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Translation of the mouse protamine 1 (Prm-1) mRNA is repressed for several days during male germ cell
differentiation. With the hope of cloning genes that regulate the translational repression of Prm-1, we screened
male germ cell cDNA expression libraries with the 3* untranslated region of the Prm-1 RNA. From this screen
we obtained two independent clones that encode Prbp, a Prm-1 RNA-binding protein. Prbp contains two copies
of a double-stranded-RNA-binding domain. In vitro, the protein binds to a portion of the Prm-1 3* untranslated
region previously shown to be sufficient for translational repression in transgenic mice, as well as to poly(I) z
poly(C). Prbp protein is present in multiple forms in cytoplasmic extracts prepared from wild-type mouse
testes and is absent from testes of germ cell-deficient mouse mutants, suggesting that Prbp is restricted to the
germ cells of the testis. Immunocytochemical localization confirmed that Prbp is present in the cytoplasmic
compartment of late-stage meiotic cells and haploid round spermatids. Recombinant Prbp protein inhibits the
translation of multiple mRNAs in a wheat germ lysate, suggesting that Prbp acts to repress translation in
round spermatids. While this protein lacks complete specificity for Prm-1-containing RNAs in vitro, the prop-
erties of Prbp are consistent with it acting as a general repressor of translation.

Translational regulation is a common mechanism of gene
regulation in gametogenesis and in early embryonic develop-
ment (9, 40). One reason for translational control is that it
permits changes in protein levels to occur in the absence of
new transcription; this is a necessity in murine spermatogene-
sis, since transcription ceases well before most of the dramatic
morphological changes that accompany spermatid differentia-
tion occur (21, 37). Genes known to be under translational
control during murine spermatogenesis include those involved
in mediating nuclear condensation, which occurs in the final
stages of spermiogenesis. These include the genes for the two
transition proteins, TP1 and TP2 (25, 52), and the protamines,
Prm-1 (1, 24) and Prm-2 (18). Translational repression of
Prm-1mRNA is essential for normal spermatid differentiation,
since premature translation of Prm-1 mRNA leads to domi-
nant male sterility in transgenic mice (30).
Despite the widespread occurrence of translational regula-

tion in many developmental processes, relatively little is known
about the molecular mechanisms which regulate mRNA be-
havior. However, a major discovery in recent years has been
the demonstration that 39 untranslated regions (39 UTRs) play
a critical role in regulating mRNA transport, localization,
stabilization, and translation (reviewed in references 8 and
19). Further understanding of how 39 UTRs mediate such di-
verse effects on RNA behavior necessitates the identification
of molecules within the cell that bind to the 39 end of the mes-
sage.
Sequences contained within the 39 UTR of the Prm-1

mRNA are required for its translational repression in round
spermatids (4). As little as 62 nucleotides (nt) of the Prm-1 39
UTR is able to confer a translational delay on a heterologous

reporter human growth hormone mRNA (hGH mRNA) in
round spermatids, whereas the 39 UTR of hGH, or the 39-most
23 nt of the Prm-1 39 UTR, is not able to confer such a delay
(3, 4). The mechanism by which the Prm-1 39 UTR inhibits its
translation is unknown. Presumably proteins or antisense
RNAs interact with sequences in the 39-most 62 nt of the 39
UTR and prevent translation initiation from occurring at the
59 end of the message. The involvement of antisense RNA in
mediating translational control via the 39 UTR has recently
been demonstrated for the lin-14 mRNA in Caenorhabditis
elegans (30a, 51a). We have been unable to detect the presence
of Prm-1 39 UTR antisense RNAs in total testis RNA prepa-
rations by Northern (RNA) blotting (29a), suggesting that an-
tisense RNAs are not involved in Prm-1 translational repres-
sion.
Proteins that bind to the 39UTRs of Prm-1 and Prm-2RNAs

have been previously identified. Kwon and Hecht (27a, 27b)
have described two regions in the 39UTRs of Prm-1 and Prm-2
mRNA, the Y and H boxes, that interact with proteins present
in testis extracts and have shown that the Y box in Prm-2 can
be UV cross-linked to a protein of 18 kDa. We (12a) have
characterized proteins of 48 and 50 kDa that are present in the
cytoplasmic fraction of pachytene spermatocytes and round
spermatids and have shown that they bind to a conserved
sequence in the Prm-1 and Prm-2 39 UTRs. Surprisingly, nei-
ther the Y box nor the H box (27a), nor the binding site for the
48- and 50-kDa proteins (12a), is contained within the minimal
62-nt region of the Prm-1 39 UTR RNA that is sufficient for
translational repression in transgenic mice (3). These observa-
tions suggest that there may be redundancy in the cis-acting
elements that control the translational repression of Prm-1
mRNA or that the proteins and the binding sites thus far iden-
tified are involved in other aspects of Prm-1 and Prm-2 RNA
behavior besides their translational repression. We have re-
cently shown that mRNAs that contain the binding site for the
48- and 50-kDa proteins and that lack all but the 39-most 23 nt
of the Prm-1 39 UTR are also under translational repression
in transgenic mice (unpublished data). Thus, two different re-
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gions of the Prm-1 39 UTR are sufficient for translational
repression in vivo, demonstrating that there is redundancy in
the cis-acting elements that mediate its translational repres-
sion.
In an attempt to clone cDNAs that encode Prm-1 39 UTR

RNA-binding proteins, we screened germ cell cDNA libraries
with the 39 UTR of Prm-1 RNA. We have recently described
two of the genes isolated from this screen. One of these genes,
Spnr, encodes an RNA-binding protein that is localized to a
spermatid-specific microtubule array called the manchette,

FIG. 1. (A) Nucleotide and deduced amino acid sequences of the Prbp cDNA. Nucleotides are numbered on the left, and amino acids are numbered on the right.
An upstream in-frame stop codon (TAG) is indicated by a double underline. Two copies of the polyadenylation signal, AATAAA, are underlined. (B) Alignment of
the amino acid sequences of Prbp and human TRBP (15). Numbers refer to amino acid position. Boxes indicate the positions of the conserved dsRNA-binding domains
(14). A 24-amino-acid peptide that is sufficient for RNA binding is indicated by the underline (14).
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suggesting that it is involved in the transport and translational
activation of spermatid mRNAs (46). The product of the sec-
ond gene, Tenr, also encodes an RNA-binding protein, and it is
localized in a lattice-like network within the spermatid nucleus
(45). The Tenr protein contains a region with similarity to
known double-stranded RNA (dsRNA) adenine deaminases,
suggesting that it may function in the editing of spermatid-
specific RNAs. We report here the cloning and characteriza-
tion of a third gene from this screen, whose product has the
properties expected of a protein that represses the translation
of numerous mRNAs, including the Prm-1 message, in the
testis.

MATERIALS AND METHODS

Mice. B6SJLF1/J and B6CBAF1/J mice, used for the preparation of tissue
protein extracts, RNA, or testis sections, were obtained from the Jackson Lab-
oratory (Bar Harbor, Maine).
cDNA cloning. Mouse mixed germ cell, pachytene spermatocyte, and round

spermatid cDNA expression libraries were screened as described previously for
DNA-binding proteins (47, 51), except that filters were probed with RNAs la-
beled with either digoxigenin-UTP (Boehringer Mannheim, Indianapolis, Ind.)
(100 ng/ml) (primary screen) or [a-32P]UTP (13 106 to 33 106 cpm/ml) (secon-
dary and tertiary screens) in 0.25% nonfat milk in binding buffer. The probes,
either the 156-nt full-length Prm-1 39 UTR RNA or the 145-nt full-length hGH
39 UTR RNA, were prepared by in vitro transcription with SP6 or T7 RNA poly-
merase. After extensive washing in binding buffer, positive phage plaques were
detected by autoradiography or by immunological reaction with an antidigoxi-
genin antibody conjugated to alkaline phosphatase according to the protocol sup-
plied by the manufacturer (Genius nucleic acid detection kit [Boehringer Mann-
heim]).
Seven overlapping restriction fragments of the Prbp cDNA were gel isolated

and subcloned into the pBluescript KS(2) vector (Stratagene, La Jolla, Calif.)
for sequencing. Double-stranded DNA templates were sequenced by the dideoxy
chain termination method (43) with a Sequenase kit (U.S. Biochemical, Cleve-
land, Ohio). Databases were searched by using the Intelligenetics suite (Intelli-
genetics, Mountain View, Calif.) and Blast (National Center for Biotechnology
Information, Bethesda, Md.) programs.
RNA analysis. Total RNA was isolated from dissected tissues as described

previously (5) with some modifications. Briefly, tissues were homogenized in
solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate [pH 7.0], 0.5%
sarcosyl, 0.1 M 2-mercaptoethanol) and extracted with the addition of 0.1 volume

of 2 M sodium acetate (pH 4.0)–1 volume of H2O-saturated phenol–0.2 volume
of chloroform-isoamyl alcohol (49:1). After being cooled on ice for 15 min,
samples were microcentrifuged for 20 min at 48C. RNA in the aqueous phase was
precipitated with 1 volume of isopropanol. Following centrifugation, the RNA
pellet was dissolved in 10 mM Tris-HCl (pH 7.5)–5 mM EDTA–1% sodium
dodecyl sulfate (SDS), extracted with a 4:1 mixture of chloroform and 1-butanol,
and precipitated with 2 volumes of absolute ethanol. RNA samples were sepa-
rated on a 1.5% agarose gel containing 2.2 M formaldehyde, transferred to a
nitrocellulose membrane, fixed by being baked at 808C, and hybridized at 458C in
50% formamide–53 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium ci-
trate)–50 mM NaPO4 (pH 6.5)–250 mg of single-stranded DNA per ml–13
Denhardt’s solution–0.5% SDS–6.25% dextran sulfate with a-32P-labeled probes
prepared from cDNA by random hexamer labeling. The blot was washed at a
final stringency of 0.13 SSC and 0.5% SDS at 508C.
Preparation of tissue extracts. Total cell extracts were prepared as described

previously (42) with some modifications. Briefly, tissues were dissected and
homogenized in 5 volumes of triple-detergent lysis buffer (50 mM Tris-HCl [pH
8.0], 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
and protease inhibitors [1mg of aprotinin per ml, 1 mM benzamidine, 0.5mg of leu-
peptin per ml, 1 mg of pepstatin A per ml, 0.5 mM phenylmethylsulfonyl fluo-
ride]) by 20 to 30 strokes of a Dounce homogenizer. After incubation for 30 min
on ice, the homogenates were centrifuged at 12,000 3 g for 2 min at 48C. Each
supernatant was aliquoted, quickly frozen in liquid N2, and stored at 2708C.
For nuclear and cytoplasmic extracts, tissues were dissected and processed as

described previously (10) except that for the cytoplasmic extracts, we omitted the
high-speed centrifugation step prior to dialysis. Protein concentrations were
determined by the Bradford assay (Bio-Rad, Hercules, Calif.), and aliquots were
quickly frozen in liquid N2 and stored at 2708C.
Fusion proteins. A 1.4-kb SmaI-EcoRI fragment from the Prbp cDNA was gel

isolated and subcloned into the pMAL-c2 expression vector (New England
BioLabs, Beverly, Mass.). Synthesis of a maltose-binding protein (MBP)-Prbp
fusion protein in Escherichia coli DH5a was induced with IPTG (isopropyl-b-D-
thiogalactopyranoside) at room temperature. The fusion protein was affinity
purified with an amylose resin column, as described by the supplier (New En-
gland BioLabs). Fractions containing the fusion protein were aliquoted and
stored at 2708C. An MBP–b-galactosidase (MBP-bgal) fusion protein was pre-
pared from the pMAL-c2 vector with no insert in a similar manner.
RNA band shift analysis. Labeled RNAs were synthesized in vitro with [a-32P]

UTP (3,000 Ci/mmol; NEN-Dupont, Boston, Mass.) by in vitro transcription by
a standard protocol (Promega, Madison, Wis.). Full-length products were iso-
lated from nondenaturing polyacrylamide gels as previously described (12a).
RNA band shift assays were performed as described previously (31). RNA

(2 3 105 to 5 3 105 cpm) was heat denatured at 708C for 5 min in RNA-binding
buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid]
[pH 7.6], 120 mM KCl, 3 mM MgCl2, 2 mM dithiothreitol, 5% glycerol) and
cooled slowly to room temperature. After incubation with protein extract (300 to

FIG. 1—Continued.
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500 ng of fusion proteins or 30 to 50 mg of testis extract) for 25 min, the reaction
mixture was subject to RNase T1 digestion (0.5 U; Calbiochem, La Jolla, Calif.)
for 10 min. Nonspecific protein binding to RNA probes was minimized by
incubating the reaction mixture with heparin at 10 mg/ml. RNA-protein com-
plexes were resolved on a 4% polyacrylamide gel in 0.53 Tris-borate-EDTA at
48C and detected by autoradiography.
In the competition band shift assays, the protein extracts were preincubated

with unlabeled competitor RNAs for 15 min prior to addition of radiolabeled
Prm-1 59-nt RNA. The concentration of poly(I) z poly(C) (Boehringer Mann-
heim, Indianapolis, Ind.) RNA was determined by the optical density at 260 nm.
Concentrations of cold competitor Prm-1 59-nt RNA were determined by in-
cluding trace amounts of [3H]UTP in the in vitro run-on transcription reaction
and measuring trichloroacetic acid-precipitable incorporated counts.
Antibodies. Rabbit antiserum was raised by immunization with an MBP-Prbp

fusion protein, using the services of the R & R Rabbitry (Stanwood, Wash.). An
anti-MBP-Prbp antibody was affinity purified by using antigen immobilized on a
nitrocellulose filter as described previously (42).
Western blot (immunoblot) analysis. Total protein (approximately 50 to 150

mg) was resolved on SDS–10% polyacrylamide gels that were then electroblotted
onto nitrocellulose filters. Blots were blocked with 5% nonfat dry milk in phos-
phate-buffered saline (BPBS) and then incubated overnight at 48C in the affinity-
purified anti-MBP-Prbp antibodies diluted in BPBS. After being washed once in
BPBS supplemented with 0.05% Tween 20 and twice in BPBS for 20 min, the
blots were incubated with goat anti-rabbit immunoglobulin G antibody conju-

gated to horseradish peroxidase (Bio-Rad). After washing as above, the presence
of enzyme was revealed by chemiluminescence with luminol and 4-iodophenol as
a luminogen as described previously (44).
Cell-free translation. Capped Prbp mRNA synthesized in vitro from cDNA was

translated in a rabbit reticulocyte lysate with [35S]methionine as suggested by the
supplier (Promega). Five microliters of the reaction mixture was loaded per lane.
Immunocytochemistry. Testes and epididymides were dissected from sexually

mature males, fixed in Bouin’s fixative (0.2% picric acid and 2% paraformalde-
hyde in 13 PBS) overnight, and embedded in paraffin by standard procedures.
Tissue sections were treated with primary antibody as previously described (4).
Biotinylated goat anti-rabbit immunoglobulin G and streptavidin conjugated to
horseradish peroxidase were used as recommended by the manufacturer (Zymed
Laboratories, Inc., South San Francisco, Calif.). Peroxidase activity was visual-
ized with the chromogen aminoethyl carbazole. Tissue sections were counter-
stained with hematoxylin where indicated. The developmental stage of seminif-
erous tubules was determined by treating adjacent sections with periodic acid-
Schiff stain and Harris’ hematoxylin as previously described (38, 41).
In vitro translation inhibition. Synthesized RNA products contained the hGH

mRNA fused to either the full-length hGH 39 UTR or the full-length Prm-1 39
UTR. In vitro transcription reactions were performed in 50-ml reaction volumes
with 5 mg of linearized plasmid template, 0.5 mM ATP, CTP, and UTP, 50 mM
GTP, 0.5 mM m7G(59)ppp(59)G, and 10 mCi of [3H]UTP (36 Ci/mmol; NEN-
Dupont). Samples were phenol and chloroform extracted and then ethanol
precipitated with 0.2 M NaCl and 2.5 volumes of pure ethanol. RNA pellets were
collected by microcentrifugation, washed in 70% ethanol, and resuspended in 25
ml of H2O. RNA templates were quantitated by trichloroacetic acid precipita-
tion, and full-length integrity was assessed by gel electrophoresis. In a 10-ml
reaction volume, various amounts of MBP-Prbp fusion protein were incubated
with 0.25 mg of RNA template for 15 min at room temperature. Following this
incubation, in vitro translation was performed for 2.0 h at 308C in 25 ml of wheat
germ reaction mixture (Promega) supplemented with 0.5 mCi of translation
grade [35S]methionine (NEN-Dupont) per ml. Control reactions were performed
in the presence of 1.0 mg of MBP alone and an equivalent amount of protein
storage buffer alone. Following addition of SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) loading buffer, samples were electrophoresed in SDS–
15% polyacrylamide gels and autoradiographed.
Further controls were performed to evaluate translation product proteolysis

and RNA template stability in the presence of the MBP-Prbp fusion protein.
MBP-Prbp-induced proteolysis of the hGH translation product was examined by
adding 1.0 mg of MBP-Prbp fusion protein to a standard translation reaction
mixture (0 mg of MBP-Prbp fusion protein) following the 2.0 h of incubation at
308C. This sample was incubated for an additional 20 min at 308C prior to
SDS-PAGE analysis. The stability of the RNA template in the presence of MBP-
Prbp was examined as follows. In the same 10-ml reaction mixture described above,
1.0 mg of MBP-Prbp fusion protein was incubated with 0.25 mg of RNA template
for 15 min at room temperature; this was followed by phenol and chloroform
extraction and RNA recovery via ethanol precipitation. The RNA pellets were
resuspended in 10 ml of H2O, and in vitro translation was performed.

RESULTS

Expression screen. To clone genes that encode potential
Prm-1 translational control factors, we screened lambda gt11
cDNA expression libraries prepared with RNA from pachy-
tene spermatocytes, round spermatids, and mixed germ cells
with a 156-nt Prm-1 39 UTR RNA probe labeled with digoxi-
genin as described in Materials and Methods. To enrich for
clones that encode Prm-1 RNA-binding proteins and to mini-
mize the number of clones that encode general RNA-bind-
ing proteins, only those plaques that upon rescreening did
not hybridize with a digoxigenin-labeled 145-nt hGH 39 UTR
RNA probe were retained for subsequent analysis. Of a total of
;7.5 3 105 plaques screened, we identified 19 plaques that
bound to the Prm-1 39 UTR RNA and did not bind, or bound
significantly less well, to the hGH 39 UTR RNA. Character-
ization of each of the cDNA clones by DNA cross-hybridiza-
tion revealed that they represented cDNAs for five different
genes. The cDNA from one of these genes, which we refer to
as Prbp (for Prm-1 RNA-binding protein), was isolated once
from the pachytene spermatocyte library and once from the
round spermatid library.
Prbp is a member of a known family of RNA-binding pro-

teins. The largest of the Prbp cDNAs was sequenced and
shown to be 1,521 bp long and to contain an open reading
frame that would encode a protein of 365 amino acids (Fig.

FIG. 2. (A) RNA probes used in band shift analysis. 32P-labeled RNA probes
corresponding to the full-length 156-nt Prm-1 39 UTR, an 82-nt 59 portion, and
a 59-nt 39 portion were prepared as described in Materials and Methods. Each of
the RNAs contained additional sequence contributed by the polylinker sequence
contained in the pGEM2 plasmid (Promega), as indicated in Fig. 3. (B) Band
shift analysis of Prm-1 39 UTR RNAs with an MBP-Prbp fusion protein. Lanes
1, 5, and 9 contain each of the untreated RNA probes. The remaining lanes
contain RNA probes that were incubated in the absence of protein, or with
approximately 300 ng of affinity-purified protein (MBP-bgal or MBP-Prbp) as
indicated above each lane, prior to treatment with RNase T1 and heparin as
described in Materials and Methods. Arrowheads show the positions of MBP-
Prbp–RNA complexes.
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1A). The cDNA contains one in-frame stop codon 72 nt up-
stream of the putative translation initiation codon, two copies
of the polyadenylation signal AATAAA, and a poly(A) tract,
suggesting that this cDNA is likely to encode the full-length
Prbp protein.
A search of the GenBank database revealed that the Prbp

protein has 93% amino acid identity with the human TAR
RNA-binding protein (TRBP) (Fig. 1B), strongly suggesting
that Prbp is the mouse homolog of TRBP. TRBP is a cellular
protein that was cloned first on the basis of its ability to bind to
the human immunodeficiency virus type 1 (HIV-1) TAR RNA
in vitro (15) and a second time on the basis of its ability to bind
to the HIV-1 Rev-responsive element (39). Prbp and TRBP
contain two copies of a lysine- and arginine-rich motif of 24
amino acids (boxed in Fig. 1B) that is also found in the human
interferon-induced and dsRNA-activated protein kinase, PKR
(16), and in numerous other demonstrated or putative dsRNA-
binding proteins (14, 49).
RNA-binding properties of Prbp. To study the in vitro RNA-

binding properties of Prbp, a fusion protein of MBP and Prbp
(containing amino acids 28 through 365) was constructed, ex-
pressed in E. coli, and affinity purified as described in Materials
and Methods. In an RNA band shift assay the MBP-Prbp
fusion protein bound to the full-length 156-nt Prm-1 39 UTR
RNA, producing multiple complexes (Fig. 2B, lane 4) that all
migrated more slowly than the free probe (Fig. 2B, lane 1). A
negative control, an affinity-purified fusion protein containing
MBP and b-galactosidase (MBP-bgal), failed to bind to the
full-length Prm-1 39UTR RNA (Fig. 2B, lane 3). To determine
if Prbp binds to a specific region of the Prm-1 39 UTR RNA,
band shift assays were performed with an RNA containing 59

nt of the 39-most region, and an RNA containing 82 nt of the
59-most region, of the Prm-1 39UTR (Fig. 2A). While the 59-nt
RNA bound as well as the full-length 156-nt Prm-1 39 UTR
RNA (Fig. 2B, lane 8), the 82-nt RNA completely failed to
bind to the MBP-Prbp fusion protein (Fig. 2B, lane 12).
To further map the Prbp-binding site, a series of deletion

variants containing different portions of the 39-most region of
the 39UTR were constructed and tested in the band shift assay.
As summarized in Fig. 3, the deletion analysis suggested that
sequences between nt 107 and 130 (nt 1 being the first nucle-
otide in the 39 UTR) are important for protein binding. To
determine if the 24-nt region defined by the deletions is suffi-
cient for MBP-Prbp binding, oligonucleotide-directed in vitro
transcription was used to synthesize an RNA containing only
the Prm-1-specific 24-nt region and no ribonucleotides contrib-
uted by the polylinker sequences in the plasmid vector. RNA
band shift analysis revealed that the 24-nt target RNA failed to
bind to MBP-Prbp (Fig. 3), suggesting either that the 24-nt
RNA target is too small an RNA for protein binding or that
additional sequences on either side of the 24-nt region are
required for binding (see Discussion).
As mentioned above, the Prbp protein contains two copies

of an amino acid motif found in numerous dsRNA-binding
proteins, including the human TRBP protein. To determine if
the MBP-Prbp fusion protein binds to dsRNA, competition
assays were performed with poly(I) z poly(C) RNA. Poly(I) z
poly(C) RNA competed for binding of radiolabeled Prm-1 59-
nt RNA (Fig. 4B), as did unlabeled 59-nt Prm-1 RNA (Fig.
4A), suggesting that, in vitro, Prbp binds dsRNA.
Prbp-binding activity is present in testis cytoplasmic ex-

tracts. Protein extracts prepared from mouse testis contain two

FIG. 3. Summary of RNA band shift analysis performed with deletion variants of the Prm-1 39 UTR. Radiolabeled RNA probes containing the indicated regions
of the Prm-1 39UTR and polylinker sequence contributed by the pGEM2Z plasmid (Promega) were prepared as described in Materials and Methods and used in RNA band
shift assays. Band shift assays were performed with either 300 ng of affinity-purified MBP-Prbp fusion protein or approximately 30mg of testis cytoplasmic extract. Each RNA
probe either showed maximum binding (1), as illustrated in Fig. 2 for the 156- and 59-nt RNAs, or completely failed to bind (2), as illustrated for the 82-nt RNA.
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separate activities that bind to two distinct regions of the Prm-1
39 UTR RNA in a band shift assay (2). One of these activities
binds in a sequence-specific manner to a 22-nt site in the 59 half
of the Prm-1 39 UTR (Fig. 5, lane 2, asterisk) (12a), and the
other binds to a 59-nt RNA derived from the 39 half of the 39
UTR (Fig. 5, lane 5, closed arrow). To map the binding site for
the 39-most binding activity, RNA band shift assays were per-
formed with the same set of Prm-1 39 UTR deletion variants
previously used to map the MBP-Prbp-binding site. As shown
in Fig. 3, the activity present in testis extracts binds the same
set of deletion variants as the MBP-Prbp fusion protein, sug-
gesting that the activity present in testis extracts is Prbp.
To determine if the 39 binding activity detected in testis

cytoplasmic extracts is Prbp, RNA band shift assays were per-
formed in the presence of a rabbit polyclonal anti-MBP-Prbp
antibody prepared as described in Materials and Methods.
Addition of the MBP-Prbp antibody to the sample containing
the 59-nt probe and the testis cytoplasmic extract (Fig. 5, lane
6) or the MBP-Prbp fusion protein (Fig. 5, lane 8) eliminated
the bands previously detected with the testis extract (Fig. 5,
lane 5) and MBP-Prbp alone (Fig. 5, lane 7, arrowheads) and
instead resulted in the retention of a significant percentage of
the RNA-protein complex in the well (open arrow). Addition
of the anti-MBP antibody or preimmune serum to testis cyto-
plasmic extracts did not affect detection or migration of the
complex (data not shown). To confirm that the complex de-
tected with the 59-most 82-nt RNA probe does not contain
Prbp and that the anti-MBP-Prbp antibody is binding specifi-
cally to the Prbp complex formed with the 59-nt probe, the
anti-MBP-Prbp antibody was added to the sample containing
the 82-nt probe and the testis cytoplasmic extract. No differ-

ence in the mobility of the 59-most complex could be detected
in the presence of the anti-MBP-Prbp antibody (Fig. 5, com-
pare lanes 2 and 3). These data strongly support the conclusion
that the Prbp protein is present in testis cytoplasmic extracts
and that sequences in the 39-most region of the Prm-1 39 UTR
RNA are required for binding. In addition, optimal binding of
both the testis activity and the MBP-Prbp fusion protein was
achieved at approximately 100 mM KCl (data not shown),
further supporting the conclusion that the 39-most binding
activity is Prbp.
Prbp protein exists in multiple forms in the testis and is

expressed only in germ cells. Hybridization of a Western blot
containing total and cytoplasmic testis protein extracts with the
anti-MBP-Prbp antibody detected a cluster of four major
bands around 40 kDa and two minor bands of approximately
35 and 33 kDa (Fig. 6, lanes 3 and 4). No hybridizing bands
were detected in testis nuclear extracts (Fig. 6, lanes 5 and 6).
To determine which of the proteins detected were translation
products of Prbp mRNA, Prbp RNA synthesized from the
cDNA was in vitro translated in the presence of [35S]methi-
onine with a rabbit reticulocyte lysate, and the products were
compared to those identified in the Western blot. All four
bands of approximately 40 kDa, as well as the 33-kDa product,
were detected as products of the in vitro translation reaction
(Fig. 6, lane 2). Only the minor band of 35 kDa was detected
in testis extracts by Western blotting and not by in vitro trans-

FIG. 4. Competition of MBP-Prbp–Prm-1 59-nt RNA band shift complexes.
Band shift assays were performed with radiolabeled Prm-1 59-nt RNA as de-
scribed in Materials and Methods except that prior to addition of the radiola-
beled probe, the testis cytoplasmic extracts were preincubated for 15 min with
unlabeled competitor RNAs. The competitors used were cold Prm-1 59-nt RNA
(A) and poly(I) z poly(C) RNA (B).

FIG. 5. Testis extracts contain Prbp RNA-binding activity. RNA band shift
assays were performed with an 82-nt RNA derived from the 59-most region of the
Prm-1 39 UTR (lanes 1 to 3) or a 59-nt RNA derived from near the 39-end of the
Prm-1 39 UTR (lanes 4 to 8). The positions of both RNAs are shown schemat-
ically in Fig. 3. Band shift assays were performed with either testis cytoplasmic
extracts or the affinity-purified MBP-Prbp fusion protein as indicated above each
lane. Following heparin treatment, the samples that were eventually loaded in
lanes 3, 6, and 8 were incubated for an additional 30 min with 1 ml of an
affinity-purified anti-MBP-Prbp antibody (Ab). The asterisk indicates the posi-
tion of a previously described Prm-1 39 UTR-binding activity (12a). The closed
arrow indicates the position of the binding activity mapped by using the RNAs
shown in Fig. 2 and shown schematically in Fig. 3. The closed arrowheads
indicate RNA-protein complexes detected with the MBP-Prbp fusion protein.
The open arrow indicates the appearance of additional RNA-protein complexes
retained in the wells in lanes 6 and 8 following treatment with the anti-MBP-Prbp
antibody.
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lation of Prbp mRNA. The detection of the same quartet of
bands of 40 kDa by both Western blotting and in vitro trans-
lation of Prbp mRNA suggests that they are all translation
products of PrbpmRNA. In addition, hybridization of a North-
western (RNA-protein) blot containing testis protein extracts
with a radiolabeled Prm-1 39 UTR RNA probe revealed the
same quartet of bands at 40 kDa (data not shown), demon-
strating that they can all bind to Prm-1 RNA in vitro. The
33-kDa protein also appears to be a product of Prbp mRNA,
but it is likely to be a proteolytic fragment of one of the 40-kDa
forms, as its relative abundance varies between testis cell ex-
tracts (data not shown).
To determine if Prbp is expressed within the somatic or the

germ cell compartment of the testis, Western blot analysis was
performed on protein extracts prepared from testes of mouse
mutants that either lack germ cells entirely (W/Wv [36]) or
contain diploid spermatogonial cells but lack meiotic and post-
meiotic germ cells because of an arrest at the beginning of
meiosis I (Tfm/Y [32]). None of the four major Prbp proteins of
around 40 kDa, or the minor 33-kDa protein, were detected in
extracts prepared from either of the mutants (Fig. 6, lanes 8
and 9), strongly suggesting that expression of Prbp is restricted
to the meiotic and/or postmeiotic germ cells. The 35-kDa pro-
tein was detected in W/Wv and Tfm/Y testes, suggesting that it
is not restricted to germ cells and providing further evidence
that it is unlikely to be a product of the Prbp gene. In addition,

unlike the 40-kDa protein forms, the 35-kDa protein does not
bind the full-length Prm-1 39 UTR RNA in Northwestern blot
analysis (data not shown).
Developmental expression of Prbp during spermatogenesis.

Spermatogenesis occurs within seminiferous tubules and has
been described as consisting of 12 stages based on the partic-
ular cell associations present in a given tubule, on spermatid
nuclear shape, and on the extent of acrosome morphogenesis
(38, 41). Within these 12 stages of the cycle one can describe 16
steps of spermatid differentiation (38). To determine the stages
and cell type in which Prbp is expressed, immunocytochemistry
was performed on testis sections by using an anti-MBP-Prbp
antibody, and serial sections were stained with hematoxylin (a
nuclear stain) and periodic acid-Schiff reagent (an acrosomal
stain) (38). Representative staining of Prbp in a stage II to IV
seminiferous tubule is shown in Fig. 7. The Prbp protein was
first detected in stage VII pachytene spermatocytes at a very
low level. Prbp was also detected in all later stages of primary
and secondary spermatocytes and in haploid spermatids
through step 10. Immunostaining appeared to be greatest in
round spermatids at step 2 to 3. In all cell types that expressed
Prbp, the protein appeared to be localized to the cytoplasm,
consistent with our earlier Western blot analysis (Fig. 6). In
summary, the Prbp protein is detected in the cytoplasm of
round spermatids through step 10, in which Prm-1 mRNA is
repressed, and is not detected in elongated spermatids (steps

FIG. 6. Prbp protein exists in multiple forms in germ cells. Lane 1, [35S]methionine-labeled in vitro translation products of a rabbit reticulocyte lysate (Promega)
with no exogenous RNA added. Lane 2, approximately 50 ng of capped Prbp mRNA was synthesized in vitro with T7 polymerase and in vitro translated in the presence
of [35S]methionine. Lanes 3 to 9, Western blot analysis of Prbp protein. Approximately 100 mg of total and cytoplasmic testis extracts prepared from normal (lanes 3,
4, and 7) or mutant (lanes 8 and 9) mice and 10 mg (lane 5) and 50 mg (lane 6) of testis nuclear extracts were separated by SDS–10% PAGE, electroblotted onto
nitrocellulose, and hybridized with affinity-purified anti-Prbp antibody as described in Materials and Methods. Prestained molecular mass standards (Gibco BRL,
Gaithersburg, Md.) were loaded in an adjacent lane, and their electrophoretic positions are indicated on the right and left.
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11 to 16), the cells in which Prm-1 mRNA is translated (1,
24).
Prbp protein inhibits translation in vitro. The presence of

Prbp in the cytoplasmic compartment of round spermatids,

coupled with the ability of testis extracts that contain Prbp to
bind to exogenously added Prm-1 39 UTR RNA, suggests that
Prbp interacts with Prm-1 mRNA in vivo to inhibit its transla-
tion. To test the effect of Prbp on mRNA translation, the

FIG. 7. Immunolocalization of Prbp to the cytoplasmic compartment of round spermatids. Immunocytochemistry was performed on paraffin-embedded testis
sections by using an affinity-purified rabbit anti-MBP-Prbp antibody as described in Materials and Methods. Sections were counterstained with hematoxylin. (A) Control
testis section treated with the secondary antibody only. (B) Testis section treated with primary and secondary antibodies. Immunostaining is detected in the cytoplasm
of round spermatids (rs) and is absent in elongated spermatids (es). Magnification, 3540.
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MBP-Prbp fusion protein was preincubated with either a chi-
meric message containing the hGH coding sequence fused to
the Prm-1 39 UTR or an hGH mRNA containing its normal 39
UTR and was translated in a wheat germ cell-free translation
lysate. Dose-response experiments revealed that both mes-
sages, the Prm-1 39 UTR-containing message and the hGH 39
UTR-containing message, were sensitive to inhibition in the
presence of MBP-Prbp (Fig. 8A and B, lanes 1 to 4, and Fig.
8C). This inhibitory effect was also observed in a reticulocyte
lysate (data not shown). Translation was not significantly in-
hibited in the presence of MBP alone (Fig. 8A and B, lanes 5;
Fig. 8C, MBP) or in protein storage buffer alone (data not
shown). These results suggest that Prbp is capable of inhibiting
translation in vitro but that it is not specific to mRNAs con-
taining the Prm-1 39 UTR. The stability of the newly synthe-
sized hGH protein product was not markedly affected by in-
cubation with the MBP-Prbp fusion protein following the
translation reaction (Fig. 8A and B, lanes 6; Fig. 8C, Post),
suggesting that the MBP-Prbp fusion protein does not cause
protein proteolysis. Induced instability of the reporter mRNAs

was not accountable for the reduced amount of hGH protein
product observed in the presence of the MBP-Prbp fusion
protein. Reporter mRNA extracted from a sample preincu-
bated with MBP-Prbp produced nearly the same amounts of
hGH protein product as untreated mRNA (Fig. 8A and B,
lanes 7; Fig. 8C, RE). RNA losses sustained during the extrac-
tion protocol probably account for the reduced amount of
hGH detected in this control. Thus, Prbp protein can inhibit
translation in vitro, but it does so in a nonspecific manner.
Tissue distribution of Prbp mRNA and protein. Hybridiza-

tion of a Northern blot containing total RNA prepared from
various adult mouse tissues with the radiolabeled Prbp cDNA
revealed a single transcript of approximately 1.6 kb that is
present at high levels in the testis and at low but detectable
levels in numerous other tissues (Fig. 9A). Surprisingly, hy-
bridization of a Western blot containing total protein extracts
prepared from adult mouse tissues with anti-MBP-Prbp anti-
body failed to detect the cluster of the four major Prbp bands
around 40 kDa, and the minor band of approximately 33 kDa,
in any tissue except the testis (Fig. 9B). We did, however,
detect the cross-reacting band of 35 kDa in all of the extracts
and a minor band of approximately 80 kDa in the spleen and
ovary. These results suggest that, despite the presence of Prbp
mRNA in all tissues tested, Prbp protein either is not ex-
pressed or is below our limit of detection in any tissue except
the testis.

DISCUSSION

The properties of the Prbp protein described in this paper
suggest that it has a role in the translational repression of
Prm-1 mRNA. First, the temporal and spatial patterns of Prbp
expression are those expected for an inhibitor of Prm-1 trans-
lation. Prbp protein is abundant in the testis and is localized in
the cytoplasmic compartment of round spermatids, where
translation of Prm-1 mRNA is repressed, but it is not detected
in elongated spermatids, where Prm-1 mRNA is translated.
Second, both recombinant and testis-derived Prbp proteins
bind to a region contained in the 39-most 62 nt of the Prm-1 39
UTR mRNA. This region is sufficient for translational repres-
sion of a heterologous mRNA in transgenic mice (3) and is the
region most highly conserved between the 39 UTRs of mouse
Prm-1 and Prm-2 (20). This sequence is also highly conserved
in the bovine (27) and human (29) Prm-1 39 UTRs. Third,
translation of a reporter mRNA is inhibited in a cell-free lysate
in the presence of Prbp protein, although inhibition is not
dependent on the Prm-1 39 UTR.
The numerous properties of Prbp just described are consis-

tent with, but do not prove, the hypothesis that Prbp functions
as a translational repressor of Prm-1 mRNA in spermatids. Al-
though Prbp binds to the most conserved region of the Prm-1
39 UTR, it also binds to poly(I) z poly(C), suggesting that it
may be recognizing a highly structured region within the Prm-1
39UTR and that it may interact with mRNAs other than Prm-1
mRNA in vivo. Consistent with its ability to bind to poly(I) z
poly(C), Prbp contains two copies of a previously described
dsRNA-binding motif (14, 49). Despite the apparent nonspe-
cific binding properties of these proteins in vitro, genetic stud-
ies suggest that at least some of the members of this family
interact with selected mRNAs in vivo (11–13, 22, 48). We pre-
sume that, in vivo, additional factors may facilitate specific
interactions between the Prbp protein and its target mRNAs,
such as Prm-1.
Developmental expression of Prbp parallels that of Prm-1

translational repression. The Prbp gene is transcribed at high
levels in the testis, and by Western blotting analysis we were

FIG. 8. Translational inhibition in wheat germ extracts supplemented with
MBP-Prbp. Lanes 1 to 4, translation of in vitro-synthesized RNA containing the
hGHmRNA, fused to either the Prm-1 39UTR (A) or the hGH 39UTR (B), with
increasing amounts of the MBP-Prbp fusion protein. Lanes 5 and bars MBP,
synthesis of the 35S-labeled hGH product when 1.0 mg of MBP alone was used in
the assay. The hGH protein was not degraded when incubated with 1.0 mg of
MBP-Prbp following the synthesis reaction (lanes 6 and bar Post). Lanes 7 and
bar RE, synthesis of hGH from mRNA preincubated with 1.0 mg of MBP-Prbp
and then phenol-CHCl3 extracted prior to the translation reaction as described
in Materials and Methods. After 2.0 h at 308C, the newly synthesized [35S]me-
thionine-labeled hGH protein was analyzed by SDS-PAGE and autoradiogra-
phy. (C) Densitometry was performed by using Imagequant, with autoradio-
graphic density plotted as percent inhibition {[(value of no-protein control/value
of test sample) 2 1] 3 100%}.

VOL. 16, 1996 A TESTIS CYTOPLASMIC RNA-BINDING PROTEIN 3031



able to detect a collection of proteins migrating at approxi-
mately 40 kDa. Analysis of the in vitro translation products of
Prbp mRNA supports the conclusion that the different pro-
teins are all translation products of Prbp mRNA. The different
sizes of Prbp may result from posttranslational modifications
of a single translation products, or they may be amino-terminal
truncations derived from alternative translational start sites.
The latter possibility seems most likely given the existence of
one additional in-frame AUG codon, and two CUG codons,
positioned slightly downstream of the putative initiator AUG
(Fig. 1A).
Despite the fact that we were able to detect low levels of

Prbp mRNA in various adult tissues analyzed, we were unable
to detect any of the 40-kDa forms of Prbp protein by Western
blotting in extracts prepared from those same tissues. These
data suggest that expression of Prbp protein is restricted to
germ cells or that the level of Prbp protein in somatic adult
tissues is below our limit of detection. A common band of ap-
proximately 35 kDa was detected in tissues other than the
testis; however, because we were unable to detect this band in
vitro following translation of Prbp mRNA prepared from Prbp
cDNA, we conclude that the 35-kDa protein is not encoded by
Prbp.
Genetic, biochemical, and immunocytochemical evidence

supports the conclusion that Prbp protein is expressed in late-
stage pachytene spermatocytes and round spermatids. We
were unable to detect Prbp protein by Western blot analysis in
testis extracts prepared from mouse mutants that either lack
germ cells entirely (W/Wv) or contain diploid germ cells but
lack meiotic and postmeiotic germ cells (Tfm/Y), suggesting

that Prbp is expressed in germ cells and not in the somatic cells
of the testis. Furthermore, immunocytochemical localization of
Prbp in testis sections from normal mice showed that Prbp is
present at low levels in stage VII pachytene spermatocytes, is
abundant in round spermatids, and remains detectable through
step 10. Prbp is localized to the cytoplasm in all of these cell
types, and many mRNAs are under translational control dur-
ing this phase of spermiogenesis. The temporal expression and
spatial localization of Prbp are consistent with it functioning as
a general translational repressor during this period.
Prbp is the mouse homolog of human TRBP. Sequence

analysis showed that Prbp is a member of a rapidly growing
family of proteins which share a common RNA-binding motif
(14, 49). This family includes human TRBP (15), human inter-
feron-inducible and dsRNA-activated protein kinase (referred
to as p68, DAI, and PKR) (16), Drosophila staufen (48), and
the murine Tenr (45) and Spnr (46) proteins, the products of
two other genes identified in our expression screen. The Prbp
protein contains two copies of the RNA-binding motif that
defines this family of proteins.
Prbp is striking in its similarity (93% identical at the amino

acid level) to human TRBP (Fig. 1B) and is most likely its
mouse homolog. The TRBP gene was originally cloned from a
HeLa cell cDNA expression library on the basis of its ability to
bind to the HIV-1 TAR RNA in vitro (15) and was cloned a
second time on the basis of its ability to bind to the HIV-1
Rev-responsive element (39). The function of TRBP in non-
infected cells is unknown, although it has been suggested that
TRBP may act as an inhibitor of the interferon-induced pro-
tein kinase, PKR, and in doing so indirectly control protein

FIG. 9. Tissue distributions of Prbp mRNA and protein. (A) Northern blot analysis of Prbp mRNA levels in adult tissues. Each lane contains approximately 15 mg
of total RNA. The blot was hybridized with a probe prepared from the entire Prbp cDNA by random hexamer labeling. To verify the quantity and integrity of the RNA
present in each lane, the Prbp probe was stripped from the filter and then rehybridized with a radiolabeled mouse actin probe. DNA size markers are indicated on the
right. (B) Western blot analysis of Prbp protein levels in adult tissues. Total proteins (approximately 150 mg) were resolved on SDS–10% polyacrylamide gels that were
then electroblotted onto a nitrocellulose filter as described in Materials and Methods. The filter was incubated overnight at 48C in the affinity-purified anti-MBP-Prbp
antibody. After being washed, the blot was incubated with goat anti-rabbit immunoglobulin G antibody conjugated to horseradish peroxidase, and the presence of
enzyme was revealed by chemiluminescence with luminol and 4-iodophenol as a luminogen as described previously (44). Protein size markers are indicated on the right.

3032 LEE ET AL. MOL. CELL. BIOL.



synthesis (39). In support of this, TRBP has been shown to
interact with PKR in the two-hybrid system and by far-Western
(protein-protein) blotting (7), although in both cases it may be
doing so by binding to a common RNA. Our data do not
address the possible function of Prbp as a regulator of the
murine PKR. However, in vitro, the RNA-binding properties
of Prbp and TRBP appear to be quite similar. One difference
between our data on Prbp and those reported for TRBP is that
we find that in the testis Prbp is cytoplasmic. This was shown by
both Western blotting and immunocytochemistry. In contrast,
in HeLa cells TRBP has been shown to be primarily nuclear
(26). In the future it will be important to determine if TRBP is
expressed during spermatogenesis in humans, if it is localized
in the cytoplasm, and if TRBP interacts with the 39 UTR of
human Prm-1 RNA.
RNA binding in vitro. In vitro RNA-binding studies showed

that Prbp binds to a specific region of the Prm-1 39UTR. In the
band shift assay that we used, Prbp either bound the substrate
RNA completely or failed to bind at all, suggesting that a bind-
ing site is present within the 39-most region of the Prm-1 39
UTR. We do not know if sequence and/or structure is impor-
tant for binding of Prbp to the Prm-1 39 UTR. However, com-
petition assays performed with poly(I) z poly(C) suggest that, in
vitro, Prbp binds to dsRNA nonspecifically. Although there are
no extensive regions of potential base pairing in the Prm-1 39
UTR, there are two alternate stem-loop structures that could
theoretically form and be stabilized by protein binding (Fig. 10A).
While deletion analyses suggest that sequences contained

within a 24-nt region in the 39-most region of the Prm-1 39 UTR
are important for Prbp binding (Fig. 3 and 10A, nt 107 to 130),
attempts to detect binding to an RNA that contains only the
24-nt sequence were unsuccessful. This result can be explained
in two different ways. First, the 24-nt RNA may contain all of
the binding specificity for Prbp binding but may not be of suffi-
cient length for binding. Support for this possibility comes from
studies with PKR, which have shown that a minimum target of 30
bp of dsRNA is required for binding (35). Second, sequences
flanking the 24-nt region may constitute part of the binding
site. Sequences that flank the 24 nt that may be important are
two nearly perfect 17-nt repeats (Fig. 10B). Each repeat is cap-
able of base pairing with a sequence between the repeats (nt
105 to 115) to form a region of dsRNA. In this scenario, RNAs
extending from nt 72 to 130 or from nt 107 to 156 can base pair
to form similar stem-loop structures (Fig. 10A). In contrast, an
RNA that contained only the 24-nt region defined by deletion
analysis (nt 107 to 130) would not form either structure, nor
would an RNA extending from nt 121 to 156 (Fig. 3). Clearly,
additional mutational analysis is required to distinguish be-
tween the roles of sequence and structure in Prbp binding.
Another feature of Prbp binding is its tendency to form

oligomers (Fig. 2B). This feature has also been reported for
TRBP (14) and PKR (35), as well as for proteins of other
families of RNA-binding proteins, including the Rev protein of
HIV-1 (6, 17, 34, 53) and the Xenopus Y box protein (50). In
the case of the Rev protein, oligomerization seems to be es-
sential for RNA binding, although this has been challenged by
others (6, 34). At high protein concentrations, Rev protein
binds to RNA and nucleates the assembly of long filamentous
ribonucleoprotein structures (17). The oligomerization of the
Rev protein also seems to be important for in vivo Rev func-
tion because Rev mutants defective in oligomerization but not
in RNA binding lack biological activity (34).
Given that Prbp is capable of protecting large regions of

RNA from RNase digestion in vitro (29b) and that it can form
oligomers in vitro, it is easy to imagine a simple model for
translational repression in which Prbp first binds to a specific

site in the 39 UTR of Prm-1 RNA and then oligomerizes to
form a filamentous ribonucleoprotein particle that is transla-
tionally inactive.

ACKNOWLEDGMENTS

We thank M. Eddy for providing the expression libraries and W.
Fangman, M. Katz, G. Barber, and J. Schumacher for critical reading
of the manuscript.
This work was supported by grants to R.E.B. from the March of

Dimes Birth Defects Foundation and the National Institutes of Health
(HD27215).

REFERENCES

1. Balhorn, R., S. Weston, C. Thomas, and A. J. Wyrobek. 1984. DNA pack-
aging in mouse spermatids. Synthesis of protamine variants and four tran-
sition proteins. Exp. Cell Res. 150:298–308.

2. Braun, R. Unpublished data.
3. Braun, R. E. 1990. Temporal translational regulation of the protamine 1
gene during mouse spermatogenesis. Enzyme 44:120–128.

FIG. 10. Potential regions of secondary structure formed in the 39-most re-
gion of the Prm-1 39 UTR. (A) The full-length Prm-1 39 UTR is 156 nt. Only the
nucleotide sequence from position 72 through 143 is shown. Various nucleotide
positions are indicated with arrowheads. Regions of potential base pairing are
indicated by hatch marks between bases. Two potential alternative secondary
structures are shown. The minimal region of the Prm-1 39 UTR shown to be
sufficient for translational repression in vivo is 62 nt and extends from position 95
through 156 (3). (B) Nucleotide sequence of two regions of the Prm-1 39 UTR
showing a nearly perfect direct repeat. The same sequence is highly conserved in
the bovine (27) and human (28) Prm-1 39 UTRs and is the region most highly
conserved between the 39 UTRs of mouse Prm-1 and Prm-2 (referred to as the
Z box [20]). As shown in panel A, either repeat is able to base pair with another
region of the Prm-1 39 UTR (located between nt 105 and 115) and form a region
of dsRNA with a similarly sized single-stranded loop.

VOL. 16, 1996 A TESTIS CYTOPLASMIC RNA-BINDING PROTEIN 3033



4. Braun, R. E., J. J. Peschon, R. R. Behringer, R. L. Brinster, and R. D.
Palmiter. 1989. Protamine 39-untranslated sequences regulate temporal
translational control and subcellular localization of growth hormone in sper-
matids of transgenic mice. Genes Dev. 3:793–802.

5. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

6. Cole, J. L., J. D. Gehman, J. A. Shafer, and L. C. Kuo. 1993. Solution
oligomerization of the rev protein of HIV-1: implications for function. Bio-
chemistry 32:11769–11775.

7. Cosentino, G. P., S. Venkatesan, F. C. Serluca, S. R. Green, M. B. Mathews,
and N. Sonenberg. 1995. Double-stranded-RNA-dependent protein kinase
and TAR RNA-binding protein form homo- and heterodimers in vivo. Proc.
Natl. Acad. Sci. USA 92:9445–9449.

8. Curtis, D., R. Lehmann, and P. D. Zamore. 1995. Translational regulation in
development. Cell 81:171–178.

9. Davidson, E. H. 1986. Gene activity in early development. Academic Press,
New York.

10. Dignam, J. D., R. M. Lebovitz, and R. Roeder. 1983. Accurate transcription
initiation by RNA polymerase II in a soluble extract from isolated mamma-
lian nuclei. Nucleic Acids Res. 11:1475–1489.

11. Eckner, R., W. Ellmeier, and M. L. Birnstiel. 1991. Mature mRNA 39 end
formation stimulates RNA export from the nucleus. EMBO J. 10:3513–3522.

12. Ephrussi, A., L. K. Dickinson, and R. Lehmann. 1991. Oskar organizes the
germ plasm and directs localization of the posterior determinant nanos. Cell
66:37–50.

12a.Fajardo, M. A., K. A. Butner, K. Lee, and R. E. Braun. 1994. Germ cell-
specific proteins interact with the 39untranslated regions of Prm-1 and Prm-2
mRNA. Dev. Biol. 166:643–653.

13. Ferrandon, D., L. Elphick, C. Nusslein-Volhard, and D. St-Johnston. 1994.
Staufen protein associates with the 39UTR of bicoid mRNA to form particles
that move in a microtubule-dependent manner. Cell 79:1221–32.

14. Gatignol, A., C. Buckler, and K. T. Jeang. 1993. Relatedness of an RNA-
binding motif in human immunodeficiency virus type 1 TAR RNA-binding
protein TRBP to human P1/dsI kinase and Drosophila staufen. Mol. Cell.
Biol. 13:2193–2202.

15. Gatignol, A., W. A. Buckler, B. Berkhout, and K. T. Jeang. 1991. Charac-
terization of a human TAR RNA-binding protein that activates the HIV-1
LTR. Science 251:1597–1600.

16. Green, S. R., and M. B. Mathews. 1992. Two RNA-binding motifs in the
double-stranded RNA-activated protein kinase, DAI. Genes Dev. 6:2478–
2490.

17. Heaphy, S., J. T. Finch, M. J. Gait, J. Karn, and M. Singh. 1991. Human
immunodeficiency virus type 1 regulator of virion expression, rev, forms nu-
cleoprotein filaments after binding to a purine-rich ‘‘bubble’’ located within
the rev-responsive region of viral mRNAs. Proc. Natl. Acad. Sci. USA 88:
7366–7370.

18. Hecht, N. B. (ed.). 1989. Mammalian protamines and their expression. CRC
Press, Boca Raton, Fla.

19. Jackson, R. J., and N. Standart. 1990. Do the poly(A) tail and 39 untrans-
lated region control mRNA translation? Cell 62:15–24.

20. Johnson, P. A., J. J. Peschon, P. C. Yelick, R. D. Palmiter, and N. B. Hecht.
1988. Sequence homologies in the mouse protamine 1 and 2 genes. Biochim.
Biophys. Acta 950:45–53.

21. Kierszenbaum, A. L., and I. L. Tres. 1975. Structural and transcriptional
features of the mouse spermatid genome. J. Cell Biol. 65:258–270.

22. Kim-Ha, J., J. L. Smith, and P. M. Macdonald. 1991. Oskar mRNA is
localized to the posterior pole of the Drosophila oocyte. Cell 66:23–35.

23. Kleene, K. C., R. J. Distel, and N. B. Hecht. 1983. cDNA clones encoding
cytoplasmic poly(A)1 RNAs which first appear at detectable levels in hap-
loid phases of spermatogenesis in the mouse. Dev. Biol. 98:455–464.

24. Kleene, K. C., R. J. Distel, and N. B. Hecht. 1984. Translational regulation
and deadenylation of a protamine mRNA during spermiogenesis in the
mouse. Dev. Biol. 105:71–79.

25. Kleene, K. C., and J. Flynn. 1987. Translation of mouse testis poly(A)1
mRNAs for testis-specific protein, protamine 1, and the precursor for pro-
tamine 2. Dev. Biol. 123:125–135.

26. Kozak, C. A., A. Gatignol, K. Graham, K. T. Jeang, and O. W. McBride.
1995. Genetic mapping in human and mouse of the locus encoding TRBP, a
protein that binds the TAR region of the human immunodeficiency virus
(HIV-1). Genomics 25:66–72.

27. Krawetz, S. A., W. Connor, and G. H. Dixon. 1987. Cloning of bovine P1
protamine cDNA and the evolution of vertebrate P1 protamines. DNA 6:47–
57.

27a.Kwon, Y. K., and N. B. Hecht. 1991. Cytoplasmic protein binding to highly
conserved sequences in the 39 untranslated region of mouse protamine 2
mRNA, a translationally regulated transcript of male germ cells. Proc. Natl.
Acad. Sci. USA 88:3584–3588.

27b.Kwon, Y. K., and N. B. Hecht. 1993. Binding of a phosphoprotein to the 39
untranslated region of the mouse protamine 2 mRNA temporally represses
its translation. Mol. Cell. Biol. 13:6547–6557.

28. Lee, C. H., F. S. Hoyer, and W. Engel. 1987. The nucleotide sequence of a

human protamine 1 cDNA. Nucleic Acids Res. 15:7639.
29. Lee, C. H., A. Mansouri, W. Hecht, N. B. Hecht, and W. Engel. 1987. Nu-

cleotide sequence of a bovine protamine cDNA. Biol. Chem. Hoppe-Seyler
368:131–135.

29a.Lee, K. Unpublished data.
29b.Lee, K., and M. Fajardo. Unpublished observations.
30. Lee, K., H. S. Haugan, C. H. Clegg, and R. E. Braun. 1995. Premature

translation of Prm-1 mRNA causes precocious nuclear condensation and
arrests spermatid differentiation in mice. Proc. Natl. Acad. Sci. USA 92:
12451–12455.

30a.Lee, R. C., R. L. Feinbaum, and V. Ambros. 1993. The C. elegans hetero-
chronic gene lin-4 encodes small RNAs with antisense complementarity to
lin-14. Cell 75:843–854.

31. Leibold, E. A., and H. N. Munro. 1988. Cytoplasmic protein binds in vitro to
a highly conserved sequence in the 59 untranslated region of ferritin heavy-
and light-subunit mRNAs. Proc. Natl. Acad. Sci. USA 85:2171–2175.

32. Lyon, M. F., and S. G. Hawkes. 1970. X-linked gene for testicular feminiza-
tion in the mouse. Nature (London) 227:1217–1219.

33. Mali, P., A. Kaipia, M. Kangasniemi, J. Toppari, M. Sandberg, N. B. Hecht,
and M. Parvinen. 1989. Stage-specific expression of nucleoprotein mRNAs
during rat and mouse spermiogenesis. Reprod. Fertil. Dev. 1:369–382.

34. Malim, M. H., and B. R. Cullen. 1991. HIV-1 structural gene expression
requires the binding of multiple Rev monomers to the viral RRE: implica-
tions for HIV-1 latency. Cell 65:241–248.

35. Manche, L., S. R. Green, C. Schmedt, and M. B. Mathews. 1992. Interactions
between double-stranded RNA regulators and the protein kinase DAI. Mol.
Cell. Biol. 12:5238–5248.

36. Mintz, B., and E. S. Russell. 1957. Gene-induced embryological modifica-
tions of primordial germ cells in the mouse. J. Exp. Zool. 134:207–237.

37. Monesi, V. 1964. Ribonucleic acid synthesis during mitosis and meiosis in the
mouse testis. J. Cell Biol. 22:521–532.

38. Oakberg, E. F. 1956. A description of spermiogenesis in the mouse and its
use in analysis of the cycle of the seminiferous epithelium and germ cell
renewal. Am. J. Anat. 99:391–413.

39. Park, H., M. V. Davies, J. O. Langland, H. W. Chang, Y. S. Nam, J. Tarta-
glia, E. Paoletti, B. L. Jacobs, R. J. Kaufman, and S. Venkatesan. 1994. TAR
RNA-binding protein is an inhibitor of the interferon-induced protein kinase
PKR. Proc. Natl. Acad. Sci. USA 91:4713–4717.

40. Richter, J. D. 1991. Translational control during early development. Bioes-
says 13:179–183.

41. Russell, L. D., R. A. Ettlin, A. P. SinhaHikim, and E. D. Clegg. 1990.
Histological and histopathological evaluation of the testis. Cache River
Press, Clearwater, Fla.

42. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

43. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

44. Schneppenheim, R., and P. Rautenberg. 1987. A luminescence Western blot
with enhanced sensitivity for antibodies to human immunodeficiency virus.
Eur. J. Clin. Microbiol. 6:49–51.

45. Schumacher, J. M., K. Lee, S. Edelhoff, and R. E. Braun. 1995. Distribution
of Tenr, an RNA binding protein, in a lattice-like network within the sper-
matid nucleus in the mouse. Biol. Reprod. 52:1274–1283.

46. Schumacher, J. M., K. Lee, S. Edelhoff, and R. E. Braun. 1995. Spnr, a
murine RNA-binding protein that is localized to cytoplasmic microtubules. J.
Cell Biol. 129:1023–1032.

47. Singh, H., R. G. Clerc, and J. H. LeBowitz. 1989. Molecular cloning of
sequence-specific DNA binding proteins using recognition site probes. Bio-
Techniques 7:252–261.

48. St-Johnston, D., D. Beuchle, and C. N. Volhard. 1991. Staufen, a gene
required to localize maternal RNAs in the Drosophila egg. Cell 66:51–63.

49. St-Johnston, D., N. H. Brown, J. G. Gall, and M. Jantsch. 1992. A conserved
double-stranded RNA-binding domain. Proc. Natl. Acad. Sci. USA 89:10979–
10983.

50. Tafuri, S. R., and A. P. Wolffe. 1992. DNA binding, multimerization, and
transcription stimulation by the Xenopus Y box proteins in vitro. New Biol.
4:349–359.

51. Vinson, C. R., K. L. LaMarco, P. F. Johnson, W. H. Landschulz, and S. L.
McKnight. 1988. In situ detection of sequence-specific DNA binding activity
specified by a recombinant bacteriophage. Genes Dev. 2:801–806.

51a.Wightman, B., I. Ha, and G. Ruvkun. 1993. Posttranscriptional regulation of
the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation
in C. elegans. Cell 75:855–862.

52. Yelick, P. C., Y. H. Kwon, J. F. Flynn, A. Borzorgzadeh, K. C. Kleene, and
N. B. Hecht. 1989. Mouse transition protein 1 is translationally regulated
during the postmeiotic stages of spermatogenesis. Mol. Reprod. Dev. 1:193–
200.

53. Zapp, M. L., T. J. Hope, T. G. Parslow, and M. R. Green. 1991. Oligomer-
ization and RNA binding domains of the type 1 human immunodeficiency
virus Rev protein: a dual function for an arginine-rich binding motif. Proc.
Natl. Acad. Sci. USA 88:7734–7738.

3034 LEE ET AL. MOL. CELL. BIOL.


