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Abstract During spermiogenesis, the haploid phase of spermatogenesis, the genome is packaged into a highly
compacted form and this process requires replacement of histones by protamines. In the mouse, protamines are encoded
by two genes, which are transcriptionally regulated in testis. To understand the regulation of transcription of the mouse
protamine 2 (mP2) gene, the tissue-distribution of sequence-specific interactions between nuclear proteins and
promoter DNA sequences have been analyzed. Protein binding to the promoter region from 2370 to 165 was studied
using DNase I footprinting and gel shift assays. Five protein binding sites were identified, which are recognized by
nuclear proteins from either testis or liver. Site 1 from 264 to 248, contains part of a cAMP responsive element (CRE),
which in testis is recognized by CREMt, an activator of post-meiotic transcription. Testicular protein(s) also binds to three
other promoter domains: site 2, 287 to 267, a region containing a CAAT box, and sites 4 and 5, 2239 to 2210 and
2328 to 2311, sequences with similarity to consensus steroid hormone responsive elements (HRE). In contrast,
interactions between the mP2 promoter and nuclear factors from liver, a tissue in which the mP2 gene is not transcribed,
are observed at sites 1, 2, and 4, as well as at an additional region at site 3, 2202 to 2175. Because occupancy at site 3
appears to correlate with inactivation of the gene in non-testicular tissues, whereas testicular protein binding at site 5
appears to be associated with active transcription, we conclude that the mP2 promoter displays intricate tissue-specific
patterns of protein/DNA interactions at key regulatory elements. J. Cell. Biochem. 64:94–105. r 1997 Wiley-Liss, Inc.
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Spermatogenesis consists of three distinct
phases: mitotic proliferation of stem cells, the
meiotic process, and spermiogenesis, the post-
meiotic differentiation of spermatids [reviewed
in Bellvé, 1979; Hecht, 1986]. Many genes for
testis-specific proteins and testis-specific iso-
forms are expressed at defined stages during
male germ cell development [Hecht, 1986, 1995;
Propst et al., 1988; Willison and Ashworth,
1987; Wolgemuth and Watrin, 1991]. The or-
dered regulation of gene expression during dif-
ferentiation makes the testis a desirable tissue
to study interactions between cis-acting ele-
ments and protein binding factors. Since perma-
nent cell lines of spermatogenic cells for tran-
sient expression are only beginning to be
established [Cooker et al., 1993; Hofmann et

al., 1992, 1994; Rassoulzadegan et al., 1993], most
germ cell promoter studies have utilized in vitro
transcription or transgenicmice todefineessential
cis-acting elements.DNAfootprintingandgel shift
assays are often used to defineDNA-protein inter-
actions [Howard et al., 1993; Tamura et al.,
1992; van der Hoorn and Tarnasky, 1992].
Protamines are highly basic, small proteins

present only in post-meiotic stages ofmale germ
cells. Male germ cell DNA is packaged in a
highly compacted form during spermiogenesis
and this process requires in mammals a step-
wise replacement of the nucleohistones by tran-
sition proteins and then by protamines. The
mouse genome contains two genes for prot-
amine, mP1 and mP2, that are transcribed in
round spermatids and translated in elongating
spermatids [Hecht, 1986]. The promoters of
both mouse protamine genes have been ana-
lyzed in transgenic mice [Peschon et al., 1987;
Stewart et al., 1988; Zambrowicz et al., 1993].
For protamine 2, a promoter sequence of 859 bp
was shown to be sufficient for post-meiotic ex-
pression [Stewart et al., 1988], and in a more
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detailed analysis, 113 bp has been shown to be
sufficient for the proper temporal expression of
protamine 1 [Zambrowicz et al., 1993]. Pro-
moter deletion assays using a testicular in vitro
transcription system have identified a putative
positive regulatory region in the mP2 promoter
between 2170 and 282 [Bunick et al., 1990b]
and gel shift analyses have identified several
regions of mP2 promoter that bind protein
[Johnson et al., 1991].
Eukaryotic promoters bind numerous pro-

tein factors, and transcription is regulated by
interactions among those factors. For the testis-
specific protamine 1 promoter, several regula-
tory regions for tissue-specific and high-level
transcription have been identified in trans-
genic mice [Zambrowicz et al., 1993; Zambro-
wicz and Palmiter, 1994]. Promoter analysis of
the testis-specific variant of phosphoglycerate
kinase, PGK2, has revealed several elements
needed for tissue-specific expression and sev-
eral elements for ubiquitous expression [Ge-
bara andMcCarrey, 1992]. To start to define the
trans acting factors that regulate mP2 tran-
scription, a region near the start of transcrip-
tion of the mP2 promoter has been analyzed for
protein binding sites using DNase I footprint-
ing and gel shift assays with extracts from
expressing and non-expressing tissues. Effort
has been concentrated on the first 370 nucleo-
tides of the protamine 2 promoter since 113
nucleotides of the highly homologous prot-
amine 1 promoter are sufficient for round sper-
matid specific transcription [Zambrowicz et al.,
1993]. Several known sequence elements that
bind testicular protein ‘‘in vitro’’ have been iden-
tified: a cAMP responsive element (CRE) at site
1, a CAAT box at site 2, and two regions with
similarity to steroid hormone responsive ele-
ments (HRE) at sites 4 and 5.

MATERIALS AND METHODS
Preparation of Nuclear Extracts

Nuclear protein extracts were prepared us-
ing a modification of the procedure of van der
Hoorn and Tarnasky [1992]. Testes of 50 CD-1
mice, 4–6 months old, were decapsulated and
homogenized in 20 ml of homogenization buffer
(10 mM Hepes, pH 7.6, 15 mM KCl, 0.15 mM
spermine, 0.5 mM spermidine, 1 mM EDTA, 1
mM DTT, 2.2 M sucrose, 1% nonfat dry milk)
and protease inhibitors [1 mM benzamidine,
0.5mMphenylmethylsulfonylfluoride, 1% apro-
tinin, pepstatin (1 µg/ml), and leupeptin (1 µg/

ml)] in a Teflon-glass homogenizer [Bunick et
al., 1990a,b; van der Hoorn and Tarnasky,
1992]. After 10 strokes, the homogenate was
diluted to 1.85 M sucrose and the nuclei were
pelleted by centrifugation at 24,000 rpm for 1 h
in a Beckman (Fullerton, CA) SW 28 rotor
through a cushion of the same buffer containing
10% glycerol. Pelleted nuclei were resuspended
in lysis buffer (10 mM Hepes, pH 7.6, 100 mM
KCl, 0.1 mM EDTA, 3 mM MgCl2, and 10%
glycerol) and nuclear proteins were extracted
with 0.36 M ammonium sulfate, precipitated
with ammonium sulfate (0.3 g/ml of extract)
and dissolved in dialysis buffer (25 mM Hepes,
pH 7.6, 0.1 mM EDTA, 40 mM KCl, 10% glyc-
erol, and 1 mM DTT). The concentration of
recovered protein ranged from 5 to 15 mg/ml.
Liver tissue was homogenized in a modified
Waring (New Hartford, CT) Blender using the
same buffers [Sierra, 1990] with the modifica-
tion that liver nuclei were pelleted through 2.0
M sucrose.
Each preparation of nuclear extract was

tested for transcriptional activity by an in vitro
transcription assay [Gorski et al., 1986; van der
Hoorn and Tarnasky, 1992]. Transcriptionswith
testis extracts were carried out using a con-
struct consisting of the mP2 promoter DNA,
2859 to 14, ligated upstream to a G-free cas-
sette in p(C2AT)19. pAdMLP190, a plasmid
containing the adenovirus major late promoter
linked to a G-free cassette, was used as tem-
plate to assay the liver extracts.

DNase I Footprinting

Footprinting analyses were performed using
four DNA fragments: 2170 to 18 (BspM
I = Sph I), 2170 to 165 (Sph I = Pst I), 2269
to 165 (Nde I = Pst I), and 2371 to 165 (Hind
III = Pst I). One strand of each DNA fragment
was labeled with an [a-32P] dNTP at the 38 end
using Klenow enzyme. After labeling, the DNA
was purified by polyacrylamide gel electropho-
resis and the labeled band was eluted. DNase I
footprinting assays were carried out using the
procedure of Sierra [1990]. DNase I (0.5–1.5 U)
was added to 20 µl reaction mixtures contain-
ing 1–3 3 104 cpm of DNA, 1 µg of poly(dI-
dC)*(dI-dC), and 50–100 µg of nuclear proteins
in footprinting buffer (final concentration: 40
mM Hepes, pH 7.6, 5 mM MgCl2, 60 mM KCl,
6% glycerol, 0.06 mM EDTA, 0.6 mM DTT) and
incubated for 2 min at room temperature. The
digestions were terminated by adding 80 µl of
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stop buffer (200 mM NaCl, 20 mM EDTA, pH
8.0, 1% SDS, 50 µg/ml yeast tRNA) and the
DNAs were extracted, precipitated, and ana-
lyzed in 6% polyacrylamide DNA sequencing
gels. Control DNAs were incubated with 0.02–
0.1 U of DNase I under identical conditions in
the absence of protein extract and processed as
above.

Gel Shift Probes and Assay Conditions

Gel shift assays were performed as described
below [Johnson et al., 1991] using the following
double-stranded oligonucleotides: oligonucleo-
tide 1, nucleotides 267 to 246 (58-GGG CCG
ACA GGT CAC AGT GGG-38) and its comple-
ment (58-CCC CAC TGT GAC CTG TCG GCC-
38); oligonucleotide 2, nucleotides 286 to 269
(58-GGA ACA ATC AAT CAG GG-38) and its
complement (58-CCC CTGATT GAT TGT TCC-
38); oligonucleotide 3, nucleotides2202 to2174
(58-GTG AGG CCA TCT CAC ATT CAA TAA
GTC A-38) and its complement (58-CTG ACT
TAT TGAATG TGAGAT GGC CTCA-38); oligo-
nucleotide 4, nucleotides 2226 to 2210 (58-
AAG TTC AAG GTC ATT C-38) and its comple-
ment (58-ATA ATG ACC TTG AAC TT-38);
oligonucleotide 5, nucleotides 2330 to 2310
(58-CAA CCA AGG CCA TGC ATG GG-38) and
its complement (58-GCC CAT GCA TGG CCT
TGG TT-38); an NF1/CTF oligonucleotide (58-
ATT TTG GCT TGA AGC CAA TAT G-38) and
its complement; and a CREB oligonucleotide
(58-GAT TGG CTGACG TCAGAGAGC T-38).
Double-stranded oligonucleotides were made

by incubating the two complementary single-
stranded oligonucleotides at 80°C for 10 min
and then slowly cooling the duplexes to room
temperature. The recessed 38 end of each oligo-
nucleotide was labeled with a-32P dNTP using
Klenow enzyme, and then purified by polyacryl-
amide gel electrophoresis. Nuclear extracts
(5–10 µg) were incubated with 1 µg of poly
(dI-dC)*(dI-dC) in binding buffer (10 mM Tris,
pH 7.5, 50 mM NaCl, 3 mM CaCl2, or 3 mM
MgCl2) at either 4°C or room temperature for
10 min. Competitor DNAs (a 10-fold molar ex-
cess of DNA for self-competitions or a 100-fold
molar excess of DNA for non-self-competitions)
were incubated for 15 min at 22°C before the
radiolabeled DNA probes (2–3 3 104 cpm) were
added and incubated 25 min at 22°C. The
samples were analyzed in non-denaturing poly-

acrylamide gels in 0.25 3 TBE buffer at either
4°C or at room temperature.

RESULTS
2370 to 14 Region of the mP2 Promoter

Has Five Protein Binding Sites

Comparison of protein/DNA interactions at
the mP2 promoter in expressing and non-
expressing tissues provides a frame-work for
understanding the tissue-specific regulation of
the mP2 gene by its cognate factors. We per-
formed DNase I footprinting analysis using a
probe spanning nt 2340 to 14 of the mP2
promoter using nuclear proteins from testis,
where the gene is actively regulated at the
transcriptional level, and a non-expressing tis-
sue (liver), where the gene is physiologically
inactive. Figure 1 shows the five protein/DNA
interaction domains in the2370 to14 region of
the mP2 promoter. Nuclear factors from both
liver and testis bind to sites 1, 2, and 4. How-
ever, proteins from liver but not testis nuclear
extracts interact with site 3, whereas proteins
from testis but not liver bind to site 5. Although
testis and liver proteins bind to the same DNA
sequences at sites 1, 2, and 4, the proteins
bound from the liver and testis appear to be
distinct, since the DNA footprints and the mo-
bilities of the DNA-protein complexes in the gel
shift assays differ between the two tissues (see
below). Starting at the most upstream region,
each binding site will be discussed in order.

Site 5, Protein Binding at 2328 to 2311

Of the five footprints detected in this region
of the mP2 promoter, site 5 is an expressing
promoter element, because occupancy of this
domain is only observed with proteins from
testicular extracts and not with non-testicular
proteins (Fig. 2, compare lane 3 to lane 4) using
equal amounts of protein activity based on in
vitro transcription assays. This difference in
site 5 binding activity between protein prepara-
tions was confirmed by gel shift assays with
oligonucleotide 5, which spans nucleotides2330
to 2310 and encompasses site 5. A prominent
protein/DNA complex in gel shift assays was
obtained with nuclear factors from testis (Fig.
3A, lane 1), but no equivalent DNA-protein
complex was seen with the liver extract (Fig.
3A, lane 2). A faint band with a slower electro-
phoretic mobility could be detected, however,
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with the liver extract after a very long exposure
(data not shown).
Because protein binding sites 3, 4, and 5

share sequence-similarities, the possibility
arises that similar proteins bind to these ele-
ments. We performed gel shift competition as-
says with a panel of oligonucleotides to exam-
ine specificity of binding to each region, and
potential for cross-competition. The oligonucleo-
tides spanning site 4 (Fig. 3B, lane 10), but not
the site 3 oligonucleotide (Fig. 3B, lane 9) com-
pete for the binding of testicular proteins to site
5. We note that site 3 is similar, but not identi-
cal to site 4. Consistent with competition be-
tween sites 4 and 5 for a shared factor, unla-
beled oligonucleotide 5 successfully competes
for protein binding with a radiolabeled site 4
probe (Fig. 3B, lane 5). However, oligonucleo-
tide 2, a DNA probe with a totally different
sequence (lanes 3 and 8), did not compete al-
though self-competition gel shift assays demon-
strated that the assays and the competitions

Fig. 1. Summary of protein binding sites in the mP2 promoter
region from 2370 to 14. Binding sites identified by DNase I
footprinting analyses are denoted as sites 1 to 5.

Fig. 2. DNase I footprinting of the mP2 promoter DNA frag-
ment, 2371 to 165. Lanes 1 and 2, control digestions in the
absence of added proteins with 0.04 and 0.08 U of DNase I,
respectively; lane 3, liver extract (66 µg); and lane 4, testis
extract (78 µg). The latter two are digested with 0.75 U of
DNase I.
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were specific (Fig. 3B, compare lane 1 to lanes 2
and 3, and lane 6 to lanes 7 and 8).

Site 4, Protein Binding at 2239 to 2210

Nuclear proteins from both testis and liver
bind tomP2 promoter sequences at site 4, nucle-
otides 2239 to 2210 (Fig. 4A). When protein-
DNA interactions of site 4 are analyzed by gel
shift assays, complexes with different mobili-
ties are observed with liver and testis extracts,
with the liver complex migrating more slowly
than that of the testis (Fig. 5A). Hence, al-
though the testicular and non-testicular DNA
binding activities recognize the same promoter
domain, the proteins forming these somatic and
testicular protein-DNA complexes are not iden-
tical.

A series of competition assays were per-
formed with oligonucleotides 4 and 5 (Figs. 3
and 5). Oligonucleotide 5 competes efficiently
for protein binding against oligonucleotide 4
(Fig. 3B, lane 5), but the amount of DNA-
protein complex formed with oligonucleotide 4
is substantially greater than the DNA-protein
complex that forms with oligonucleotide 5 (Fig.
3B). These results are consistent with the foot-
printing data which show that site 4 is better
protected from DNase I digestion than site 5
(compare Figs. 2 and 4). This result could sug-
gest that the amount of testis protein binding
available for binding to site 4 is greater than
that binding to site 5. However, as the similari-
ties in electrophoretic mobilities of the DNA-
protein complexes formed with oligonucleotides
4 and 5 suggest that the same protein binds to
sites 4 and 5, we favor the interpretation that
this putative factor interacts with a greater
binding affinity to site 4 than site 5.
Although site 4 shares homology with the

CREB binding site, ACGTCA, neither the liver
nor the testis DNA-protein complexes were di-
minished by the addition of a CREB oligonucleo-
tide at levels up to 100-fold (Fig. 5A, lanes 3 and
7). Moreover, oligonucleotide 5 competes only
modestly for binding of liver proteins to oligo-
nucleotide 4 (Fig. 5B, lane 5); the liver and
testis proteins binding to this sequence may
differ in affinity or identity.

Site 3, Protein Binding at 2202 to 2175

Based on ourDNase footprinting results, liver
extracts but not testis extracts contain DNA
binding activities recognizing site 3 of the mP2
promoter (Fig. 4B). Gel shift analyses with oli-
gonucleotide 3 confirms the sequence-specific-
ity of the cognate factors (Fig. 6). Whereas
testis extracts only show non-specific bands
(Fig. 6A, lane 1; Fig. 6B, lane 2), nuclear pro-
teins from liver mediate formation of two spe-
cific complexes (Fig. 6A, lane 2; the predomi-
nant band denoted by an arrowhead).
DNA-protein binding specificity was con-

firmed with competition assays using oligo-
nucleotides 2, 3, 4, and 5. The most prominent
liver DNA-protein complex (indicated by an
arrowhead in Fig. 6B) is not detected with the
testis extract (Fig. 6B, compare lanes 1 and 2).
Interestingly, the amount of DNA-protein com-
plex is reduced by the presence of oligonucleo-
tide 2, suggesting that one protein(s) recognizes
similar sequences in sites 2 and 3 (Fig. 6B, lane

Fig. 3. Gel shift assays with oligonucleotides 4 and 5. A: Gel
shifts with oligonucleotide 5. Lane 1, oligonucleotide 5 incu-
bated with testis extract (5 µg); lane 2, oligonucleotide 5
incubated with liver extract (5 µg). B: Competition assays with
oligonucleotides 4 and 5. Testis extract (6 µg) was incubated
with radiolabeled oligonucleotide 4 (lanes 1–5) or radiolabeled
oligonucleotide 5 (lanes 6–10). Lanes 1 and 6 are gel shifts
without competition; lanes 2 and 7 are gel shifts with unlabeled
oligonucleotide 4 and oligonucleotide 5 as competitors, respec-
tively; lanes 3 and 8 are gel shifts with oligonucleotide 2 as
competitor; lanes 4 and 9 are gel shifts with oligonucleotide 3 as
competitor; lane 5 is a gel shift with unlabeled oligonucleotide 5
as competitor, and lane 10 is a gel shift with unlabeled oligo-
nucleotide 4 as competitor. Tenfold molar excess of unlabeled
oligonucleotides were used for self-competition assays (lanes 2
and 7) and a 100-fold molar excess of unlabeled oligonucleo-
tides was used for the other competitions (lanes 3, 4, 5, 8, 9, and
10).
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Fig. 4. DNase I footprinting of the mP2 promoter fragment
2269 to 165. DNA fragment 2269 to 165 was end labeled at
nucleotide 2269. Lanes 1–5 show protein binding to sites 3 and
4 (A), lanes 6–9 show protein binding to site 3 (B). Lanes 3, 4, 7,
8, the radiolabeled DNAs were incubated with liver extract (100
µg) and digested with DNase I (lanes 3 and 8 with 0.2 U of

DNase I, and lanes 4 and 7 with 0.4 U of DNase I). Lanes 5 and
6, radiolabeled DNAs were incubated with testis extract (90 µg)
and 0.4 U of DNase I; and lanes 1, 2, and 9, radiolabeled DNAs
and no added extracts were incubated with DNase I (0.04 U,
lanes 1 and 9; 0.02 U, lane 2).



3). Even though site 3 shares some of the same
sequence as site 5, AGGCCA, no competition is
seenwith up to 100-fold amounts of oligonucleo-
tides 4 and 5 (Fig. 6B, lanes 4 and 5).

Site 2, Protein Binding at 287 to 267

Both testis and liver proteins bind to site 2 in
themP2 promoter (Fig. 7). Similar protein bind-
ing patterns are seen with each of the strands
of DNA (Fig. 7A and B). In gel shift assays,
three specific DNA-protein complexes (indi-
cated by a, b, and c in Fig. 8) are seen with the
testis or liver extracts. The major DNA-protein
complex, complex b, has a similar mobility with
both testis and liver extracts. In addition, a

slower migrating liver DNA-protein complex,
complex a, and a more rapidly migrating testis
DNA-protein complex, complex c, are seen.
These latter two complexes can be successfully
competed by oligonucleotide 3 (Fig. 8, lanes 4
and 9).Addition of an unlabeled oligonucleotide
for NF1/CTF diminishes complex a (lane 10)
but not complex c (lane 5).

Site 1, Protein Binding at 264 to 248

This sequence element contains the sequence
GTCA, a half site of the cAMP response ele-
ment (CRE) of CREMt, a CREM activator pro-
tein that serves as a regulatory transcription
factor for several post-meiotic testicular genes

Fig. 5. Gel shift assay with oligonucleotide 4. A: Competition
assay for oligonucleotide 4. Lanes 1 to 4, incubations with
oligonucleotide 4 and testis extract (10 µg); lanes 5 to 8,
incubations with oligonucleotide 4 and liver extract (10 µg).
Lanes 1 and 5, no added competitors; lanes 2 and 6 were
self-competitions (10-fold molar excess of unlabeled oligo-
nucleotide 4). Lanes 3 and 7 were competed with 100-fold
molar excess of CREB binding oligonucleotide; lanes 4 and 8

were competed with 100-fold molar excess of oligonucleotide
2. B: Liver extracts (10 µg) were incubated with oligonucleotide
4. Lane 1, no added competitors; lane 2 was self-competition
(10-fold molar excess unlabeled oligonucleotide); lanes 3 and 4
were competed with a 100-fold molar excess of oligonucleo-
tides 2 or 3, respectively; and lane 5 was competed with a
100-fold molar excess of oligonucleotide 5.
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[Delmas et al., 1993]. Although we detect DNA
footprints from both liver and testis extracts in
this region (Fig. 7), the differences we detect
when gel shift assays are performed with a
CREMt oligonucleotide (Fig. 9) indicate differ-
ent proteins from liver and testis are recogniz-
ing this sequence element.

DISCUSSION

To start to define the trans-acting factors
that recognize cis-acting elements in the mP2
promoter, DNase I footprinting and gel shift
assays have been employed.Within a 370 nucle-
otide promoter region formP2, five protein bind-
ing sites have been identified (Fig. 1). Each site
shows differences between testis and liver bind-
ing proteins in either amount or mobility of the
DNA-protein complexes formed. This compari-
son of extracts from testis and liver underesti-
mates differences in trans-acting factors pres-
ent in expressing and non-expressing cells since

protamine is only transcribed in round sperma-
tids and the testicular extracts contain proteins
from all testicular cells. We have found testicu-
lar protein binding to four regions (sites 1, 2, 4,
and 5) and liver protein binding to four regions
(sites 1, 2, 3, and 4).Although protein from both
extracts binds to similar sites, gel shift analy-
ses suggest the protein-DNA complexes differ.
Previous studies have analyzed protein binding
to the mP2 promoter, from 2419 to 223, by gel
shift assays using large DNA fragments as
probes. One DNA-protein complex was de-
tected using a 118 nt fragment from 2141 to
223 (see below), and in non-expressing tissues
another complex was seen with a DNA frag-
ment from 2419 to 2141. These data serve as
the background for the studies present here
where smaller probes, i.e., oligonucleotides of
17 to 26 nucleotides, have allowed resolution of
multiple complexes within the fragments ana-
lyzed earlier [Johnson et al., 1991].
Based upon in vitro transcription assays [Bu-

nick et al., 1990a,b], a sequence element from
2170 to 282 is predicted to serve as a positive
regulatory element. From the previous DNA
deletion analyses and the protein binding we
find in this study, site 2, from 287 to 267, could
contain one of the positive elements responsible
for themP2 transcription.Although oligonucleo-
tide 2, derived from site 2, forms complexes
with both liver and testis extracts, one complex
appears to be specific to the expressing tissue
while the second appears common to both liver
and testis. The testicular complex shares se-
quence homology with oligonucleotide 3 (Fig.
6B, lane 3; Fig. 8, lane 4) and sequences in
oligonucleotides 2 and 3 have homology with
the CCAAT box. We know that the binding
protein for this element is not NF1/CTF since
this sequence does not effectively reduce DNA-
protein complex formation (Fig. 8, lane 5). Per-
haps this element interacts with H1TF2/
HiNF-B, another type of CCAAT box protein,
which recognizes the CCAAT box of the histone
H1 gene promoter and is distinct from NF1/
CTF [Gallinari et al., 1989; van Wijnen et al.,
1988]. The major complexes formed with site 2
DNAhave similar electrophoretic mobilities for
both the testis and liver extracts. Other than
the CCAAT box sequence, the sequences of site
2 show no apparent consensus homology with
the cis-acting elements of known transcription
factors.
Transcription of eukaryotic genes is complex,

requiring multiple proteins, tissue-specific fac-

Fig. 6. Gel shift assay with oligonucleotide 3. A: Lane 1,
radiolabeled oligonucleotide 3 incubated with testis extract (5
µg); lane 2, radiolabeled oligonucleotide 3 incubated with liver
extract (5 µg). The arrowhead points to the predominant spe-
cific complex. B: Competition assay for oligonucleotide 3 bind-
ing. Lane 1, no competition; lane 2, oligonucleotide 3 com-
peted with 10-fold molar excess of unlabeled oligonucleotide 3;
lanes 3, 4, and 5, oligonucleotide 3 competed with 100-fold
molar excess of oligonucleotides 2, 4, and 5, respectively.
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Fig. 7. DNase I footprinting of the mP2 promoter fragment,
2170 to 18. A: DNase I footprinting of coding stand. B: DNase
I footprinting of non-coding strand. A: DNA fragment 2170 to
18 was labeled at nucleotide 18. Lane 1, incubation with liver
extract (100 µg) and digestion with DNase I (0.4 U); lane 2,
incubation with testis extract (100 µg) and digestion with DNase

I (0.4 U); lanes 3 and 4, no protein added. B: DNA fragment
2170 to 165 was labeled at nucleotide 2170. Lanes 1 and 2,
incubation with liver extract (100 µg) and digestion with DNase
I (0.5 U for lane 1 and 0.3 U for lane 2); lanes 3 and 4 incubation
with testis extract (100 µg) and digestion with DNase I (0.4 U for
lane 3 and 0.75 U for lane 4); lane 5,DNAwithout protein.
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tors, and ubiquitous transcription factors.
Analysis of transcription of the mouse prot-
amine 1 gene in transgenic mice has defined
elements apparently needed for spermatid-
specific transcription and elements required for
high-level transcription that are not essential
for testis-specific transcription [Zambrowicz et
al., 1993; Zambrowicz and Palmiter, 1994]. Al-
though site 1, situated downstream of site 2,
has not been characterized by in vitro transcrip-
tion or deletion analysis, sequence analysis iden-
tifies a half element CRE binding sequence,
CREMt, produced from a CRE modulator
(CREM) gene by alternative splicing that may
function in protamine transcription [Delmas et
al., 1993; Foulkes et al., 1992]. Unlike other
CREM spliced forms such as CREM a, -b, or -g,
which act as repressors, CREMt retains its
transactivation domain and functions as an
activator. During spermatogenesis, CREM a,
-b, and -g transcripts are present at low levels
in pre-meiotic germ cells. As meiosis proceeds,
splicing produces high levels of CREMt tran-

scripts in post-meiotic round spermatids. Sev-
eral genes expressed in post-meiotic cells, in-
cluding protamines 1 and 2 [Delmas et al.,
1993; Tamura et al., 1992], ACE [Howard et al.,
1993], RT7 [van derHoorn and Tarnasky, 1992],
and TP1 [Kistler et al., 1994] contain a CRE-
binding protein sequence and deletion of these
sequences decreases transcription [Howard et
al., 1993; Tamura et al., 1992; van der Hoorn
and Tarnasky, 1992]. CREMt has been impli-
cated as an activator of transcription [Howard
et al., 1993; Kistler et al., 1994; Tamura et al.,
1992; van der Hoorn and Tarnasky, 1992] and
CREMt protein has been shown to bind to the
promoters of post-meiotically expressed genes
including mP2 [Delmas et al., 1993]. The recent

Fig. 8. Gel shift assay with oligonucleotide 2. Lanes 1–5 were
incubated with testis extract (8 µg); lanes 6–10 were incubated
with liver extract (8 µg). Lanes 1 and 6, no competition; lanes 2
and 7, 10-fold molar excess of oligonucleotide 2; lanes 3 and 8,
100-fold molar excess of oligonucleotide 1; lanes 4 and 9,
100-fold molar excess of oligonucleotide 3; and lanes 5 and 10,
100-fold excess of the NF1/CTF binding oligonucleotide. The
three DNA-protein complexes detected are designated a, b,
and c.

Fig. 9. CREMt binding at site 1. Lane 1, oligonucleotide 1
incubated with testis extract (10 µg); lane 2, oligonucleotide 1
incubated with liver extract (12 µg).
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gene targeting of the CREMt gene has led to
male sterility due to a cessation of spermatogen-
esis [Nantel et al., 1996; Blendy et al., 1996].
The sequences of these binding sites contain at
least a conserved half-site CRE, GTCA, in ei-
ther strand, although the neighboring sequences
can diverge greatly [Delmas et al., 1993]. The
affinities for binding vary among the different
CREs, but the wide range of binding suggests
that CREMt recognizes a number of different
promoter targets in spermatids. Of special note
is the proximity of site 2 and the CREMt site in
the mP2 promoter. From footprinting data it
appears that the sites are separated by only one
hypersensitive base (Fig. 7B). There are numer-
ous examples of adjacent regulatory elements
in promoters, such as the adjacent CRE and
CCAAT motifs in the human fibronectin pro-
moter [Muro et al., 1992], the adjacent NFY and
C/EBP binding sites in the mouse serum albumin
promoter [Milos and Zaret, 1992], and a CREB-
associated protein site adjacent to a CRE element
in the promoter of the rat glucagon gene [Miller et
al., 1993]. The abilities of protein to bind DNA
and/or function as transcription factors are of-
ten modulated by the presence of another pro-
tein at an adjacent site.
We have detected protein binding from testis

extracts at sites 4 and 5. From the DNA foot-
printing and gel shift assays, one or more simi-
lar proteins may bind to sites 4 and 5 although
site 4 appears to have a stronger binding affin-
ity than site 5. When the sequences of site 4 are
compared to similar sequences that do not bind
this protein (by comparing the sequences of
oligonucleotides 4 and 5 to non-binding se-
quences such as oligonucleotide 3 and the
CREB-binding oligonucleotide), we conclude
that CAAGGT/cCATmay be an essential shared
sequence needed for binding. In fact, AGGTCA
is the consensus sequence for a hormone re-
sponse element (HRE) to which a group of ste-
roid hormone receptors bind [Beato, 1989]. The
estrogen response element (ERE) is AGGT-
CAnnnTGACCT [Beato, 1989; Kumar and
Chambon, 1988] and the consensus sequences
for thyroid hormone responsive element (TRE)
and retinoic acid responsive element (RRE) con-
tain half palindromes (AGGTCA) similar to
those of the ERE but with different spacing
[Beato, 1989; Glass et al., 1988]. Although the
HREs in sites 4 and 5 are not arranged as
palindromes, there is a half palindromic se-
quence in site 5, AGGCCA, and two in tandem
in site 4, AGTTCAAGGTCA. Although site 3

contains a HRE with a sequence the same as
site 5, the HRE in site 3 does not appear to bind
the same protein that binds to site 4, perhaps
because of adjacent elements. The promoter of
mP1 also has a similar sequence in box C,
ATGCCA[Zambrowicz and Palmiter, 1994]. De-
letion of box C decreases the amount of the mP1
transcript to 3–5% of endogenous levels in trans-
genic mice, indicating this region of mP1 is
needed for high levels of transcription [Zam-
browicz et al., 1993]. Comparison of the pro-
moter sequences of mouse and rat protamine 2
(rP2) further suggest that HRE regions facili-
tate transcription since the rP2 transcript is
present at approximately 5% of that of the mP2
mRNA, and the rP2 promoter is transcribed
poorly in an in vitro system [Bunick et al.,
1990]. Sequence comparisons betweenmP2 and
rP2 reveal differences in sites 3, 4, and 5 while
sites 1 and 2 are the same [Johnson et al.,
1991]. Moreover, similar protein binding was
detected in the region of the rP2 promoter con-
taining sites 1 to 4 (up to 2280 bp) by DNase I
footprint analysis (data not shown). Homolo-
gous regions from sites 1 to 4 in the rP2 pro-
moter bind similar proteins and no new addi-
tional binding sites were found. These data
suggest that the HRE binding protein may be
needed for maximal mP2 transcription.
In conclusion, our results reveal an intricate

pattern of expressing and non-expressing tis-
sue protein/DNAinteractions at themouse prot-
amine P2 gene promoter, which are mediated
by several distinct classes of DNAbinding activi-
ties. The possibility arises that these complex
binding events at the mP2 promoter may facili-
tate the tight regulation of the protamine 2
gene in testicular tissue, where the gene is
physiologically expressed in a discrete germ cell
type and developmental stage, and inactivation of
the gene in other testicular cells and non-testicu-
lar tissues.
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