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The human Pur factor binds strongly to a sequence element repeated within zones of initiation of DNA
replication in several eukaryotic cells. The protein binds preferentially to the purine-rich single strand of this
element, PUR. We report here the cloning and sequencing of a cDNA encoding a protein with strong affinity
for the PUR element. Analysis with a series of mutated oligonucleotides defines a minimal single-stranded DNA
Pur-binding element. The expressed Pur open reading frame encodes a protein of 322 amino acids. This
protein, Pura, contains three repeats of a consensus motif of 23 amino acids and two repeats of a second
consensus motif of 26 amino acids. Near its carboxy terminus, the protein possesses an amphipathic o-helix and
a glutamine-rich domain. The repeat region of Pur cDNA is homologous to multiple mRNA species in each of
several human cell lines and tissues. The HeLa cDNA library also includes a clone encoding a related gene,
Purf, containing a version of the 23-amino-acid consensus motif similar, but not identical, to those in Puro.
Results indicate a novel type of modular protein with capacity to bind repeated elements in single-stranded

DNA.

The Pur factor has recently been identified as a HeLa cell
nuclear protein which binds a sequence element adjacent to
a region of stably-bent DNA upstream of the human c-myc
gene (6). This element is near the center of a region impli-
cated as an initiation zone for chromosomal DNA replication
(36, 56). Pur binds preferentially to the purine-rich single-
stranded DNA form of its recognition element. Binding to
single-stranded oligonucleotides is highly specific and is
markedly reduced when the binding sequence is altered. The
Pur-binding element is conserved in gene-flanking regions
and origins of DNA replication throughout eukaryotes. A
version of the PUR element adjacent to a bend in a reported
hamster dhfr replication initiation zone (13) effectively com-
petes with the c-myc version for binding to the HeLa cell
nuclear factor (6).

Several proteins from prokaryotes have previously been
characterized which play a role in DNA replication and
which bind to single-stranded DNA. The amino acids in-
volved in DNA binding by certain of these proteins have
been identified (24). However, none of these single-stranded-
DNA-binding proteins is known to have any sequence
specificity. In eukaryotes, the single-stranded-DNA-binding
protein RP-A is required for replication initiated at the
simian virus 40 origin in vitro (18, 59). No sequence speci-
ficity has been reported for DNA binding by RP-A. Re-
cently, Hofmann and Gasser (30) have reported the purifi-
cation of a protein, ACBP, which binds the yeast
autonomously replicating sequence (ARS) consensus se-
quence. ACBP binds specifically to the T-rich single-
stranded form of the ARS consensus sequence, and binding
to the histone H4 ARS correlates with H4 ARS activity.
These results, together with observations on Pur, raise the
possibility that sequence-specific single-stranded-DNA-
binding proteins may serve an important function in the
initiation of DNA replication in eukaryotic cells. At this

* Corresponding author.

5673

time, however, no amino acid sequence has been reported
for any eukaryotic protein known to bind specifically to a
single-stranded DNA element.

We report here the cloning of a human fetal liver cell
cDNA which encodes a protein that specifically binds the
purine-rich single strand of the PUR element located up-
stream of the c-myc gene. Northern (RNA) analysis reveals
that multiple transcripts homologous to this cDNA are
present in a variety of human cell types. Analysis of the
expressed open reading frame of Pur reveals a modular
structure unique among known DNA-binding proteins.

MATERIALS AND METHODS

Oligonucleotides used. Oligonucleotide MF0677 (GGAG
GTGGTGGAGGGAGAGAAAAG) is a 24-mer representing
the c-myc sequence element initially established as binding
to Pur (6). The oligonucleotides used as competitors with
MF0677 in binding experiments are described in Table 1.
The following two oligonucleotides were used as nonspecific
competitors in the screening of expression libraries:
MR0740, TCTCAAGCTTGGTCCCTCAC, and MF0562,
TACTGAATTCACTTAACACT. Oligonucleotides used as
primers in 3’ and 5' rapid amplification of cDNA ends
(RACE) experiments are listed in the legend to Fig. 7.

Screening of expression libraries for proteins with affinity
for the labeled, single-stranded PUR element. A human fetal
liver cDNA library (Clontech catalog no. HL1005, prepared
in vector Agtll) was screened for clones which bind the
purine-rich sequence from upstream of the c-myc gene
(oligonucleotide MF0677), essentially as described previ-
ously for double-stranded oligonucleotides (51, 52). The
library was plated on Escherichia coli Y1090 on six 150-mm
plates at a density of 5 x 10* PFU per plate. Plates were
incubated at 42°C for 3 h. The plates were then overlaid with
nitrocellulose filters which had previously been saturated
with 10 mM IPTG (isopropyl-B-p-thiogalactopyranoside)
and then dried. The plates were incubated for a further 6 h at
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TABLE 1. Binding of various synthetic oligonucleotides to
protein extract of AAB6 lysogen®

% Binding activ-

Compe- ity remaining®
titor” Sequence sfold  20-fold
excess excess
MF0677 GGAGGTGGTGGAGGGAGAGAAAAG 45 16
MC0677 GGAGGTGGTGGAGGGTTTTTTTTT 61 10
ME(0677 GGAGGTGGTGGAGGTTTTTTTTTT 67 44
MG0677 GGAGGTGGTGGAGTTTTTTTTTTT 100 76
MH0677 TTTTTTTTTGGAGGGTTTTTTTTT 82 48
MI0677 TTTTTTGGTGGAGGGTTTTTTTTT 76 35
MJ0677 TTTGGTGGTGGAGGGTTTTTTTTT 55 15
DR3529 TGATGAGGGAGAGGGAGAAGGGAT 85 74
Poly(G) GGGGEGGGEAGGEGAAEAGEAAAAEAAaAa 93 85
Poly(A) AAAAAAAAAAAAAAAAAAAAAAAA 97 99

2 Binding reactions were performed as gel shift assays as described in
Materials and Methods. The labeled probe in each reaction was oligonucleo-
tide MF0677. Competing oligonucleotides were added in either 5-fold or
20-fold excess.

b Single-stranded oligonucleotides used were the following: MF0677, the
24-mer representing the PUR element site originally detected upstream of the
human c-myc gene; Mi"0677, ME0677, MG0677, MH0677, MI0677, and
MJ0677, mutants of olig..i.ucleotide MF0677 in which indicated residues have
been replaced by T; DK 329, a 24-mer representing the hamster dhfr version
of the PUR element; Poly(G) and Poly(A), homopolymers representing the
two most common bases in the PUR element.

© After autoradiography of the gel shift assay results, bands were scanned
with a Xerox Data Copy GS+ densitometer.

37°C. After being lifted from the plates, filters were im-
mersed in binding buffer (50 mM KCl, 10 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid [HEPES] [pH 7.8],
0.2 mM EDTA, 0.5 mM dithiothreitol) containing 5% nonfat
milk powder (Carnation) and gently shaken at room temper-
ature for 60 min. Filters were then washed for 5 min at room
temperature three times in binding buffer. Filters were then
shaken gently for 60 min at room temperature in 15 ml of
binding buffer containing 10° cpm of probe (MF0677 labeled
by polynucleotide kinase) and 5 pug each of MF0562 and
MRO0740 per ml. Filters were washed four times in binding
buffer (50 ml per filter) at room temperature for 7 min and
then blotted dry before autoradiography. Potential positives
were pooled and rescreened.

Determination and analysis of the nucleotide sequence of
Pura. Inserts in Agtll were cloned into M13 bacteriophage
and sequenced by the dideoxy termination technique (50).
Sequence analysis was conducted by using the IBI Pustell
programs. The sequence of Pura obtained from clones AB6
and HEL1 has been registered with the GenBank sequence
data bank under accession number M96684, dated 8 July
1992.

DNA binding studies of Pur-LacZ fusion protein. Y1090
clones lysogenized with AABS and NAB6 were isolated by
infection at a multiplicity of infection of 10 and then plated
on agar containing Luria broth and incubated overnight at
32°C as previously described (51). Lysogens were identified
by their inability to grow at 42°C. To prepare protein
extracts, we grew lysogens at room temperature with shak-
ing in Luria broth until they reached the mid-log phase.
IPTG was then added to 5 mM, and the cultures were
incubated at 37°C for 2 h with shaking. Aliquots of 1.0 ml of
each culture were pelleted at 13,000 x g for 1 min, and each
pellet was resuspended in 50 pl of extraction buffer (10 mM
HEPES [pH 7.9], 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride). Each sample was sonicated

MoL. CELL. BioL.

six times for 5 s at setting 4 on a VibraCell sonicator with a
microtip probe. To each such protein extract, 40 ul of 50%
glycerol plus 10 pl of 5 M NaCl were added, and extracts
were then incubated for 15 min at 4°C. The extracts were
cleared by a 30-min centrifugation at 13,000 x g at 4°C.
Protein extracts were prepared from phage lysates as fol-
lows. Phage were plated on 150-mm plates of Y1090 at a
density of 10° per plate and incubated at 37°C for 9 h. The top
agar was collected, mixed with 10 ml of extraction buffer,
and incubated at 4°C for 1 h. The agar was then removed by
centrifugation at 12,000 X g for 10 min, and the supernatant
was dialyzed against extraction buffer for 6 h at 4°C. Ali-
quots (2 pl) of each protein extract were used in gel shift
assays as previously described for nuclear extracts (6).

Tissue culture, poly(A)* RNA preparation, and hybridiza-
tion analysis. Cell lines used for the preparation of mRNA
were grown in suspension in 1-liter Corning Spinner flasks.
HeLa cells were grown in Dulbecco modified Eagle medium
(GIBCO), human hepatoma cells (HepG2) were grown in
Joklik modified Eagle medium (Sigma), and small-cell lung
carcinoma cells (NCI-N82) were grown in RPMI 1640 me-
dium (GIBCO). All media were supplemented with 10% fetal
calf serum, 100 U of penicillin G per ml, and 100 pg of
streptomycin per ml. Cells were pelleted at 150 x g for 5
min. Human fetal liver tissue, second trimester from spon-
taneous abortuses, was kindly supplied by Sunkara Rao,
Renata Dische, and Stave Kohtz. For preparation of RNA,
tissue was frozen in liquid nitrogen and ground in a Biopul-
verizer. Total RNA was extracted from both tissues and
harvested cells as previously outlined (10). RNA samples
were passed twice through oligo(dT)-cellulose columns to
purify poly(A)* RNA (4). The RNA concentration of each
sample was determined by the A,¢,. Poly(A)* RNA (10 pg
per lane) was subjected to electrophoresis on 1.2% agarose
gels containing 2.2% formaldehyde at 2.5 V/cm for 3.75 h
(49). RNA was transferred to GeneScreen Plus membranes
(Du Pont), exposed to UV light for 2 min, and baked at 80°C
in a vacuum oven for 2 h. Filters were prehybridized for 3 h
at 70.5°C in Northern hybridization solution [S0 mM N-
tris(hydroxyl)methyl-2-aminoethanesulfonic acid [TES] [pH
7.0], 25 mM Na,HPO,, 25 mM NaH,PO,, 0.3 M NaCl, 30
mM trisodium citrate, 1% sodium dodecyl sulfate [SDS],
10% dextran sulfate, 100 pg of sonicated salmon sperm DNA
per ml, 100 pg of yeast RNA per ml), and hybridization to
the probe was performed in the same solution at 70.5°C for
17 h. The probe used was the 777-bp Pst1 fragment of the
Pura cDNA (nucleotides 165 through 941), labeled with
32p_phosphate by a random priming procedure (19). After
hybridization, filters were washed twice for 5 min each in 2x
SSC-1% SDS (SSC is 150 mM NaCl plus 15 mM sodium
citrate, pH 7.0) at 70.5°C and once for 30 min in 0.1X
SSC-1% SDS at 70.5°C. Filters were then rinsed in 2x SSC
and autoradiographed on Kodak XAR film.

5’ and 3’ extension of Puraa mRNA. HepG?2 cell poly(A)*
RNA prepared as described above was used for RACE.
Rapid amplification of the 3’ cDNA end of pur was done
essentially as described previously (21). Positions of the
primers used are detailed in the legend to Fig. 7. HepG2 cell
poly(A)* RNA, 1.0 pg in 13 pl of distilled water, was
denatured at 70°C for 5 min and immediately chilled on ice.
The first-strand cDNA was synthesized with 1.0 uM primer
PDT-01 and 200 U of reverse transcriptase from the Super-
Script Preamplification System (Bethesda Research Labora-
tories) according to the manufacturer’s instructions, except
that 20 U of RNasin (Promega) was included in the reaction
mix. cDNA (1 pl) from the reverse transcription reaction
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mix was then polymerase chain reaction (PCR) amplified in
a 100-pl reaction volume with the addition of 2.5 U of Tagq
polymerase, using two primers (PDT-01 and EX-695, each
1.0 pM). The PCR profile was as follows: denaturation at
94°C for 1 min, annealing reaction at 54°C for 2 min, and
extension at 72°C for 5 min. A 1-pl sample of the first
amplification reaction was used for the second amplification
of the 3' cDNA end of pur. Primer EX-990 (1.0 pM) was
substituted for primer EX-695. The PCR was performed for
20 cycles in the same reaction buffer and volume and with
the same profile as described above. Rapid amplification of
the 5' cDNA end of pur was done as follows. HepG2
poly(A)* RNA (1 pg) was reverse transcribed as described
above, except for substitution of 1.0 pM primer EX-270 for
PDT-01. The cDNA was purified from excess primer by
passing it through a Centricon 100 microconcentrator (Am-
icon). The first-strand cDNA synthesized above was poly-
adenylated at the 3’ end by terminal deoxynucleotidyl trans-
ferase (Bethesda Research Laboratories) in the presence of
100 uM dATP at 37°C for 30 min. The cDNA was incubated
at 70°C for 2 min, precipitated with ethanol, and redissolved
in 20 pl of TE (pH 7.5). A 1-pl sample of the reaction mix
thus generated was used for amplification with 2.5 U of
Pyrococcus DNA polymerase (Stratagene) with primers
EX-270 and PDT-01 (each 1.0 pM) in 100 pl as described
above. The PCR profile was as follows: denaturation at
97.5°C for 1 min, annealing reaction at 54°C for 2 min,
extension at 74°C for 3 min. After 15 cycles, an additional 2.5
U of Pyrococcus polymerase was added, and the reaction
was continued for an additional 15 cycles. A 1-pl sample of
the first amplification reaction mix thus obtained was used
for the second amplification reaction as described above
except that primer EX-174 was substituted for EX-270.
Samples of 10 pl of each of the RACE products were
separated on a 1.5% agarose gel and transferred to a Gene-
Screen Plus membrane. Membranes were exposed to UV
light for 2 min and prehybridized in the DNA prehybridiza-
tion solution (same as above, but with 3x SSC and without
yeast RNA) at 65°C for 2 h. The probe was the 3?P-
phosphate-labeled pur insert (1,080 bp) of AAB6. Hybridiza-
tion was performed as described above at 65°C for 6 h. The
membranes were then washed twice in 2x SSC-1% SDS at
65°C each for 5 min, twice in 0.1x SSC-1% SDS at 65°C
each for 30 min, and once for 5 min in 0.1x SSC and
autoradiographed as described above.

Screening libraries by DNA-DNA hybridization. A A\ZAP II
HeLa cell cDNA library was kindly supplied by J. L.
Manley. The library was screened for clones of Pur by
previously described techniques (5, 44, 54). The 777-bp Pstl
fragment, outlined for use in Northern analysis, was labeled
by a random priming technique (19) and hybridized to the
filters in hybridization solution (20 mM Tris-HCl, 10% dex-
tran sulfate, 24 mM sodium phosphate, 0.1% SDS, 750 mM
NaCl, 75 mM trisodium citrate, pH 7.6) at 60°C for 16 h.
Filters were rinsed five times in 2x SSC at room tempera-
ture, washed in 2x SSC for 15 min at 60°C, and then washed
for 10 min at 60°C in wash buffer (40 mM sodium phosphate
buffer [pH 7.2], 1 mM EDTA, 5% SDS). Finally, the filters
were rinsed twice in 2X SSC, dried, and autoradiographed.

RESULTS

Isolation of Pur clones from a Agtll expression library
based on affinity for the PUR element. Screening of 3 X 10°
plaques from a human fetal liver cDNA library in Agtll with
labeled MF0677 oligonucleotide, which represents the pu-
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FIG. 1. Specific binding of the PUR element by protein in
plaques of phage AAB2. AAB2 phage were plated, induced with
IPTG as described in Materials and Methods, and transferred to
nitrocellulose membranes. Each membrane was then cut in half, and
the halves were incubated separately in the presence of MF0677
oligonucleotide, which was >?P end labeled as described in Materials
and Methods. The left half was incubated in the presence of a 20-fold
excess of unlabeled nonspecific competitor MF0562, while the right
half was incubated in the presence of a 20-fold excess of unlabeled
specific competitor MF0677.

rine-rich strand of the c-myc PUR element, as described in
Materials and Methods, yielded several positive plaques
which were pooled and rescreened. Six individual plaques
(designated AAB1 through AAB6) which were positives in
the second screening were each replated onto separate plates
and lifted onto new filters. Each filter was then cut in half.
The separate halves were screened for binding of the labeled
oligonucleotide MF0677, either in the presence of 10 pg of
unlabeled MF0677 per ml (Fig. 1, right) or in the presence of
10 pg of an unlabeled nonspecific competitor oligonucleo-
tide, MF0562, per ml (Fig. 1, left). For all six clones, a result
was obtained equivalent to that displayed for AAB2 in Fig. 1.
It can be seen that excess MF0677 specifically competes for
binding but excess MF0562 does not, indicating the se-
quence-specific nature of binding to the single-stranded PUR
element. All six clones contained the same 1.08-kb insert.
Sequence analysis of Pur. The nucleotide sequence of the
pur gene insert in AAB6 was determined after subcloning
from Agtll into M13 as described in Materials and Methods.
The sequence of the cDNA is presented in Fig. 2 together
with the deduced amino acid sequence of the Pur protein.
The orientation of the insert in AAB6 was determined by
PCR analysis, and the open reading frame displayed beneath
the sequence in Fig. 2 forms a fusion protein with the
B-galactosidase gene of the Agtll vector. The open reading
frame, designated Pura, is 322 amino acids in length. Codon
4 is an ATG, coding for a methionine, that nearest the 5’ end
of the insert. The sequencing of another cDNA clone, AHE1,
extends the open reading frame an additional 20 codons,
none of which are methionines. The sequence derived from
both clones is shown in Fig. 2. The 5’ terminus of clone
MABG6 is indicated by a vertical line below the sequence
shown. For several reasons, we believe the methionine
codon denoted position 1 in NAB6 represents the human
translation start site for the Pur protein. First, the protein
encoded by AAB6 possesses full single-stranded-DNA-bind-
ing capacity with a specificity similar to that of the Pur
protein observed in HeLa cells. Second, codon usage is
strongly representative of that preferred in human cells
throughout the open reading frame but is significantly less
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FIG. 2. Nucleotide sequence of Pura. The nucleotide sequence
shown is derived from phage clones AAB6 and AHE1. The amino
acid sequence of the open reading frame is indicated beneath the
nucleotide sequence. Numbering begins with the first methionine.
The line beneath the sequence at base —9 indicates the first base of
the AABS6 clone. Singly underlined amino acid residues in boldface
type indicate class I repeats. Doubly underlined amino acid residues
in boldface type indicate class II repeats.

representative 5’ to the methionine codon at position 1, as
determined by computer analysis. Third, the ATG codon is
surrounded by sequence features typical of initiation me-
thionines in eukaryotic cells (34). For example, for 85% of
bona fide start codons, the nucleotide at position —3 is an A,

Motif I,
Pura, Purg:
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and in our sequence it is an A. Similarly, the nucleotide at
position +4 is usually a G for start codons, and in our case
it is a G. Start codons are preceded by two to four C residues
from positions —5 to —1, and in our case there are two such
C residues. Fourth, RACE reveals that the vast majority of
detected 5' ends of Pur mRNA molecules do not extend
significantly beyond the 5' end shown in Fig. 2. RACE
results are described in detail below. The sequence
AATAAA, beginning at nucleotide 1062 in Fig. 2, represents
a polyadenylation and cleavage signal (see reference 14),
consistent with the notion that the 3’ terminus at nucleotide
1085 in Fig. 2 represents the polyadenylation site of the
mRNA molecule.

Modular features of Pur protein sequence. The deduced
amino acid sequence of Pura reveals a modular repeat
structure unique among known DNA-binding proteins.
There are three repeats of a 23-amino-acid motif (class I
repeats) interspersed with two repeats of a 26-amino-acid
motif (class II repeats). The class I repeats are shown by
single underlining in the sequence of Fig. 2, and the class II
repeats are shown by double underlining. While the se-
quence between these repeats is not conserved, the distance
between the class I repeats is highly regular. The repeats
themselves are not identical but preserve a number of
strictly conserved amino acids at fixed distances along the
repeats, indicated by solid boxes in Fig. 3, and a high
percentage of conservatively substituted amino acids, indi-
cated by dotted-line boxes in Fig. 3. The aromatic content of
these repeats, and the possibility that they are involved in
DNA binding, is considered further in the Discussion. The
repeat sequences are present in a broad variety of human
mRNA molecules, as indicated by hybridization analyses
presented below. In addition, at least one other human
protein, PurB, possesses a version of the class I repeat
similar, but not identical, to the repeats in Pura, as shown in
Fig. 3. A partial sequence of Pur is presented in a later
section. The results indicate a family of protein molecules
related by virtue of their possession of a strongly conserved
type of repeat module. Modules are organized differently in
individual protein molecules.

In addition to repeat modules, Pura contains several
structural features of potential importance, denoted in Fig.
4A. Near the amino-terminal end of Pura there is a promi-
nent sequence of 18 glycine residues broken only by a single
serine residue. Similar glycine stretches are present in pro-
teins serving a wide variety of functions, including helix-
destabilizing proteins (28). Carboxy terminal to all the repeat
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FIG. 3. Two repeat motifs in Pura and Purf. The class I repeat motifs (three from Pura and one from PurB) are aligned at the top, and
the class II repeat motifs (two from Pura) are aligned at the bottom. Solid boxes indicate identical amino acid residues, and dotted boxes
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FIG. 4. Arrangement of amino acid sequence domains in Pura.
(A) Domain structure of Pura. The glycine-rich and glutamine-
glutamate-rich domains both contain 50% or more of those respec-
tive amino acids. The class I repeats and the class II repeats are
described in Fig. 3. (B) Axial view of the predicted amphipathic
helix of Pura. Basic and aromatic faces are indicated. Numbers
indicate the position of each amino acid residue in Pura. Bracketed
residues indicate the amino acids occupying the equivalent positions
in the homologous region of Purf.

modules, there is a region (residues 261 through 274) of
potential a-helix (11, 37) upon which the amino acid side
chains confer a strongly amphipathic character. The amphi-
pathic helix is ordered with opposing basic and aromatic side
chains, as presented in the helical wheel of Fig. 4B. Similar
amphipathic helices are present in several DNA-binding
proteins thought to play a role in transcriptional activation
(43). The carboxy terminus of the Pura molecule consists of
a glutamine-glutamate-rich domain. The entire sequence
from residue 276 through 321 is 50% glutamine and glutamate
residues. There is one sequence of seven consecutive glu-
tamine residues, and near the carboxy terminus there is a
sequence of five glutamate residues broken by a single
glycine. Glutamine-rich domains have been implicated as
transcriptional activation regions in several DNA-binding
proteins (12). At the border between the amphipathic helix
and the glutamine-glutamate-rich domain, there is the motif
Ser-Glu-Glu-Met (residues 275 through 278). The serine in
this motif is a potential phosphorylation site for casein
kinase II (33), although it is not known whether the motif
serves this function in Pura.

Specificity of single-stranded DNA binding by Puraw. Protein
extracts derived from either phage lysates (Fig. 5, left) or
lysogens (Fig. 5, right) of AAB5 and MAAB6 display the
presence of: three bands in gel shift assays (solid arrows),
using labeled MF0677 as a probe, which are not present in
controls. A control lysate was obtained from Y1090 cells
infected with Aovalb, a chicken ovalbumin clone (Clontech).
This lysate showed no PUR-binding activity (Fig. 5, left,
lane 2). The bands in the experiment with phage lysates (Fig.
5, left) are inhibited by a 20-fold excess of MF0677 (lanes 5
and 7), but not by a 20-fold excess of poly(A) oligonucleotide
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FIG. 5. Gel shift assay of protein extracts from AAB clones. Gel
shift assays with labeled MF0677 probe were performed as de-
scribed in Materials and Methods. Left: Assay of protein extracts
prepared from lysates of AAB4. Lane 1 displays probe in the
absence of protein. Lane 2 displays probe in the presence of a
control protein extract prepared from Y1090 cells infected with
Aovalb, a chicken ovalbumin gene clone in Agtll. Lane 3 displays
probe in the presence of protein extract from Y1090 cells infected
with AAB4. Lane 4 displays signal with fivefold dilution of AAB4
extract. Lanes 5 through 8 represent reactions similar to that of lane
3, but with cold competitor added: lane 5, 5-fold excess of MF0677;
lane 6, 5-fold excess of poly(A); lane 7, 20-fold excess of MF0677;
lane 8, 20-fold excess of poly(A). Solid arrows indicate bands
specific to the clone, and open arrows indicate bands present
normally in E. coli. Right: Assay of lysogens derived from AAB6.
Lanes 1 and 2 display signal from IPTG-induced lysogen in either
the presence (lane 1) or the absence (lane 2) of a fivefold excess of
MF0677. Lane 3 displays signal from uninduced lysogen. Lane 4
displays signal from IPTG-induced Y1090. Lane 5 indicates signal
from uninduced Y1090.

(lanes 6 and 8), demonstrating specificity in DNA binding by
the fusion proteins. In the experiment with lysogen (Fig. 5,
right), the clone-specific bands only appear after induction
by IPTG (lane 2), indicating that they result from the fusion
of the open reading frame indicated for AAB6 in Fig. 2 to the
B-galactosidase gene. The band nearest the top of the gel
(uppermost arrow in both experiments) is most likely the
intact fusion protein since that molecule would be approxi-
mately 140 kDa in size and would migrate slowly. The two
more rapidly migrating bands generated by each clone (lower
solid arrows) are most likely proteolytic products of this
larger molecule. There are at least two lower bands in each
gel lane that are contributed by E. coli (open arrows in Fig.
5), and these proteins are not induced by IPTG (Fig. 5, right,
lanes 4 and S5). The E. coli proteins also possess some
specific affinity for the Pur element.

The specificity of single-stranded DNA binding by Pur was
examined in detail by constructing a series of mutated
versions of the binding sequence, MF0677, which were used
in competition experiments with labeled MF0677 (Table 1).
As nucleotides in the single-stranded MF0677 are progres-
sively replaced by thymidine residues, the ability of the
altered oligonucleotides to compete is reduced. The oligo-
nucleotide MHO0677, which contains GGAGGG, retains the
ability to compete. Comparison of this oligonucleotide with
MEO0677 suggests that the sequence GGAGG is the minimal
requirement for binding. GGT repeats near the 5’ end of
MF0677 strongly enhance binding. The adenosine residues
at the 3' end of MF0677 are not required for binding, as
evidenced by the effective competition with oligonucleotide
MC0677, despite the fact that these residues are part of the
consensus distribution PUR element. These results agree
well with the binding site inferred from methylation interfer-
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FIG. 6. Blot hybridization of human mRNAs with a pura probe.
Poly(A)* RNA prepared from tissue or culture cells was subjected
to electrophoresis and blotted as described in Materials and Meth-
ods. Membranes were probed with labeled Pura cDNA. Lanes:
pPUR6 x BamHI, pPUR6 DNA digested with BamHI; NCI-H82,
lung tumor cell line mRNA; HepG2, liver hepatoma mRNA; H.F.
liver, human fetal liver mnRNA; HeLa, HeLa cell mRNA. The lower
box displays the results of hybridization of the same membrane to a
glyceraldehyde phosphate dehydrogenase probe as a loading con-
trol. Numbers on left show size in kilobases.

ence studies of Pur activity in HeLa cell nuclear extracts (6).
In those experiments, no contacts were seen among the 3’
adenosine residues. In addition, protein contacts were ob-
served with several guanosine residues in MF0677, all of
which are also important in the present mutational study.
For example, the central G residue of a G triplet makes a
prominent contact in methylation interference studies, and it
is essential for binding by the cloned and expressed Pur
protein (Table 1, compare oligonucleotides MF0677,
MEO0677, and MG0677). The hamster dhfr element (DR3529)
possesses the GAGGG motif but does not include the GGT
repeats, so it competes somewhat less effectively than does
MJ0677 for the human Pur protein. As is true of the HeLa
nuclear extract, no binding to Pur is seen with poly(A) or
poly(G). These results are strong evidence that the cloned
Pur protein possesses the same DNA-binding specificity as
the protein identified in HeLa nuclear extracts.

Multiple human mRNA species are homologous to Pura.
Northern blot analyses were performed on mRNAs isolated
from several human cell lines and tissues. A restriction
fragment probe of Pura cDNA was chosen to avoid the
polyglycine sequence near the amino terminus of the Pura
protein. This was done to minimize cross-hybridization since
many proteins are known to possess such a glycine se-
quence. Analyses of mRNAs from human fetal liver tissue,
HeLa cells, NCI-H82 lung tumor cells, and HepG2 hepa-
toma cells result in a similar pattern of multiple transcripts
for each tissue or cell type (Fig. 6). The level of each
transcript appears to vary little from one cell type to the
next. The major transcripts are 2.0 and 5 kb in length, while
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FIG. 7. 5’ and 3' RACE extension of pura cDNA. Products of
the RACE reactions outlined in Materials and Methods were sub-
jected to electrophoresis in 1.5% agarose gels containing 40 mM
Tris-acetate and 1.0 mM EDTA (pH 8.5), Southern blotted to
GeneScreen Plus membranes, and hybridized to a pura probe. In
each case, numbers on the right indicate molecular size markers in
kilobases. Lanes 1 indicate the reaction containing both primers.
Lanes 2 represent a control reaction in which one primer was
omitted. Primer PDT-01 (TATCTGCAGTTTTTTTTTTTTITTTTT)
was used to anneal to the poly(A) tail generated for both 5’ and 3’
RACE. Left: 5' RACE. pur-specific primers used were EX-270
(CTCGGCGATCTTCAGGAA), corresponding to nucleotides 270
to 253, for the first amplification reaction, and EX-174 (TTCTAAG
CTTCGTCTCGTGCTGCAGCCC), corresponding to nucleotides
174 to 157 plus a HindIIl linker, for the second amplification
reaction. For lane 2, primer EX-174 was omitted. Right: 3' RACE.
pur-specific primers used were EX-695 (TCTTCGATGTGGGCT
CCAAC), corresponding to nucleotides 695 to 714, for the first
amplification reaction, and EX-990 (ACACACACACACATGC
ATAC), corresponding to nucleotides 990 to 1009, for the second
amplification reaction. For lane 2, primer PDT-01 was omitted.

minor ones occur at 2.7 and 3.2 kb. The overall intensity of
bands from the fetal liver sample is lower than that from
other cell types, but the intensity of the control GAPDH
band for this sample is also lower. This most likely reflects
the high level of liver-specific transcripts in the sample.
Multiple mRNA species hybridizing to the pura probe may
be the result of alternate splicing of a single gene or represent
transcripts from a number of related genes.

To determine the length of mRNA encoding Pura, we
amplified 3' and 5' mRNA ends by the PCR RACE tech-
niques described in Materials and Methods. Briefly, these
use one PCR primer specific for the Pura sequence and
another hybridizing to a homopolymeric tail formed at either
the 3’ or 5’ end of a reverse transcript of the mRNA. The
results of 3' RACE are shown in Fig. 7 (right). Three primary
bands can be seen at about 420, 200, and 120 nucleotides,
indicating that there are three transcripts hybridizing to the
Pura primer, that there are three major splicing products of
a Pura transcript, or that there are three major 3'-termina-
tion sites for a Pura transcript. Further studies of genomic
pur genes will distinguish among these possibilities. The
results of 5' RACE are shown in Fig. 7 (left). Two primary
bands can be seen at 50 and 250 nucleotides, and a diffuse
range of much less intense bands can be seen at 500 to 700
nucleotides. The smallest band represents artifactual stop-
ping of either reverse transcriptase or Taq polymerase in the
G-rich polyglycine sequence near the 5’ end of Pura mRNA.
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purg cDNA G AAT TCC GCA GGC GGC CCG GGA GGC GGC GCC GGG GGC CCA GGG 43
purg Asn Ser Ala Gly Gly Pro Gly Gly Gly Ala Gly Gly Pro Gly
pura Phe Arg Asp Ala Leu Ala Lys Leu Ile Asp Asp Tyr Gly Val
purf cDNA GGC GGC CTG TAT GGA GAG CTC CCG GAG GGC ACC TCC ATC ACC GTG 88
purpg Gly Gly Leu Tyr Gly Glu Leu Pro Glu Gly Thr Ser Ile Thr Val

* - - - - * - - -

pura Glu Glu Glu Pro Ala Glu Leu Pro Glu Gly Thr Ser Leu Thr Val
purf cDNA GAC TCC AAG CGC TTC TTC TTC GAT GTG GGC TGC AAC AAA TAC GGG 133
purg Asp Ser Lys Arg Phe Phe Phe Asp Val Gly Cys Asn Lys Tyr Gly

L] L * * - L] L L * - * L] -
pura Asp Asn Lys Arg Phe Phe Phe Asp Val Gly Ser Asn Lys Tyr Gly
purg cDNA GTG TTT CTG CGA GTG AGC GAG GTG AAG CCG TCC TAC CGC AAT GCC 178
purg Val Phe Leu Arg Val Ser Glu Val Lys Pro Ser Tyr Arg Asn Ala

- * * - * * * * * * * *
pura Val Phe Met Arg Val Ser Glu Val Lys Pro Thr Tyr Arg Asn Ser
purf cDNA ATC ACC GTA CCC TTC AAA GCC TGG GGC AAG TTC GGA GGC GCC TTT 223
purg Ile Thr Val Pro Phe Lys Ala Trp Gly Lys Phe Gly Gly Ala Phe

- - L] * - * * * *
pura Ile Thr Val Arg Tyr Lys Val Trp Ala Lys Phe Gly His Thr Phe
purp cDNA TGC CGG TAT GCG GAT GAG ATG AAA GAA ATC CAG GAA CGA CAG AGG 268
purg Cys Arg Tyr Ala Asp Glu Met Lys Glu Ile Gln Glu Arg Gln Arg

- - - - * * * - * *
pura Cys Lys Tyr Ser Glu Glu Met Lys Lys Ile Gln Glu Lys Gln Arg
purf cDNA GAT AAG CTT TAT GAG CGA CGT GGT GGG GGC AGC GGC GGC GGC GAA 313
purf Asp Lys Leu Tyr Glu Arg Arg Gly Gly Gly Ser Gly Gly Gly Glu

L]

pura Glu Lys Arg Ala Ala Cys Glu u _His Gln G, Gln

AG TCA GAG GGT GAG 328
purp cDNA GAG T
purp Glu Ser Glu Gly Giu
pura [} u a X eu Gly Glu Glu
purf cDNA GAG GTG GAT GAG GAT TGAAACGGGCAGGTTCCCCTACAGGCCTCCACCCAACCA 382

Glu Val Asp Glu Asp End

purd Y P - .
pura Glu Gly Glu Glu Asp End
purf cDNA CCATCCCCTTGGATAGAGAATTCC 406

FIG. 8. cDNA sequence encoding the carboxy terminus of the Purf protein and comparison of the deduced amino acid sequence with the
corresponding region of Pura. The DNA sequence of clone A\HEA4 is presented. Asterisks indicate amino acids homologous between Purf and
Pura. Dotted lines indicate a gap in regions of homology. Double underlining marks the glutamine-rich domain of Pura.

The larger major band corresponds with the 5’ end of the
sequence shown in Fig. 2 and could represent the 5’ end of
the Pura transcript. The diffuse smear at 500 to 700 nucleo-
tides could conceivably represent longer Pura transcripts. It
is more likely, however, based on their low level of produc-
tion, that they are derived from transcripts related to Pura
but with only partial homology to the Pura primer. These 3’
and 5’ RACE results place the size of the Pura mRNA in the
range of 1.6 to 2.1 kb. Both the size of the major Purc mRNA
and the diversity of homologous species seen are consistent
with results obtained by Northern hybridization.

Screening of a HeLa cell library reveals at least one addi-
tional protein with a Pur repeat module. Probing 2 x 10 PFU
of a HeLa cell AZAP II cDNA library with the 32P-labeled
777-bp Pstl fragment of the Pura cDNA (described in
Materials and Methods) yielded several hybridizing clones.
One of these is a new clone of Pura, AHE1, which extends
the sequence an additional 59 bp at the 5’ end (Fig. 2).
Another of these hybridizing clones, AHE4, contains a
cDNA with a sequence similar, but not identical, to that of
Pura. The protein encoded by this cDNA is designated Purf.
A partial cDNA sequence composing the carboxy terminus
of Purp is presented in Fig. 8. The Pur protein possesses a
copy of the class I repeat module described in Fig. 3 that is
followed by an amphipathic helix with considerable se-
quence similarity to that of Pura (Fig. 3 and 4). However, the
3’ end of Purf lacks the glutamine-rich domain present at

that position in Pura, as shown by the sequence comparison
in Fig. 8. There is 80.6% nucleotide homology between the
pura and purf genes over 216 bp corresponding to the
position of maximum protein homology. Over this stretch of
72 codons, there is 75% amino acid homology.

DISCUSSION

The mechanism by which a protein may achieve sequence
specificity in its binding to single-stranded DNA may differ
considerably from mechanisms thus far outlined for binding
to double-stranded DNA. The interactions of single-strand-
ed-DNA-binding proteins from several bacteriophages, par-
ticularly the gene 5 products of bacteriophages Fd, Ike, Pfl,
and Pf3 and the gene 32 product of bacteriophage T4, with
their substrates have been the subject of considerable study
1, 2,7, 15, 38, 41, 55). For the Fd and Pfl gene 5 proteins,
chemical modification experiments have established that
several tyrosine residues and basic residues are essential for
binding to DNA (2, 41). In addition, a phenylalanine residue
can become cross-linked to one of the essential tyrosine
residues of the Pfl gene product, suggesting it is also located
within the DNA-binding cleft of the protein (41). These
studies have led to a hypothesis that these proteins interact
with single-stranded DNA by intercalation of the side chains
of phenylalanine and tyrosine residues between DNA bases,
the aromatic side chains thus becoming involved in base
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stacking, while basic residues engage in electrostatic inter-
actions with the phosphates of the backbone. This model
may apply to a wide range of single-stranded-DNA-binding
proteins. Phenylalanine 469 and lysine 470 of the DBP of
adenovirus are known through site-directed mutagenesis
studies to be required for single-stranded DNA binding by
this protein (40, 45). A number of workers (24, 42, 58) have
proposed a motif common to nine prokaryotic and viral
single-stranded-DNA-binding proteins which is formed by a
series of aromatic and basic residues. It is, therefore, of
interest to note that the three class I repeats of Pura, and the
copy of the similar module in Purf, each contain three highly
conserved phenylalanine or tyrosine residues and a prepon-
derance of basic residues (Fig. 3). Hydrophilicity profiles of
Pura predict that each copy of the class I motif will be on the
surface, particularly the first two repeats, raising the possi-
bility that each may be well positioned to form base-stacking
interactions with the DNA. There are reports of sequence-
specific single-stranded-DNA-binding proteins from mam-
malian cells that bind sequences rich in cytosine and thymi-
dine residues (17, 20). This raises the possibility that these
proteins could cooperate with Pura to stabilize the comple-
mentary strand of the DNA and thereby to maintain locally
unwound regions of DNA.

The 3’ and 5' ends of the sequence presented in Fig. 2
agree very well with major bands observed upon 3’ and 5’
RACE amplification of mRNA ends. However, in the ab-
sence of an in-frame termination codon in the cDNAs for
Pura, the possibility remains that the cloned cDNAs do not
contain the entire coding region. In any case, the domain of
Pura that is essential for binding single-stranded DNA is
clearly contained in the cloned cDNAs. The specificity of the
protein expressed from the cloned gene agrees very well
with that of the activity observed in the HeLa cell nuclear
extract (6).

The predicted sequence of the Pura protein includes
several features common to nucleic acid-binding proteins.
Substantial glycine-rich regions have been identified in helix-
destabilizing proteins and RNA-binding proteins (23, 27,
28, 53). The region from Leu-54 to Leu-75 in Pura, which
is moderately helical, contains leucine or isoleucine resi-
dues every seventh amino acid residue, raising the possibil-
ity of forming a leucine zipper. The sequence from Lys-203
to Lys-229 (KLIDDYGVEEEPAELPEGTSLTVDNK) is
typical of PEST (proline-glutamate-serine-threonine) se-
quences, which are regular features of proteins that are
rapidly turned over in the cell (47). It is notable that Pura
does not possess a consensus motif (K/R-G-F/Y-A/G-F/Y-
V-X-F/Y) commonly found in RNA-binding proteins and
thought to be essential for such binding (see reference 23).

Considerable evidence now indicates that DNA replica-
tion initiates within discrete zones in mammalian genomes
(3, 8, 25, 29, 56, 57). Although size estimates for such
initiation zones vary from approximately 0.5 to 30 kb for
various loci, the implication is strong that sequences within
these zones serve some regulatory function in initiation.
There is no direct indication as yet that cis-acting sequences
act as the binding sites for factors that control initiation, as
has been established for several prokaryotic and viral sys-
tems. Regions of bent DNA are highly conserved features of
replication origins throughout both prokaryotes and eukary-
otes, and it has been proposed that they act as binding sites
for initiator proteins (16). The binding of Pur to regions of
stable bending in two mammalian initiation zones, those in
c-myc and dhfr loci, renders this protein a strong candidate
for such a trans-acting factor.
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Several investigators have recently proposed the involve-
ment of sequence-specific single-stranded-DNA-binding pro-
teins in mammalian recombination (17, 20, 22). The single-
stranded-DNA-binding protein RP-A is believed to play a
role in simian virus 40 DNA replication and in human DNA
recombination (18). Interestingly, it has been recognized that
GGN repeats occur commonly in sequences known to
function as recombination hot spots, including the break-
point of oncogene bcl2 translocations (35), the human min-
isatellite core sequence (32), and the mouse retrotransposon
LTR-IS element (17). The D2 element involved in V(D)J
recombination in mouse thymocytes contains the motif
GGAGGGA, a minimal binding element for Pura (48).

Glutamine-rich regions and amphipathic helices such as
those in the carboxy terminus of Pura (Fig. 6) are common
features of the transactivation domains of many transcrip-
tion factors (12, 31, 43). The potential involvement of Pura in
replication most certainly does not preclude its involvement
in transcription or recombination. In the human c-myc locus,
the PUR element is located in a region previously reported
to contain positively acting transcriptional control elements
(26). Binding sites for Pura appear within the promoter
regions of several mammalian genes (6). A number of factors
are involved in both replication and transcription in prokary-
otic, lower eukaryotic, and viral systems. For example, the
cellular NF-1 protein is involved in transcriptional regulation
and also interacts specifically with DNA polymerase during
preinitiation of adenovirus DNA replication (9). The yeast
ARS-binding factor ABF1 is involved in transcriptional
activation, transcriptional silencing, and ARS activation
(46). When ABF1 binding sites are replaced by binding sites
for other transcription factors, these factors can substitute
for ABF1 in ARS activation provided they also possess a
transcriptional activation domain (39).

Our mRNA analyses and cDNA cloning results imply that
there exists a family of proteins containing Pur class I repeat
modules. This type of modular repeat organization is pres-
ently unique among known DNA-binding proteins. If the
class I modules are involved in DNA binding, as discussed
above, then a further implication is that there exists a family
of proteins capable of binding similar, but not necessarily
identical, repeated DNA elements.
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