Sephadex G-75 column chroma-
tography. Both pyrene-labeled and tritium-labeled gluco-
cerebrosides have been used to study the kinetics of protein-
mediated transfer between donor and acceptor vesicles. Protein
accelerates glucocerebroside transfer but does not accelerate
phospholipid transfer. In colyophilized small sonicated vesicles
(10% glucocerebroside, 90% 1-palmitoyl-2-oleoyl-
phosphatidylcholine) about two-thirds of the glycolipid is
transferred in 2 h and the remaining one-third does not transfer

Glycolipids are components of biological membranes located
primarily on the extracellular surface (Steck & Dawson, 1974;
Gamberg & Hakomori, 1975; Moss et al., 1977; Critchley et
al., 1981). They are thought to be receptors for lectins,
hormones, and toxins (Fishman & Brady, 1976; Mullin et al.,
1976; Hanson et al., 1977).
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(up to 5 h). For donor and acceptor vesicles made of di-
palmitoylphosphatidylcholine or 1-palmitoyl-2-oleoyl-
phosphatidylcholine, glucocerebroside (10% in donors) is
transferred rapidly only when both the donor and acceptor
matrix phospholipids are in the liquid-crystalline state. If
either donor or acceptor vesicles are in the gel state, transfer
protein mediated transfer is much reduced. The amount of
transfer protein bound specifically to glucocerebroside-con-
taining vesicles is nearly equal above and below the matrix
phospholipid phase transition temperature. Bound protein
transfers glucocerebroside upon addition of acceptor vesicles.

Small amounts of glycolipids have a relatively large effect
on the physical properties of phospholipid membranes (Cor-
rea-Freire et al., 1979; Barenholz et al., 1983). The lateral
organization of glycolipids in phospholipid membranes has
been studied by using freeze—etch electron microscopy. Gly-
colipids have been localized in phospholipid bilayers and in
biological membranes by attaching electron dense ferritin or
colloidal gold particles to an affinity label (Tillack et al., 1982,
1983). These studies suggest that glycolipids are laterally
organized in domains that change in size and geometry with
temperature. Further evidence comes from measurements in
which the spontaneous intervesicular transfer rates of glyco-
sphingolipids in several systems have been shown to be very
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