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Ornithine decarboxylase antizyme 3 (Oaz3) is expressed in
spermatids, makes up the antizyme family of Oaz genes with
Oaz1 andOaz2, and was proposed to encode a 22 kDa antizyme
protein involved in polyamine regulation similar to the 22 kDa
OAZ1 and OAZ2 proteins. Here we demonstrate however that
the major product encoded by Oaz3 is a 12 kDa protein, p12,
which lacks the antizyme domain that interacts with ornithine
decarboxylase. We show that p12 does not affect ornithine
decarboxylase levels, providing an explanation for the surpris-
ing observation made in Oaz3 knock-out male mice, which do
not display altered testis polyaminemetabolism. This suggested
a novel activity for Oaz3 p12. Using immuno-electron micros-
copy we localized p12 to two structures in the mammalian
sperm tail, viz. the outer dense fibers and fibrous sheath, as well
as to the connecting piece linking head and tail. We identified
myosinphosphatase targeting subunit 3 (MYPT3), a regulator of
protein phosphatase PP1�, as a major p12-interacting protein,
and show that MYPT3 is present in sperm tails and that its
ankyrin repeat binds p12. We show that MYPT3 can also bind
protein phosphatase PP1�2, the only protein phosphatase pres-
ent in sperm tails, and that p12- MYPT3 interaction modulates
the activity of both PP1� and PP1�2. This is, to our knowledge,
the first demonstration of a novel activity for an Oaz-encoded
protein.

Mammalian spermiogenesis is the final stage of male germ
cell differentiation, during which the round haploid spermatids
undergo complex morphological and biochemical changes and
transform into spermatozoa. The process of spermiogenesis is
extensively studied but only partially understood. One of the
structures formed during spermiogenesis is the sperm flagel-
lum,which contains beside the axoneme twounique structures,
the outer dense fibers (ODF)2 throughout the tail and the
fibrous sheath (FS) present in the principal piece, and is impor-
tant in spermmotility. Our laboratory has characterized several
proteins that are present in the sperm flagellum, which all play

distinct roles in sperm structure and motility (1–3). Many
sperm proteins are exclusively expressed after meiosis (such as
ODF1), suggesting a specific function during spermiogenesis.
Among them is the ornithine decarboxylase antizyme 3 gene
(Oaz3) (4, 5).
Oaz3 belongs to the antizyme gene family and its mRNA is

exclusively expressed in post-meiotic male germ cells (5). The
other two familymembersOaz1 andOaz2 exhibit neuronal and
ubiquitous expression, respectively (6), and regulate ornithine
decarboxylase (ODC), which is involved in polyamine synthe-
sis. Synthesis of OAZ1 and OAZ2 proteins requires a poly-
amine-induced translation frameshift which links open reading
frame 1 (ORF1) with open reading frame 2 (ORF2). The trans-
lation ofOaz3mRNAwas proposed to start from the first AUG
and also utilize the frameshift, which predicted that a 22 kDa
protein could be made in spermatids (5). However, the frame-
shift efficiency ofOaz3mRNA is very low compared with Oaz1
(7), suggesting that Oaz3 may encode a variant smaller than
22 kDa, resulting from a translation stop at the frameshift
sequence, and may play a role in spermiogenesis different from
a role as antizyme. Recently, Oaz3 knock-out mice were pro-
duced: homozygous male mice are infertile due to the separa-
tion of sperm heads and tails, whereas (as expected) female
mice have no phenotype (8). The disengagement appears to
take place during epididymal transition and occurs between the
basal plate and the capitulum of the sperm.No gross structural
abnormality was observed with the separated heads and tails.
Themechanism of head-tail separation and the role forOaz3
in maintaining the integrity of the sperm connecting piece
are unknown. Surprisingly, the knock-out of Oaz3 did not
result in alteration of polyamine levels in testis or sperm,
supporting the possibility that Oaz3 has a function other
than as an antizyme.
We previously reported that an abundant 12 kDa protein in

the rat sperm flagellum is encoded byOaz3mRNA (9).We also
showed that translation of Oaz3 p12 starts from a CUG codon
upstream of the first AUG codon. In this study, we report that
the p12 product ofOaz3 is encoded byORF1.Wedid not detect
either a 22 kDa OAZ3 protein or a putative 28 kDa precursor.
p12 localizes to ODF, FS and capitulum of the rat sperm flagel-
lum and does not regulate ODC. To uncover a role for p12 we
identified interacting testis proteins using a yeast 2-hybrid
assay. We discovered that p12 interacts with myosin phospha-
tase-targeting subunit 3 (MYPT3), which we show is also pres-
ent in spermatids and sperm flagellum. p12 modulates protein
phosphatase 1 activity through its binding to MYPT3.
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EXPERIMENTAL PROCEDURES

Generation of p12 Antibodies—Rabbit polyclonal antibodies
were raised against peptide RSITYKEQEDLTLRPH (anti-1017
antibody) and against purifiedMBP (maltose-binding protein)-
ORF1 and MBP-ORF2 proteins.
Cell Transfections and Confocal Microscopy—Mouse

NIH3T3 or human HEK293 cells were transfected with DNA
constructs using Lipofectamine 2000 (Invitrogen) according to
themanufacturer’s instruction. 16 h after transfection, the cells
on the coverslips were fixed with 4% paraformaldehyde, per-
meabilized with 0.5% Triton X-100, blocked with PBS and 2%
BSA, and incubated with primary antibodies for 1 h (anti-HA
dilution 1:500; anti-Myc dilution 1:500) at 37 °C. The cells were
then gently washed and incubated with secondary antibody for
1 h (Cy3-anti-mouse IgG dilution 1:1000; Alex488-anti-rabbit
IgG dilution 1:1000) at 37 °C. The cells were gently washed and
mounted onto glass slides and observed and imaged using a
Zeiss LSM510 confocal microscope.
Protein Analysis—Immunohistochemistry and immunoelec-

tron microscopy were carried out as described previously (9,
10). Western blot analysis was carried out as follows: protein
samples were boiled in loading buffer, separated on 10 or 15%
polyacrylamide (SDS-PAGE) gels, transferred onto a nitrocel-
lulose membrane (Amersham Biosciences), blocked overnight
at 4 °C in blocking buffer (50 mM Tris, pH 7.5, 150 mM NaCl,
0.1%Nonidet P-40, 0.1%Tween20, 0.1%SDS, 5%dry nonfat dry
milk), and analyzed using primary antibodies (anti-1017 dilu-
tion, 1:150; anti-ORF1 dilution 1:200; anti-ORF2 dilution
1:200) followed by goat anti-rabbit IgG antibody (Sigma)
diluted 1:12,000. Prestained Protein Ladder SM0671 (Fermen-
tas) was used as a size marker. The blot was developed with
LumiGLO substrate (Kirkegaard & Perry Laboratories, Inc.)
and exposed to Kodak films (Amersham Biosciences).
To perform immunoprecipitation, HEK293 cells were trans-

fected with indicated plasmids. In indicated cases, co-trans-
fected cultures were treated with 20 �g/ml cycloheximide for
3 h to block protein synthesis. Next, cells were lysed in IP buffer
(50mMTris-HCl, pH 7.4; 300mMNaCl; 1% Triton X-100; 0.5%
IGEPAL, and protease inhibitor mixture (Roche)) for 30 min at
4 °C. The lysates were centrifuged at 14,000 rpm for 10 min to
remove cell debris and insoluble particles. The supernatants
were cleared with protein A (or protein G) beads (GE Health-
care) for 30 min at 4 °C with shaking. The cleared cell lysates
were then incubated with anti-Myc, anti-HA, or anti-MBP-
ORF1 antibodies for 2�5 h at 4 °C with shaking. Immune com-
plexes were incubated with protein A (or protein G) beads for
1 h at 4 °C with shaking, washed three times with IP buffer, and
analyzed by SDS-PAGE and immunoblotting.
Yeast Two-hybrid Assays—A full-length rat testis two-hybrid

cDNA library (cloned in the pEXP-AD502 vector) was custom
made by Invitrogen. The bait strain is generated by transforma-
tion of MaV203 cells with pDBLeu vector with insertion of the
first open reading frame (ORF1) of rat Oaz3 in frame with the
GAL4 DNA-binding domain. The library transformation
was performed using the LiAc/SS carrier DNA/PEG method
adapted from Gietz and Schiestl (11). The transformed cells
were plated on SC-Leu-Trp-His plates with 20 mM 3-amino-

1,2,4-triazoleon (3-AT) for HIS3 growth assay. The plates
were incubated at 30 °C for up to 8 days to allow growth of
transformed cells with weak interactions. All colonies were
also analyzed for LacZ reporter. Positive clones were further
validated by purging the bait vector, retransforming with
either empty vector or pDBLeu-ORF1, and testing the HIS3
and LacZ reporters.
PP1 Transfections and Activity Assays—NIH3T3 cells were

maintained in DMEM supplemented with 10% fetal bovine
serum and 10 mM sodium pyruvate (Invitrogen) and were
plated on glass coverslips at 30–50% confluence for transfec-
tion. Cells were transfected with various constructs using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After fixation with 4% paraformaldehyde, cells
were co-stained with anti-Myc or HA antibodies and Rhod-
amine-conjugated phalloidin (Cytoskeleton Inc.) for polymer-
ized actin and Alex488-conjugated goat anti-rabbit (or mouse)
IgG to visualize transfected cells. Stained cells were analyzed
with an LSM510 laser scanning microscope and AxioCam
MRm camera and LSM510 software (Zeiss) for stress fibers
disassembly, indicative of enhanced PP1 activity. Three to four
independent experiments with total counts of a minimum of
100 transfected cells were collected to calculate average per-
centage of cells possessing stress fibers and the standard devia-
tion. Statistical analysis was achieved using the Student’s t test.

RESULTS

The 12 kDa Protein in the Rat Sperm Flagellum Is Encoded by
Oaz3—We showed that Oaz3 mRNA translation starts from
CUG (9). One report suggested a start at AUG (5). Depending
on the translation start site used and whether or not frameshift
occurs, Oaz3 has the potential to encode four products (Fig.
1A). To distinguish these possible forms and to identify, which
one(s) is (are) expressed in rat testis, we raised antibodies to
different regions of the putative OAZ3 polypeptides (Fig. 1A).
The specificities of the antibodies were confirmed with recom-
binant forms of ORF1 and ORF2 (not shown).
We used these antibodies to analyze total protein extracts

from rat testis and sperm (Fig. 1B). Anti-1017 and anti-ORF1
antibodies recognized the 12 kDa protein in testis and sperm
(Fig. 1B; lanesA andB). Noproteinswere detected at 6, 22, or 28
kDa with these antibodies in testis or sperm protein extracts.
This demonstrates that these putative proteins are not present,
or in quantities below the level of detection. p12 was not recog-
nized by anti-ORF2 as expected (Fig. 1B). Anti-ORF2 also did
not detect putative proteins of 22 and 28 kDa.
The size of p12 is similar to the calculated molecular mass of

ORF1-encoded protein suggesting that the translation of p12
ends at the stop codon in the frameshift site. This was investi-
gated in two ways: first, to analyze if ORF2 sequences contrib-
ute to p12,we compared themolecularmass of endogenous p12
to a recombinant ORF1 proteinmade in bacteria. A fusion pro-
tein of MBP-ORF1 was purified and digested with Factor Xa,
which separated MBP from ORF1 and released a protein that
was composed ofORF1 plus four amino acids at theN terminus
(Fig. 2A). This protein was analyzed side-by-side with endoge-
nous rat sperm p12 protein by SDS-PAGE. We observed that
endogenous p12 protein in sperm tails migrates slightly faster
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than recombinant ORF1 (Fig. 2B). The small size difference
(estimated to be less than 1 kDa) can be attributed to the four
extra amino acids. Second, we analyzed p12 by mass spec-

trometry (Fig. 2C): we only observed peptides that are
encoded by ORF1 (indicated in underline), not ORF2.
Together, our data show that p12 does not contain amino
acids encoded by ORF2 sequences and is the product of
ORF1 of the Oaz3 gene (Fig. 1A).
Oaz3-encoded p12 Does Not Possess Antizyme Activity—The

ODC binding domain in OAZ1 and OAZ2 antizymes is local-
ized to ORF2. ORF1 is dispensable for antizyme function (12).
Therefore, p12 is not expected to bind to ODC or affect its
expression levels. To investigate this, we examinedwhether p12
stimulates the degradation of ODC, using OAZ1 as positive
control in this assay. Myc-tagged ODC, p12, and OAZ1 were
co-transfected in various combinations and alone in HEK293
cells, which were next analyzed byWestern blotting for protein
levels. In indicated instances, co-transfected cultures were
treated for 3 h with cycloheximide to block protein synthesis as
done by Snapir et al. (13). The results (Fig. 3) show that, as
expected, OAZ1 caused significant degradation of ODC (62%;
lanes 5 and 6). In contrast, ODC levels in the presence of p12
(lanes 3 and 4) did not differ from the negative control (empty
pCi-Myc vector; 24%; lanes 1 and 2). This demonstrates that
p12 does not affect ODC, and indicates that p12 may have a
function different from that of an antizyme.
p12 Localizes to ODF, FS, and Capitulum of the Sperm

Flagellum—We next investigated the expression of p12 during
spermatogenesis by immunohistochemistry and immuno-elec-
tron microscopy of mouse testis and epididymis, because while
we had previously detected p12 in sperm tails, the recent Oaz3
knock-out results suggested, but did not show, that p12 may
also be in the sperm connecting piece (8). As shown in Fig. 4A,
p12 is abundantly expressed in flagella of spermatozoa and

FIGURE 1. Identification of p12 in testis and sperm. A, schematic represen-
tation of putative proteins that can be encoded by Oaz3 mRNA. CUG is the
translation start site determined for p12. UGA is the translation stop codon
present in the frameshift sequence. The locations of peptides used for gener-
ation of antisera are indicated. B, Western blot analysis of proteins from testis
(lanes A) and sperm (lanes B) using the indicated antisera. Anti-1017 and anti-
ORF1 sera detected only p12, not other OAZ3 proteins. No proteins were
detected with anti-ORF2.

FIGURE 2. p12 is encoded by Oaz3 ORF1. A, a bacterial fusion protein was pro-
duced containing MBP linked to the ORF1 sequences of Oaz3. After purification,
factor X was used to cleave the fusion protein generating MBP and the indicated
peptide of ORF1 plus 4 amino acids. B, Western blotting analysis of recombinant,
factor X-cleaved ORF1 and p12 in sperm tails using anti-peptide 1017 antibody.
Sperm tail p12 migrates just ahead of the recombinant protein, which is larger by
4 amino acids. C, peptide sequence encoded by ORF1 and the putative sequence
encoded by ORF2 are shown. Peptides indicated by underline were detected by
mass spectrometry of trypsin-cleaved, purified sperm tail p12 protein. No pep-
tides were detected stemming from ORF2.

FIGURE 3. p12 does not regulate ODC. To analyze a possible effect of p12 on
ODC levels, cells were co-transfected with the indicated DNA constructs. Myc-
tagged OAZ1 was included as a positive control for ODC degradation. In indi-
cated experiments, cultures were treated with cycloheximide for 3 h after
co-transfection. Cell lysates were prepared and analyzed by Western blotting
using anti-Myc antibodies. Protein loading in all lanes was analyzed using
anti-�-tubulin antiserum. OAZ1 causes ODC degradation (lanes 5 and 6),
while p12 OAZ3 protein has no effect (lanes 3 and 4) compared with the
negative control (pCi-Myc DNA; lanes 1 and 2). Percentage degradation was
determined by quantitation of ODC amounts: ODC levels were normalized for
�-tubulin, setting the ODC level in cells transfected with empty vector and
not treated with cycloheximide at 100%.

Oaz3 Modulates Protein Phosphatase Activity

AUGUST 19, 2011 • VOLUME 286 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 29419



FIGURE 4. p12 is present in ODF, FS, and the connecting piece of sperm. A, immunocytochemical analysis of p12 protein expression in testis sections and
sections of epididymis, as indicated. To detect p12 we used anti-1017 serum. Cellular DNA was stained with DAPI. p12 is predominantly present in sperm tails
(arrows). B, immuno-electron microscopic analysis of p12 in sperm tail and sperm connecting piece. Anti-peptide 1017 antiserum was used in immuno EM,
followed by detection with gold-labeled secondary serum. Panel 1, in sperm tails, p12 is present in ODF and FS, but not in axoneme (AX) or mitochondrial sheath
(MS). Panel 2, p12 is also detected in the capitulum (C) and striated collar (SC) of the connecting piece, but not in the basal plate (BP). Panels 3 and 4, immuno EM
was done using pre-immune antiserum as negative control and to demonstrate specificity of the anti-1017 antisera used in panels 1 and 2. No stain was
observed above background level.
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elongating spermatids in the lumen of the seminiferous tubules
(arrows) and epididymis. Interstitial cells, Sertoli cells, sper-
matogonia, and spermatocytes only have background staining
indicating that p12 protein is, as expected from the mRNA
expression pattern, restricted to post-meiotic germ cells.
To obtain ultrastructural details on the localization of p12 in

sperm, we performed immuno-electron microscopy on rat
spermatozoa. The p12 protein, detected with anti-peptide-
1017 antibody and a gold-labeled secondary antibody is abun-

dant in ODF as well as FS in elongated spermatids and epidid-
ymal sperm (Fig. 4B, panel 1). The signal is absent from the
mitochondrial sheath, axoneme and sperm head (panel 1). We
discovered that, in addition to its presence in the tail, p12 is also
present at very high levels in the capitulumand striated collar of
the connecting piece (Fig. 4B, panel 2). Control experiments
using pre-immune antibodies in immuno-electron microscopy
showed no gold label in the connecting piece or ODF and FS,
indicating the specificity of the anti-peptide-1017 antibody
(Fig. 4B, panels 3 and 4).
p12 Interacts with MYPT3—Our results suggested that p12

may play a role in spermiogenesis and/or the sperm tail differ-
ent from that of a prototypic antizyme. To obtain initial clues as
to this novel function, we investigated which testicular proteins
can bind to p12using a yeast 2-hybrid system.ORF1was used as
bait to identify interacting proteins. Table 1 lists the proteinswe
discovered in this assay that can bindp12, after eliminating false
positives. One of the proteins represented by 7 independent
clones was myosin phosphatase targeting subunit 3 (MYPT3).
MYPT3 is expressed inmany tissues including testis. Recombi-
nant GST-MYPT3 was shown to inhibit the activity of protein
phosphatase 1 (PP1) in vitro (14).
Because endogenous p12 in spermatids and sperm is Triton

X-insoluble, it was not possible to isolate a complex of p12-
MYPT3 from sperm.We therefore investigated the localization
of MYPT3 in male germ cells and we analyzed the details of
p12-MYPT3 complex formation in co-transfected somatic
cells. Using a polyclonal MYPT3 antibody in immunohisto-
chemistry we found that in testis, MYPT3 is present at high
levels in interstitial cells (Fig. 5A, arrowheads), as well as in
spermatids and sperm tail (Fig. 5A, arrows). In epididymis,
MYPT3 signal is in sperm tails (Fig. 5A, arrows). The presence
of MYPT3 in male germ cells was confirmed by immunoblot-

FIGURE 5. MYPT3 expression in testis. A, immunocytochemical analysis of MYPT3 protein expression in testis sections and sections of epididymis, as
indicated. Anti-MYPT3 antiserum detected the protein in interstitial cells (arrowheads) and sperm tails (arrows). Cellular DNA was stained with DAPI. B, Western
blot analysis of spermatocytes, sperm and sperm tails using anti-MYPT3 antiserum indicated the presence of MYPT3.

TABLE 1
Results of yeast 2-hybrid screening for protein interactions with p12
protein as bait
p12 protein was used as bait in a yeast 2-hybrid screen of rat testis cDNA libraries.

Analysis of interaction between the rat 12 kDa protein and: Interaction

rat ODF1a -
rat ODF2a -
rat KLC3 -
rat GGN1 -
Interacting proteins highly expressed in testisb # of coloniesc
Tubulin, beta 2c (Tubb2c) 2
rat family with sequence similarity 71, member D (Fam71d) 1
Kelch-like 10 (Drosophila) (Klhl10) 1
Izumo sperm-egg fusion 1 (Izumo1) 1
Similar to THUMP domain containing 3 1
Rat arylsulfatase A 1
Rat 3-oxoacid CoA transferase 2A 1
Rat similar to gene model 711 (RGD1307355) 1
Interacting proteins expressed in testisb # of coloniesc
Protein phosphatase 1, regulatory subunit 16A (MYPT3) 7
Similar to GE36 (RGD1305609) 7
Similar to SEC24, member C (LOC685144) 1
GDP dissociation inhibitor 2 (Gdi2) 1
Rat arsA arsenite transporter, ATP-binding, homolog 1 1
Interacting proteins expression not determined in testisb # of coloniesc
Rat similar to hypothetical protein FLJ23305 1
Rat RNA-binding motif protein 8 (predicted) 1
Rat splicing factor 3b, subunit 2 (Sf3b2) 1

a Interaction between ODF2 and ODF1 was used as positive control for the yeast
2-hybrid system.

b Proteins that were identified as potential 12 kDa protein-interacting partners
were grouped according to expression level in testis as either “highly expressed,”
“expressed,” or “expression not determined.”

c “# of colonies” indicates the number of times an independent clone was isolated
for the same protein in the yeast 2-hybrid screening.

Oaz3 Modulates Protein Phosphatase Activity

AUGUST 19, 2011 • VOLUME 286 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 29421



ting (Fig. 5B). Thus, the expression patterns of p12 andMYPT3
overlap.
To confirm the specific interaction of p12 andMYPT3 and to

uncover sequences crucial for the interaction of p12 and
MYPT3, we used immunofluorescence and co-immunopre-
cipitation assays in co-transfected mammalian somatic cells.
Somatic cells do not express the other abundant proteins
present in the sperm tail outer dense fibers or fibrous sheath
with which p12 and MYPT3 may interact and which may
contribute to the insoluble characteristic. Thus, although
they do not represent spermatids in several respects, they
may provide for soluble complex formation to allow the pro-
tein interaction study of p12 and PYPT3, which are abundant
in spermatids. MYPT3 has a PP1-binding motif, two ankyrin
repeats (Ank1, Ank2), a PKA phosphorylation (PS) target
site and a CAAX motif (Fig. 6A). The interaction of wt
MYPT3 and several deletion mutants of Myc-taggedMYPT3
(Fig. 6A) with HA-tagged p12 was tested. Fig. 6B shows the

co-immunoprecipitation-Western blot assays of p12-MYPT3
complexes from cells co-transfected with HA-tagged p12, wt
Myc-tagged MYPT3 and the indicated mutant MYPT3 pro-

FIGURE 6. p12 interacts specifically with the ankyrin 2 repeat of MYPT3. A, schematic representation of MYPT3 motifs and MYPT3 deletion mutants made
for the interaction study with p12. The binding site on MYPT3 for PP1 is indicated. The two ankyrin repeats are indicated, as well as the C-terminal CAAX motif
and the PKA phosphorylation site (PS). B, protein interactions observed in yeast were independently confirmed in co-immunoprecipitation/Western blot
analyses. Myc-tagged full-length MYPT3 (FL) and Myc-tagged mutants (as indicated) were co-transfected with HA-tagged p12, and cell lysates were analyzed
for protein expression directly (lanes 1–5; total cell extract) or after immunoprecipitation with anti-HA antiserum and Western blot analysis of p12-bound
MYPT3 using anti-Myc antiserum (lanes 6 –10; IP with �-HA). Only the �Ank2 repeat MYPT3 deletion mutant failed to bind p12. C, protein localization of cells
transfected with one or two constructs as indicated. Transfection of p12 alone results in appearance of cytoplasmic aggregates (top panel). MYPT3 alone
displays a membrane-bound localization, mediated by the CAAX motif (top panel). Co-transfection of p12 with full-length (FL) MYPT3, the �PS mutant, the �N
mutant and the �C mutant all result in colocalization of the two proteins in cytoplasmic aggregates. However, p12 does not colocalize with the �Ank2 repeat
MYPT3 deletion mutant (which retains a membrane-bound localization), confirming the co-IP/Western blot results.

FIGURE 7. MYPT3 can bind to PP1�2. It had been described that MYPT3 can
bind PP1�. However, sperm tails only contain PP1�2. To investigate if MYPT3
can bind PP1�2 we co-transfected cells with the combinations indicated. Cell
lysates were analyzed for MYPT3 expression directly (total cell extract) (lanes
1– 4) or after immunoprecipitation with anti-HA antiserum (IP: anti-HA) fol-
lowed by detection of PP1-bound MYPT3 by Western blotting. As expected,
MYPT3 can bind PP1� (lane 6). Importantly, MYPT3 can also bind to PP1�2
(lane 8).
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teins. Lanes 1–5 show that wt MYPT3 and all deletion mutants
are expressed, as was p12. The co-IP-western result (lanes
6–10) shows that the �Ank2 MYPT3 mutant completely lost
the ability to bind p12 (Fig. 6B, lane 9), whereas all other
mutants were able to bind p12.
The interaction was next analyzed by immunofluorescence

microscopy in co-transfected cells. The results are shown in
Fig. 6C. The top two panels show the location of singly trans-
fected p12 and MYPT3. The next panels show the localization
of co-expressed p12 and wt MYPT3 (FL) or indicated MYPT3
deletion mutants. Wt MYPT3 and p12 colocalize. The immu-
nofluorescence study demonstrated that binding to p12
changes the localization of MYPT3: MYPT3 accumulates with
p12 in a punctuate pattern in the cytoplasm, away from the
membrane, confirming the interaction observed in the co-IP
Western blot assays. The �PS, �N, and �Cmutants of MYPT3
also colocalized with p12 (Fig. 6C) indicating that, as expected
from the co-IP study, the MYPT3 N terminus, C terminus or
the PS region are not involved in p12 binding. However, dele-
tion of the second group of ankyrin repeats (�Ank2) ofMYPT3
disrupted its interaction with p12 (Fig. 6C). These data confirm
the initial observations in yeast, and establish that p12 can bind
MYPT3.
MYPT3 Can Bind to PP1�2—The binding of p12 to ankyrin

repeat 2 (Ank2) of MYPT3 suggested a novel function for p12.
MYPT3 had previously been shown to bind to and regulate
activity of PP1� (15). It is thus possible that p12 may modulate
the activity of PP1� through its interaction withMYPT3. How-
ever, the only PP1 isoform detected in sperm tails is PP1�2.We
therefore first needed to establish if MYPT3 can associate with
PP1�2. Myc-tagged MYPT3 and HA-tagged PP1� (as positive

control) or HA-tagged PP1�2 were co-expressed in HEK293
cells and their association was analyzed by co-immunoprecipi-
tation-Western blotting. Our results (Fig. 7) show that Myc-
MYPT3 was expressed in all experiments (lanes 1–4) and that
MYPT3 can associate with both PP1� (lane 6) and PP1�2 (lane
8). This result, together with the presence of p12, MYPT3, and
PP1�2 in sperm tails, suggested the possibility that p12 may
modulate the activity of MYPT3 and PP1�2.
p12 Modulates Activity of Both PP1� and PP1�2—We next

analyzed a possible effect of p12 on PP1 activity. As an indicator
of PP1 activity, we measured the disassembly of actin stress
fibers (visualized by phalloidin) resulting from dephosphory-
lation of myosin light chain, a convenient and commonly used
test of myosin PP1 activity in transfected cells (15, 16). This

FIGURE 8. p12 modulates PP1 activity in the presence of MYPT3. A, possible effect of p12 and MYPT3 on PP1 activity was measured using the inhibition of
stress fiber formation by active PP1. Stress fibers were visualized in transfected cells using phalloidin. Images are examples of areas in the cultures showing both
transfected (GFP-positive) cells and untransfected cells. GFP has no effect on stress fiber formation (arrows): the top right hand panel shows an inset with a
magnification of stress fibers in the GFP-positive cells as an example. PP1� inhibits stress fiber formation in cells as expected (arrowheads), whereas co-
transfection of MYPT3 and PP1� restores stress fibers in cells (arrowheads). Co-transfection of p12, MYPT3 and PP1� causes loss of stress fibers (arrowheads)
indicative of PP1� activation. Arrows indicate untransfected cells showing stress fibers. B, same analysis as in A was carried out for PP1�2. The results are
identical: PP1�2 causes loss of stress fibers, and co-transfection of MYPT3 and PP1�2 allows stress fiber formation in transfected cells (arrowheads) indicative
of inactivation of PP1�2 activity. Co-transfection of p12, MYPT3 and PP1�2 results in loss of stress fibers (arrowheads) indicative of activation of PP1�2
activation. Arrows indicate untransfected cells showing stress fibers.

FIGURE 9. Quantitation of stress fiber formation in transfected cells. All
data accumulated for the transfection experiments of which examples are
shown in Fig. 8 were analyzed using the t test. Indicated are the combinations
of the transfected DNA vectors, the average % of transfected cells with stress
fibers, and the result of statistical analysis. The graph shows the mean and the
standard deviation from four independent experiments. Statistical signifi-
cance (t test): (a) p � 0.017; (b) p � 0.044; (c) p � 0.013; (d) p � 0.012; (e) p �
0.041; (f) p � 0.08.
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assay allowed us to analyze effects of MYPT3 and of p12 or
combinations of p12 and MYPT3 on PP1 activity (analyzing
both PP1� and PP1�2). In co-IP/Western and immunofluores-
cence experiments we had determined that p12 does not bind
PP1 directly (not shown). Fig. 8A shows examples of results
using p12, MYPT3, and PP1� and Fig. 8B shows examples of
results for p12, MYPT3, and PP1�2. Quantitation of all exper-
iments is shown schematically in Fig. 9. First, as a control, we
expressed PP1� alone in mouse fibroblasts: this resulted in a
decrease in the % of transfected cells that exhibit stress fibers
(Fig. 8A; PP1�; arrowhead shows examples of PP1-transfected
cells that lost stress fibers), whereas the % of cells with stress
fibers was not affected in untransfected cells or in cells express-
ing transfected GFP (Fig. 8A; GFP, PP1�; arrow shows exam-
ples of untransfected cells and of GFP-transfected cells that
retain stress fibers). Co-expression of MYPT3 and PP1�
resulted in a restoration of stress fibers in transfected cells to
levels observed in untreated cells (Fig. 8A; MYPT3 � PP1�;
arrowhead points to transfected cells that show stress fibers).
This is consistent with the reported role ofMYPT3 as an inhib-
itory subunit of PP1 (15). Importantly, introduction of p12
together with MYPT3 and PP1� resulted in a decrease of % of
transfected cells that exhibit stress fibers to a level similar to
that achieved by PP1 alone (Fig. 8A; p12�MYPT3�PP1�;
arrowheads point to transfected cells that lost stress fibers)
while untransfected cells retain stress fibers (arrows). The same
results were observed for PP1�2 (Fig. 8B) showing that PP1�2
affects stress fiber formation and that this activity can be regu-
lated by MYPT3 and p12. These results demonstrate that p12
counteracts the inhibitory effect of MYPT3 on PP1 activity.
The quantitation of experiments (Fig. 9) shows that the % of

transfected cells that exhibit stress fibers decreases significantly
upon transfection of PP1 (compare lanes 1, 4, and 7). Addition
of MYPT3 to PP1 reverses this effect for both phosphatases
(compare lanes 4 and 5 for PP1�2, and lanes 7 and 8 for PP1�).
Transfection of all three (p12, MYPT3 and PP1) results in a
decrease in % transfected cells with stress fibers similar to that
observed for transfection of only the PP1 (compare lanes 4 and
6 for PP1�2, and lanes 7 and 9 for PP1�). These results repre-
sent the first demonstration of a novel activity for an Oaz gene,
viz. the regulation of PP1 activity: p12 interferes with the inhi-
bition of PP1 activity by MYPT3.
Mode of Action of p12—We developed two working models

that each can explain the observed effect of p12 onMYPT3-PP1
activity (Fig. 10). These models take into consideration previ-
ous reports, which showed that MYPT3 and PP1 are in a com-
plex in cells (15) (Fig. 10A), as well as the importance of the
MYPT3 PKA phosphorylation site for the activity of MYPT3-

PP1: the unphosphorylated PS binds theAnk domains resulting
in inhibition of PP1 activity byMYPT3. Phosphorylation of the
PS results in a MYPT3 conformational change resulting in
enhanced PP1 activity. In model 1a, the interaction of p12 with
MYPT3 disrupts the inactive MYPT3-PP1 complex and
sequesters MYPT3. This results in increased PP1 activity. In
model 2a, p12 does not disrupt the MYPT3-PP1 complex, but
interferes with the inhibitory action of MYPT3 on PP1, result-
ing in increased PP1 activity. Models 1a and 2a cannot be dis-
tinguished using wt MYPT3, since both models predict activa-
tion of PP1 by p12. However, the MYPT3�PS deletion mutant
had previously been shown to activate (not inactivate) PP1 (15)
and as we demonstrate here binds p12: we used this mutant to
distinguish the two models. In model 1b, p12 sequesters
MYPT3�PS resulting in a decrease in PP1 activity as measured
by an increase in % transfected cells with stress fibers. In model
2b) p12 does not disrupt theMYPT3�PS-PP1 complex, activity
is maintained or enhanced, and one expects the presence of
transfected cells without stress fibers. Cells were transfected
with the constructs shown in Fig. 10, B and C. The results
(quantitated in Fig. 10C) show that expression of PP1� results
in a decrease to �50% of transfected cells displaying stress
fibers similar to the results for PP1� shown in Fig. 9 (lane 7).
Co-expression of MYPT3�PS and PP1� resulted in enhanced
PP1 activity (only 40% of transfected cells displaying stress
fibers), confirming the previously reported (15) positive effect
of MYPT3�PS on PP1� activity. Co-expression of p12 with
MYPT3�PS and PP1� resulted in a further, small increase of
PP1 activity (as predicted in model 2b) with 37% of transfected
cells displaying stress fibers. Thus, p12 does not appear to dis-
rupt MYPT3-PP1 complexes, indicating that model 2 likely
applies.

DISCUSSION

The function of ornithine decarboxylase antizymes is well
established as an important regulator of the ODC/polyamine
pathway (6, 17). The translational frameshift of antizyme
mRNA is a unique feature of these genes. The first open reading
frame ORF1 of the antizyme genes Oaz1 and Oaz2 are believed
to lack a clear function, while the second open reading frame
ORF2 contains theODCbinding sequences andmediates ODC
regulation. The question remains how the ODC/polyamine
pathway is regulated in testis where Oaz3 is expressed abun-
dantly after meiosis. A previous report of testicular ODC activ-
ity during rat development indicated that whilemRNA levels of
ODC increase during sexual maturation, ODC activity
decreased (18). It was also demonstrated that ODC transcripts
were negatively regulated at the translational level in adult

FIGURE 10. p12 can form a tripartite complex with MYPT3 and PP1. A, schematic representation of two models that may explain the effect of p12 on
MYPT3-PP1 activity. Models 1a and 2a show results for wild type MYPT3 (wt-MYPT3), whereas models 1b and 2b shows the predicted results for the MYPT3 PKA
phosphorylation site deletion mutant MYPT3�PS. In contrast to wt-MYPT3, MYPT3�PS enhances PP1 activity. We show in Fig. 6 that the MYPT3�PS mutant
binds p12. In model 1a p12 binds to MYPT3 and sequesters it, causing an increase PP1 activity. In model 2a p12 forms a complex with MYPT3-PP1 and prevents
the inhibitory action of MYPT3 on PP1 activity, causing increased PP1 activity. In model 1b p12 binds to MYPT3�PS and sequesters it, resulting in a reduction
in PP1 activity. In model 2b p12 forms a complex with MYPT3-PP1 and does not affect MYPT3-PP1 activity. B, to distinguish the two models, cells were
transfected with PP1�, and with combinations of PP1� and MYPT3�PS (panels 1 and 2) or with p12, PP1� and MYPT3�PS (panels 3 and 4). Panels l and 2 show
that transfected cells lost stress fibers (arrowheads), indicative of PP1 activity. This result confirmed earlier reports on the MYPT3�PS activity. Panels 3 and 4
show that addition of p12 to MYPT3�PS-PP1 did not change the result: transfected cells lost stress fibers (arrowheads) while untransfected cells have stress
fibers. C, quantitation of independent experiments shows a significant (p � 0.02) decrease in stress fiber formation in cells co-transfected with all three
constructs compared with cells transfected with only PP1�.
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mouse testis, as most ODC mRNA was associated with non-
polysomal fractions (19). These data suggest that the ODC/
polyamine pathway is under tight regulation during spermato-
genesis, but by amechanismdifferent from the canonicalODC-
antizyme one. This conclusion recently received support from
data from theOaz3 knock-out mouse, where no disturbance of
polyamine levels was found in homozygous male knockouts as
well as by our current results, which show that the predominant
Oaz3-encoded male germ cell product is p12, which does not
regulate ODC. Instead, we discovered that p12 displays a novel
activity, viz. the regulation of protein phosphatase 1.
Oaz3-encoded Protein p12—When mouse Oaz3 was discov-

ered, a 22 kDa protein with antizyme activity was predicted
based on studies of Oaz1 and Oaz2 genes (5). Tosaka et al.
showed that a polyamine-induced frameshift of Oaz3 mRNA
can be measured in a sensitive in vitro cell culture system and
OAZ3 protein was detected in sperm flagella with an antibody
raised to ORF2. Our results do not support the presence of a 22
kDaor 28 kDaOAZ3protein in spermatids and sperm:we show
that translation of p12 initiates fromanupstreamCUGand that
p12 is encoded by ORF1. Our results support previous reports
demonstrating that the translational frameshift ofOaz3mRNA
is inefficient and does not support production of detectable
amounts of 22 or 28 kDa OAZ3 protein in male germ cells (7).
Although it cannot be ruled out that a translational frameshift
of Oaz3 gene occurs to generate very small amounts of the 22
kDa OAZ3 protein, we demonstrate that in spermatids p12 is
the major gene product.
Oaz3-encoded p12 is not unique to rat: we have detected p12

inmouse and bull spermusing our antibodies (data not shown).
The amino acid sequence of p12 is highly conserved in several
mammalian species. However, using bioinformatics analysis we
could not find a homolog of p12 in non-mammalian species
including zebra fish, fruit fly, and nematode. This is in contrast
with Oaz1 which is present in many organisms including yeast,
andOaz2which is present in zebrafish. This result suggests that
the acquisition of theOaz3 genemay be a late event in evolution
and that p12 may have evolved a specialized function.
p12, Protein Phosphatase Activity, and SpermFunction—The

Oaz3 knock-out mice that were recently reported have an
unexpected phenotype: rather than showing a disturbance of
polyamine metabolism, homozygous males were infertile
because of the presence of separated sperm heads and tails in
cauda epididymis (8). Interestingly, the ultrastructure of sepa-
rate heads and tails appeared normal. The breakage occurred at
the basal plate and striated columns suggesting a fragile con-
necting piece. The tailless heads underwent acrosomal reac-
tions normally and were able to fertilize eggs upon microinjec-
tion. Interestingly, the Oaz3� headless tails were observed to
beat vigorously, even after 14 h of incubation, much more so
than comparable normal Oaz3� sperm.
It is unknown how loss ofOaz3 contributes to the separation

of sperm heads and tails or to the vigorous beating of the sepa-
rated sperm tails. Our observation of a role for p12 in the reg-
ulation of PP1 activitymay provide clues. The caveat is that due
to the insolubility of proteins in the outer dense fibers it has not
been possible to demonstrate complexes of p12-MYPT3 and/or
p12/MYPT3/PP1�2 in sperm tails despite many different bio-

chemical isolation strategies attempted. However we believe
that our discovery of the novel activity of p12 is relevant to the
study of spermatogenesis for the following reasons: (a) it is pos-
sible if not likely that p12-MYPT3 complexes may exist in vivo,
because we show by immunofluorescence assays that these
abundant proteins show similar localization in spermatids
(supplemental Fig. S1) and both localize to the sperm tail, the
site for PP1�2. 2) The expression levels achieved in somatic cell
co-transfection studies likely approach the abundant expres-
sion observed in vivo. 3) We suggest that p12 likely does not
play a structural role in sperm: p12 is present in ODF and FS
and connecting piece. Because no gross morphological abnor-
malities were observed in the connecting pieces or tails of
Oaz3-null mice (8) (with the caveat that no ultrastructural data
for ODF and FS were presented), it is not likely that p12 is an
important structural component.
We propose that p12 plays a role in signaling by modulation

of protein phosphatases. e.g. it is possible that p12 plays a role in
the assembly of the head-tail coupling apparatus, without
which the head and tail connection is fragile: e.g. p12maymod-
ulate PP1 at these locations to ensure the correct phosphoryla-
tion status of important structural proteins, a process that may
be disturbed in the knock-out spermatozoa.Our data show that
p12 can regulate PP1�2 activity, which is the only protein phos-
phatase present in the tail. PP1�2 was shown to be crucial for
spermmotility (20–22). It was demonstrated that phosphatase
activity is important both during spermatogenesis and during
epididymal transition. PP1 activity inhibits sperm tail motility
during epididymal passage: inhibition of phosphatase activity in
rat sperm by Calyculin A leads to the precocious activation of
hyperactive-like motility (23). Our finding that p12 interacts
with MYPT3 and positively modulates the activity of PP1�2
indicates that p12 may have a role in maintaining phosphatase
activity in sperm tails while sperm travels through the epididy-
mis. In agreement with this model it has been documented that
PP1�2 phosphatase activity is high in caput epididymis,
decreases during passage through the epididymal tract and is
low in cauda epididymis (24). The gradient of protein phospha-
tase activity is possibly achieved by the association of PP1�2
with the inhibitory subunit Sds22, which may replace MYPT3
(24, 25). In the Oaz3 knock-out male mice, p12 is not available
during these critical stages, possibly resulting in inhibition of
PP1 byMYPT3 and prematuremotility. The observed vigorous
flagellar beating may then contribute to the separation of head
and tail in the epididymis.
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