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PP1g Null Mice
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ABSTRACT: Male mice homozygous for a null mutation in the protein phosphatagéRR1lg) gene are
infertile, displaying a severe impairment in spermatogenesis that is not compensated by the presence of
PPlo and PP1g8 in mutant testes. A lack of the PPAZ splice variant seems the most likely cause of

the mutant phenotype, as it is the most heavily expressedyPBdiorm in wild type testes. Yeast two-

hybrid screening using PP2 has identified several new binding partners, including endophilin B1t, a
testis enriched isoform of endophilin Bla which differs from the somatic form by virtue of a carboxy
terminal deletion spanning the last 10 amino acids. The testis isoform did not show an interaction with
PPle, or with a truncated PP12 mutant lacking the unique carboxy terminus. In contrast, somatic
endophilin Bla did not interact with any of the PP1c isoforms. Sedimentation and co-immunoprecipitation
experiments using native testis proteins verified binding of endophilin B1t to2PImmunohistochem-

istry on wild type testis sections revealed a stage specific expression pattern for endophilin that appeared
concentrated at discrete puncta throughout the seminiferous epithelium. Punctate endophilin expression
in cells adjacent to the lumen was absent in BPdall mice. Phosphatase assays indicate that chimeric
endophilin B1t is able to inhibit recombinant PR2cactivity toward phosphorylasewhile having little

effect on the activity of PPIc A potential role for endophilin B1t in mammalian spermatogenesis is
discussed within the context of the PRImockout testis phenotype.

Protein phosphatase 1 (PPt a major eukaryotic serine/  consensus sequence is (R/K)XV/I){ P} (F/W), where X%-1
threonine phosphatase composed of a single catalytic subunitepresents the possible presence of an amino acid, whose
(PP1c) in complex with one or more regulatory subunits. identity varies, whilg{P} is any amino acid except proline)
Catalytic subunits are highly conserved across phyla, while (8). This motif has been implicated in an interaction with a
regulatory subunits are varied and thought to confer sub- conserved hydrophobic channél).(Isolated PP1 holoen-
cellular localization and substrate specificity).( Higher zymes typically contain only one inhibitor or targeting
eukaryotes typically contain multiple PP1c isoforms showing subunit, indicating that interaction of different regulatory
an overall sequence similarity #90% ). Mutations in subunits is often mutually exclusivé@. Of the known PP1
PP1c genes from different organisms have resulted in distinctregulatory proteins only a small subset, such as the neurabins,
physiological defects, suggesting that different isoforms have actin-binding proteins that are thought to regulate synaptic
the potential for unique functions despite close sequencedepression in brain neurons, are known to preferentially
similarity (3—6). One way in which functional independence interact with specific PP1c isoform&, 12).
can be achieved is through preferential interaction with  In mammalian systems, four different PP1c isoforms have
particular regulatory subunits. To date more than 50 regula- been identified: PP1g PP1g, PP1¢1, and PP1g2, where
tory subunits have been identified which target PP1 to diversethe latter two variants are derived through alternate splicing
cellular processes including glycogen metabolism, protein of the PP1e gene (3). The isoforms are over 98% identical
synthesis, mitosis, synaptic depression, and smooth muscleexcluding the extreme carboxy termini where most of the
contraction 7). Evidence suggests that regulatory subunits divergence in sequence occuig), Male mice homozygous
bind PP1c through multiple points of interaction, with many for a null mutation in the PP3cgene are infertile, displaying
containing a degenerate “RVxF” motif (the more general a severe impairment in spermatogenesis despite the continued

presence of PP&c and PP18 (3). The phenotype is
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Table 1: Primers Used for Cloning and Expression Studies
A. Cloning into pGAD7

PP1g2 primer 1 (F) 5GGACGGCCATGGCGGATAT-3
primer 2 (R) 5-ATGTTAGAATTCCCAACCAGG-3
PP1g1 primer 3 (R) 5GTCACCGCAGAATTCAGAATGT-3
PPla primer 4 (F) 5-GACGGCGCCATGGCCGACAGC-3
primer 5 (R) 5-ACAGGGTGGAATTCGGGGGCT-3
PP1g?2 truncated primer 6 (R) '"ECTAATGGACGAAATTCAGGCCTG-3
endophilin B1t primer 7 (F) 5GCTGCCGCCCGGGATGAACATC-3
primer 8 (R) 5-GGATGCTTCACTCGAGGGAGGCC-3
endophilin Bla primer 9 (R) "BATGGGTAACCTCGAGTGGTCTCCC-3
B. RT-PCR
endophilin B1t primer 10 (F) 'BAGCTGACCGAGAGCTGATTC-3
primer 11 (R) 5ACTACCGGATGCTTCACACC-3
p-actin primer 12 (F) 5AGCTGAGAGGGAAATCGTGC-3
primer 13 (R) 5TCAGCAATGCCTGGGTACAT—3
C. Cloning into pcDNA3.1
PP1lg2 primer 14 (F) 5GGGACGGCGCTAGCGGATATC-3
endophilin B1t primer 15 (F) 'BCCCGGCTGCTAGCCGGCATGAAC-3

elongate spermatids, as well as increased levels of apoptosisigated separately into pGBKT7 (Clontech). Two versions
(15 and aneuploidy X6) in developing germ cells. In  of endophilin were cloned. Endophilin B1t was cloned by
addition to the observed germ cell defects large “holes” may RT-PCR using primers 7 and 8 on RNA extracted from testis
also be observed in the seminiferous epithelium that may using Trizol (Invitrogen). The endophilin B1t fragment was
be either vacuoles in the Sertoli cells, indicative of Sertoli digested withSma and Xhd and ligated into the multiple
cell dysfunction 17), or gaps left by dead germ cells. Alack cloning site of pPGADT7 (Clontech). Somatic endophilin Bla
of the PP1g¢2 splice variant seems the most likely cause of was cloned by two rounds of RT-PCR on testis RNA using
the mutant phenotype, as it is the most abundant P1c primers 7 and 9. Two rounds of PCR were necessary to
isoform in the testis X8). To date, known physiological generate sufficient yield of the low abundance somatic splice
binding partners of PP32, including the glutamate receptor variant from testis RNA. All two-hybrid vectors were
mMGIuR7b 9), the 78 kDa glucose-regulated proteR0Y sequenced to ensure coding sequences had been inserted in
and a mammalian homologue of yeast SdsZ2y) ére also frame.

known to bind other PPlc isoforms, or have not been  pgait vectors containing PP1c constructs were transformed
characterized in terms of their specificity. separately into yeasSaccharomyces cerisiae AH109

To explain the phenotype of PPiawll mice, we have  (MATa, trp1-901, leu, 112, ura3-52 his3-20Q galdA,
hypothesized the presence of one or more regulatory subunitgal8QA, LYS2::GALLAsGALLarxHIS3, GALZAsGAL2raTa
in the testis that interact specifically with PB2; but not ADE2, ura3::MELLxsMEL1ATA|acZ) and maintained on
PPle or PP1g, targeting the enzyme to a function required - synthetic dropout media without tryptophan. Screening was
for spermatogenesis. Such a regulatory subunit would likely conducted using a mouse testis expression library constructed
contain novel sequences that allowed for an interaction with jn pACT2 from pooled 812 week BALB/c males (Clon-
the unique C-terminus of PPA2. Our studies identified a  tech). The library was amplified iEscherichia colistrain
small number of isoform specific interactors, including three BNN132 as in Elledge et al2#), and plasmid DNA was
unknown proteins, Spz12) and a testis-enriched variant  pyrified using a maxi-prep kit from Qiagen. Library plasmid
of endophilin designated as endophilin Bit. Here we pNA (500ug) was transformed into yeast AH109 expressing
characterize endophilin B1t expression in the testis and PP1g¢2 by the LiAc method as described in the Clontech
confirm the interaction between PRZand endophilin B1t.  yeast Protocols Handbook (2001). Transformed cells were
We propose that endophilin, whose function in other cells gglected after 57 days incubation at 30C on minimal
is associated with endocytosis, may be involved in some of nedia. Activation of thdacZ reporter gene was assessed
the dynamic tissue remodeling that occurs in the testis, andyia colony lift assay using X-gal as described in the Clontech
that the loss of PPJamay impair the activity of the testicular  manual. Plasmid DNA from positively interacting clones was
endophilin variant. extracted using a yeast plasmid purification kit (CPG Inc.)
and electroporated26) into previously prepared electro-
MATERIALS AND METHODS competent. coli DH5a cells 26). Plasmids recovered from

Yeast Two-Hybrid Screening and Assals.create two- E. C(_)Iiwere retra_ns_formed_into yeast expressing BR1o _
hybrid vectors, coding sequences for mouse PR1eP1¢1, confirm _two—hybrld interactions, then separately into strains
PP1a, and a truncated PP#2 lacking 18 amino acids from ~ €Xpressing bait constructs for PR1&P1¢1, lamin C, and
the C-terminus were amplified by PCR from pGEM7z truncated PP3c.
vectors containing full-length cDNA<28). PCR was per- Antibody Production and Western Blottingolyclonal
formed using the following primer sets (Table 1): for antibodies recognizing both PPBAcsplice variants were
PP1g2, primers 1 and 2; for PP%&, primers 1 and 3; for ~ generated in rabbits against the peptide “KPAEKKKP-
PPle., primers 4 and 5; for truncated PRI primers 1 NATRPVT". The peptide was synthesized commercially and
and 6 (primer sequences are summarized in Table 1).coupled to keyhole limpet hemocyanin using an Imject
Resulting fragments were digested wiNlcd and EcoRl and sulfhydryl reactive antibody production kit (Pierce). Antibod-
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ies were produced in rabbits, and sera were harvested usindpefore. Resulting cells were lysed after 3 days in 1 mL of
standard technique27). immunoprecipitation buffer (50 mM Tris-HCL, pH 8.0,

Antibodies directed against endophilin (mouse anti-Bif-1 120 mM NaCl, 0.5% NP40, 1 mM PMSF, andi@/mL each
IgG) were obtained commercially (Imgenex). Antibodies of leupeptin, aprotinin, and pepstatin A) for 15 min &t@
directed against Bax (rabbit anti-Bax 1gG) were obtained Lysates were centrifuged at 105pfr 10 min at 4°C, and
commercially (Santa Cruz Biotech). Antiserum directed the supernatant was split into 500 samples. PP3@ and
against PPLe2 was kindly provided by S. Vijayaraghavan. endophilin B1t were precipitated separately usinggbof

For Western blotting, testis protein extracts were prepared chicken antimycor anti-HA antibodies (Aves Labs) at4C
by homogenizing whole mouse testes with mortar and pestlewith gentle rotation for 1.5 h. Antibody and bound proteins
in protein extraction buffer (100 mM NaCl, 1 mM EDTA were precipitated with 5Q:L of anti-chicken IgY im-
pH 8.0, 10 mM Tris-HCI pH 7.5, 1 mM PMSF, with dg/ mobilized on agarose beads (Promega). Protein complexes
mL each of aprotinin, leupeptin, and pepstatin A) using were washed extensively before addition of SHEBAGE
500uL of buffer per 50ug of tissue. Following centrifugation ~ sample buffer and Western blotting. For control experiments,
at 1050@ for 10 min at 4°C, the resulting supernatants were 5 ug of anti-GATA1 or anti-PPle was used with COS-1
collected and 2fxg samples were boiled in SDS buffer prior lysates as before. Bound proteins were precipitated with
to SDS-PAGE using 12.5% (w/v) acrylamide gels. Proteins 10uL of 50% Protein A: Agarose beads (Transduction Labs)
were transferred to nitrocellulose with a Novex Western before Western analysis.
transfer apparatus and immunoblotted as descril2&l ( Sedimentation Assaydlild type testis protein lysates were
PP1lg, endophilin, and Bax antibodies were used at con- prepared as described above. Varying amounts of GST-
centrations of 1:500. Goat anti-PR{lcat anti-GATA1, and endophilin B1t were bound to 44 samples of glutathione
HRP-coupled secondary antibodies (Santa Cruz Biotech)sepharose 4B beads (Amersham) according to manufacturer’s
were used at 1:1000. Bound complexes were visualized usinginstructions. Binding of GST-endophilin B1t was verified
an enhanced chemiluminescence detection system (Amervia Coomassie Blue staining following electrophoresis. Beads
sham). For Western blotting with Bax antibodies, heart were washed 2 times with PBS before addition of 5 mg total
protein extracts were prepared as above due to the lowtestis protein and incubation fa2 h at 4 °C. Protein
concentration of Bax in testis and brain protein extracts. complexes were washed 3 times with extraction buffer

Reverse Transcriptase-PCR and Northern Blottifigptal (200 mM NaCl, 1 mM EDTA pH 8.0, 10 mM Tris-HCI pH
RNA from multiple mouse tissues was isolated using Trizol 7.5, 1 mM PMSF) before elution in SDS sample buffer and
according to manufacturer’s instructions. All tissues were Western analysis. Relative amounts of PF2lerere quanti-
dissected from a 15 week old wild type male CD-1 mouse fied using Optiquant software (Packard Biosciences). Interac-
except ovary, which was pooled from three female litter- tion between both GST-endophilin B1t and GST-endophilin
mates. Reverse transcription was carried out gig RNA Bla, and Bax was performed as described above, except that
samples using Superscript Il (Invitrogen). Resulting cDNA heart extract was used instead of testis extract due to low
was diluted 1:10 and used in separate PCR reactions toexpression of Bax in testis.
amplify a 726 bp endophilin B1t fragment with primers 10 Protein Phosphatase-1 Aeity Assays.To produce ex-
and 11 (Table 1). As-actin fragment was amplified as a pression vectors for recombinant PP1c isoforms, coding

positive control using primers 12 and 13. sequences for PP{2 and PP1e were first obtained through
Co-Immunoprecipitation from Testis Lysat&¥ild type restriction digest of plasmid DNA from respective two-hybrid

testis protein lysates were prepared as described abovebaits usingNcd andSal. Respective cDNA fragments were

500ug of testis lysate at/dg/1 uL was incubated with g cloned into corresponding sites on an NpT7-5 plasmid vector

of anti-PP1¢ or 5ug of anti-endophilin fo 2 h at 4°C with (generously provided by Dr. S. Shenolikar). Recombinant
gentle rotation. Antibody and bound proteins were precipi- plasmids were transformed int. coli BL21, and lysates
tated with 5QuL of Protein G: Sepharose 4B (Sigma) for 1 expressing PP1c were prepared as in LudI8d).(
h at 4 °C. Protein complexes were washed 5 times with  To produce radiolabeled substrate, phosphorylasas
protein extraction buffer before the addition of SEISAGE phosphorylated using phosphorylase kinase (Sigma) and
sample buffer and Western blotting. 6000 Ci/mmol p-*?P]JATP (Amersham) as described?).
Co-Immunoprecipitation in COS-1 CellS0OS-1 sellswere  Unincorporated?P was dialyzed over a period of 2.5 days
cultured on plates in Dulbecco’s modified Eagle’s medium at 4°C in 50 mM Tris-HCI pH 7.5, 1 mM MnGJ and 0.1%
with 10% fetal calf serum according to standard procedures S-mercaptoethanol. A full length GST-endophilin B1t con-
(29). For expression constructs, PR2cDNA was amplified struct was prepared through digestion of the respective two-
by PCR using primers 14 and 2 from a pGEM7Z vector as hybrid plasmid to release a cDNA insert, followed by cloning
before. Endophilin B1t cDNA was amplified from testis RNA  into pGEX-6P-2. GST-endophilin B1t protein was prepared
using primers 8 and 15 (Table 1). The cDNA fragments were as described previously. Phosphatase assays using 1:100 of
digested witiNhd andEcaRl (for PP1¢2) or Nhd andXhd bacterial lysates were performed for 15 min at q7 in
(for endophilin B1t) and cloned separately imbgc- andHA- 50 mM Tris-HCI, pH 7.5, 1 mg/mL bovine serum albumin,
pcDNAS3.1 plasmid vectors (Invitrogen). The PR2ccon- 1 mM MnCl, and 0.1%g-mercaptoethanol using 20M
struct was introduced into COS-1 cells by electroporation radiolabeled phosphorylase(31, 32). Specifically, 20uL
by stable transfection using a Bio-Rad Gene-Pulser accordingof diluted PP1c source was premixed with/A00f chimeric
to the method of Misumi et al30), and transformed cells  PPZ1c-binding protein or buffer before addition of 2D of
were selected in 0.8 mg/mL G418 for one week. Two phosphorylasea to start the reaction. Reactions were
60 mm culture dishes were grown to 90% confluency before restricted to a maximum of 20% release of labeled phosphate
transient transfection wittHA-pcDNAS3.1-endophilin as  to ensure linearity of phosphate release over time. GST-
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neurabin 1 containing amino acids 37816 of neurabin I, A

and GST-G containing amino acids-1240 of G,, were | | | ‘|‘
generous gifts from Dr. S. Shenolikar.

Immunohistochemistrymmunohistochemistry was per- ke
formed on testes from 1416 week old wild type CD-1and B

PP1¢ null mice. In each case testes were dissected and fixed MNIMDFNVKKLAADAGTFLSRAVQFTEEKLGQAEKTELDAHLENLLSKAECT
; ; - : ; KIWTEKIMKQTEVLLQPNPNARIEEFVYEKLDRKAPSRINNPELLGQYMIDAGT
0,

for 24 h in 4% formalin. Resulting fixed tiSSue WaS  ErGpGTAYGNALIKCGETQKRIGTADRELIQTSALNFLTPLRNFIEGDYKTIAKE
dehydrated in a graded ethanol series and embedded iNRKLLONKRLDLDAAKTRLKKAKAAE TKSSSEQELRITQSEFDRQAEITRLLLEG
; iR ISSTHAHHLRCLNDFVEAQMTYYAQCYQYMLDLOKQLGSFPSNYLSNNNQT
paraffin, dewaxeq, and' hyd'rat.ed as descri . (n or der SGTPVPYALSNAIGPSAQASTGSLVITCPSNLNDLKESSNNRKARVLYDYDAA

to unmask potential antigenic sites, heat antigen retrieval was NsTELSLLADEVITVFSVVGMDSDWLMGERGNQKGKVAITYLELLN

performed in a microwave with the slides immersed in Fgure 1: Endophilin B1t results from differential splicing that
0.01 M Tris-HCI pH 9.0 buffer. Slides were microwaved generates a slightly truncated protein. (A) The endophilin B1 gene
for two separate 8 min periods on medium high heat, with encodes several different isoforms through differential splicing.
a 3 min cooling down period between. Following microwave lllustrated here is the variant splice that generates endophilin B1t,
treatment the slides were washed 10 min in PBS with 0.4% through the use of a cryptic splice donor site in the last exon of
- . ) endophilin Bla (short open bar) and an exon approximately 6 kb
Photoflo (Kodak), 10 min in PBS with 0.005% Triton X-100, downstream. (B) This splice event introduces a stop codon at the
and 10 min in PBS with 10% antibody dilution buffer (10% new splice junction, resulting in a protein that is missing the last
goat serum, 3% bovine serum albumin, 0.05% Triton X-100). 10 amino acids (small italics). The RVXF motif is underlined.
Incubation with bif-1 (endophilin) antibody (1:500) was
performed overnight at 4C, after which slides were washed
and blocked in dilution buffer as before. Secondary antibody
treatment was fo4 h at 4°C using 1:4000 Cy3 goat anti-
rabbit IgG (Jackson Labs). Secondary antibodies were
removed for 20 min in PBS with 0.4% Photoflo, before
counterstaining with DAPI at 0.4g/mL for 10 min. After
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two final washes for 10 min in 0.4% Photoflo, the slides BBt
were mounted in 50% glycerol for viewing. Sections were _
examined with an Olympus BX60 microscope equipped with actn R el i abede o ]

rhodamine and DAPI filters. Slides were imaged using an Ficure 2: Endophilin Blt is expressed in a subset of tissues. RNA
Olympus UPlanFIl 0.75 N.A. lens. Images were captured from indicated tissues was subjected to RT-PCR using endophilin
using Cool Snap software and a CCD camera (RS Photo-B1t specific primers. Strong expression was observed in testis and
metrics). Images were adjusted for brightness and Contraslleer, while weak but detectable expression could be seen in skin,

in Photoshop 6.0 (Adobe). iz)onraif.h, and ovary3-Actin was amplified from each sample as a

Animal ProtocolsMice were bred using standard animal

husbandry. To maintain the PBlmutant colony, individual ~ endophilin ¢cDNA with genomic sequence revealed the
mice were genotyped from genomic DNA isolated from tails presence of an additional exon approximately 6 kb down-
using a PCR-based method previously descril3diG our stream of the last exon in endophilin Bla. The splice donor
laboratory, the PP3cmutant allele has been propagated on site for this testis specific exon resides within the coding
a CD-1 background (Charles River Labs). Rabbits used for sequence of the last endophilin Bla exon, and results in a
antibody production were also maintained using standard putative protein that is identical with endophilin B1a, with
animal husbandry procedures. All procedures involving the exception that it is missing the last 10 amino acids
laboratory animals were approved by The Canadian Council (Figure 1; GenBank accession number DQ205686). All

on Animal Care. endophilin B1 isoforms possess a canonical RVxF motif

Sequence InformationThe accession number for the (RAVQF) near the amino terminus. CrossMatch alignment
endophilin B1t sequence is ABA54268. reveals the presence of numerous mouse ESTs which have

undergone this differential splice, and also the location of

RESULTS the most likely polyA addition signal. We have designated

Isolation and Identification of Endophilin Blin order to this new isoform endophilin B1t.
identify putative regulatory subunits of PRBR; we have Endophilin B1t Is Predominantly Expressed in Testis.
performed a yeast two-hybrid screen using the PR1c Endophilin Bl is a well-characterized protein, and is widely
isoform as bait to screen a mouse testis expression libraryexpressed 34). However, we had difficulty amplifying
from 8—12 week males. Two-hybrid screening identified endophilin Bla from testis RNA, and were only successful
seven different clones as endophilin, and were thought tousing a 3 primer from the newly discovered exon. We
correspond to the Bla isoform. Initial attempts to amplify therefore assessed expression of this new isoform by RT-
endophilin B1a from testis RNA using published sequences PCR on total RNA from a variety of mouse tissues using
from the 5 and 3 ends were unsuccessful. Closer comparison gene-specific primers (Figure 2). A DNA fragment corre-
of the published sequence with sequence derived from thesponding to endophilin B1t was amplified robustly from testis
clones isolated during screening revealed the presence of @nd liver. Faint bands were also observed following RT-
divergent 3 end. Using primers corresponding to the novel PCR on stomach, skin, and ovary. Brain, spleen, lung, heart,
sequence, we were able to amplify the variant endophilin and kidney were completely negative for endophilin B1t in
cDNA from testis RNA. Sequence comparisons of testis this assay.
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Table 2: Yeast Two-Hybrid Interactiohs A In &
put =
PPlg2 PPlgl PPlg2Ac PPla lamin 10% o

10%
staufen +++ +++ +++ +++ - PP1cy Pre-i
endophilin B1t  +++ - — - -

EB1t

: Pre-i

endophilinBla — - - ~ — EB1t |

@ The various “bait” constructs are listed across the top, while the

“prey” are listed in the leftmost column+4*++" represents strong SR

interactions, while “” represents no interaction, as judged by T &l

expression of the three target genes in this system. B o w O
PPicY | -

Endophilin B1t Interacts Specifically with PP12 in a
Yeast Two-Hybrid AssaWe have hypothesized the presence
of PP1 regulatory subunits that interact specifically with the PPlca PPica [
y2 catalytic subunit of PP1 to explain the phenotype of

PP1g null mice. To determine if endophilin B1t was able EB1t

to interact with multiple PP1c isoforms, two-hybrid assays —" —
were performed using full length endophilin B1t in combina- (o] B i
. . . - philin B1t (ng)
tion with PP1e, PP1¢1, and a truncated version of PR2c e o & % W & &
lacking 18 amino acids from the C-terminus. A construct
encoding a portion of human lamin C was used as a negative PP1cY ' - e
control. Expression of all fusion proteins in yeast was
confirmed by Western blotting. A positive interaction was Input e
assessed through the ability of transformed cells to grow on o R Tl 8% 2% EBt
minimal media, activating expression ADE2 and HIS3 ) . PPics
reporter genes. Expression of a lacZ reporter gene was also ¥ -

p g p p g
assessed after cell growth. Using these criteria endophilin Bk | | SrER, nput  GST-
B1t was found to interact solely with PPiZ and not with 10% 10% EBla

PPle, PP1e1, or the truncated PR2 (Table 2). Interaction
with PP1¢2 was strong as judged by the white color of

resulting yeast colonies, indicating robust activation of the Fieure 3: Co-immunoprecipitation and sedimentation of PR2Lc
Ade2reporter ”.‘ theadeZ—lO]background. A bait construct and endophilin B1t in mammalian cells. (A) Antibodies to PPAc
expressing amino acids 14886 of the mousstaufengene  3ng endophilin B1t (top) were used to precipitate associated proteins
was used as a control during testing, and found to interact (left) visualized on Western blot from native testis protein extracts.
strongly with all PP1c isoforms with no coloration due to Preimmune serum (pre-i) failed to immunoprecipitate BR1¢B)
ade2-101 Staufen is an RNA-binding protein and has PP1¢2 and endophilin B1t were artificially expressed in mam-

. . . _malian COS-1 cells withmyc and HA epitope tags respectively.
recently been recognized as a regulatory subunit of PP1 Npp1e was naturally present in COS-1 cells (far right blot).

rat brain .neur0n535)- Staufen iS_ also expressed !n male germ  antibodies to epitope-tagged PRZand endophilin B1t (top) were
cells during spermatogenesis in a stage-specific ma®8gr ( used to precipitate associated proteins (left) visualized on Western
and was isolated by us in the same two-hybrid screen asblo@.Anegative C(_)ntrol experiment was performed usingaGATA-l
endophilin B1t. The strength of the interaction between antibody. (C) Sedimentation assays were performed to isolate/PP1c

- from crude testis lysates using endophilin B1t beads. Varying
endophilin Bt and PP} was further demonstrated by the amounts of GST-endophilin B1t were immobilized on glutathione-

ability of cells containing both constructs to survive on media sepharose and incubated with testis lysates as described in Materials
containing 10 mM 3-amino-1,2,4-triazole (3-AT), a competi- and Methods. The beads were washed and bound proteins eluted
tive inhibitor of the HIS3 gene product. In addition, lacz in SDS-sample buffer before separation by SIFRAGE and

colony lift assays demonstrated robust expression of the third /estern blotting with antibodies to PRAc(D) As a control,
sedimentation assays were performed to isolate Bax from crude

reporter construct in the yeast two-hybrid system (data not e, lysates with GST-endophilin Bla and GST-endophilin B1t

s My N PPicy j

shown). beads. Negative control experiments were performed using GST-
Endophilin Bla did not interact with any of the PP1c endophilin B1t and GST-endophilin Bla to attempt to isolate BP1c

isoforms in a yeast two-hybrid assay. or PP1¢2 from crude testis lysates, respectively. For all controls
Endophilin B1t Associates with PPi2 in Mammalian 3gé4dg of either GST-endophilin B1t or GST-endophilin Bla was

Cells.To confirm an interaction between endophilin B1t and
PP1g2, co-immunoprecipitation on native testis proteins was . s . -
performed. Antibodies to either PPAor endophilin were moqkey. In co-|mmunopreC|p!tat|0n experiments, antibodies
able to pull out the opposite protein after purification and [© €ither of themycor HA epitope tags were able to pull
Western blotting (Figure 3A). Immunoprecipitation with dowp the opposite protein following purification and Western
preimmune serum failed to pull down PRlcWe also blof[tmg (Figure 3B). It_should be noted that while _the
verified the interaction between endophilin B1t and PR1c  antibody used to recognize PR2owas capable of recogniz-
in mammalian cells by cloning full-length coding sequences ing both of the PPLesplice variants, RT-PCR using COS-1
separately into pcDNA3.1 expression vectors to prodoge RNA showed that only PPbcand not PP1el was naturally
and HA-epitope tagged fusion proteins. Expression vectors expressed (data not shown). PRlavhich is naturally
were then transformed sequentially into COS-1 cells, an present in COS-1 cells (Figure 3B, far right), did not co-
immortalized kidney cell line derived from African green immunoprecipitate with endophilin B1t.
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Validity of the interaction between endophilin B1t and A
PP1g2 was illustrated using a GST-sedimentation assay on
native testis proteins. Specifically, varying amounts of full-
length GST-endophilin B1t were covalently linked to glu-
tathione-Sepharose beads and used to precipitate total protein
from wild type mouse testis lysates (Figure 3C). Under our
conditions, 30ug of GST-endophilin B1t was shown to
precipitate approximately 6% of the input PR1cBy
comparison, 2@g of neurabin | was recently found to bind
9—20% of input PP1e/y1 from brain lysates under similar
conditions (1). We cannot exclude the possibility that
endophilin B1t binding to PP3R is stage specific, in which
case only a subset of whole testis protein would be available
for binding in our assay. GST-endophilin Bla was not able
to precipitate PPYcfrom wild type testis lysates. Similarly,
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GST-endophilin B1t was unable to isolate PRTmom wild 0 10" 101 10° 108 107 106
type testis lysates (Figure 3D). These observations further Concentration of Regulatory Subunit (M)
confirmed the specificity of the endophilin B1t/PREc ¢ A O
interaction. However, both GST-endophilin B1t and GST- EndophilinB1t Neurabin Gy

endophilin Bla were able to precipitate Bax, a binding B
partner of endophilin B1a3g), from heart extracts, where
Bax is expressed abundantly, indicating that the GST fusion
proteins have normal conformation.

Inhibition of PP1 Actiity by Endophilin B1t.Previous
studies 10, 37) have shown that association of PP1c with
targeting subunits often decreases activity of the enzyme
vitro, at least toward phosphorylasewhich is the classic
substrate for dephosphorylation by PP1. To examine the
possible effect of binding to endophilin B1t on PP1c activity,
we performed a series of phosphatase assays using a
recombinant PP1c source in the presence of increasing
concentrations of full length GST-endophilin B1t. Siree
coli has no native phosphatase activity toward phosphorylase
a (31), crude bacterial lysates in physiological salt concentra- \ , "
tions including 2 mM MnC] could be used rather than 0 10" 101 109 108 107 106
affinity-purified enzyme. Unfortunately, there is no reliable Concentration of Regulatory Subunit (M)
method of separating native PP1c isoforms directly from —— —_— G W
testis without contamination. Measured phosphatase activities EndophilinB1t Neurabin Gy
were Cak.:l.”ated asa percentag_e_ of control (Figure 4). UnderFlGURE 4: Inhibition of PP1g2 activity by chimeric endophilin
our conditions chimeric endophilin B1t was able to decrease g jn a phosphatase assay. Diluted bacterial lysates expressing
PP1g2 activity in a dose dependent manner with a 60% recombinant PP3& (A) and PP1a (B) were used in phosphatase
decrease in total at & M. The 1Cs, for the inhibition was activity assays using radiolabeled phosphoryass described in
calculated at~0.5 uM. Endophilin B1t had relatively little mg:]eitriﬁsda?r? mgth?gzéﬁgghoc;sﬂ?gggﬂ]o“ géﬁggsggggﬁagfaseﬂ
effect on PPle aCt'V'tY’ with only a 10.% decrease from endophilin B1t (diffl)monds), GSTnﬁ(aming acids +240) (octa-
control levels at the highest concentration of M. As a gons), and GST-neurabin | (amino acids 3B46) (triangles).
control, phosphatase activities were also measured in thePhosphatase activity is expressed as a percentage of control. Data
presence of increasing amounts of neurabin | and the skeletapoints represent an average of three independent experiments
muscle glycogen-targeting subunity(jz both known regula- varying by less than 6%. Assays were restricted to 15 min time
tory subunits of PP1 that have been previously characterizedIoerIOOIS to ensure linearity of phosphate release.
in terms of their inhibitory effect on the catalytic subunit 1-240 of Gy was found to inhibit PPXc and PP1g2 at
(37). Neurabin | recruits PP1 to the actin cytoskeleton in 40% and 49% respectively of maximum at 8M. The
brain neurons and was recently shown to interact preferen-inhibitions of PP1¢2 by Gy and endophilin B1t were highly
tially with PP1ax and PP1gl but not PP1£ (11). Consistent similar.
with previous data, GST-neurabin | containing amino acids Expression Pattern of Endophilin B1t in Mouse Tediis.
374-516 inhibited PP1e activity up to 90% of maximum  examine the expression pattern of endophilin B1t, immuno-
at 108 M with an ICso of 9 nM (38). PP1¢2 was inhibited histochemical analyses of wild type testis sections from 14
by up to 80% of control levels with a corresponding,d Gf week old CD-1 mice were performed with the bif-1 antibody.
12 nM. The glycogen targeting subunif,Gvas previously Bif-1 was the original name for endophilin Bla. In wild type
reported as decreasing Pldactivity toward phosphorylase testis sections, endophilin B1t staining was stage specific
a up to 50% of maximum, compared to the -880% and presented two kinds of protein distributions (Figure 5A).
reduction observed for high levels of neurabi@7), Under Most tubules displayed diffuse cytoplasmic staining, although
our conditions a GST construct containing amino acids there was clearly some stage specificity in the intensity, with

-
N
<

<o
=]

100—40\\j I I G —
\'O‘

N
=]
// |
.
:
,
.
:
:

Phosphorylase Phosphatase (% Control)
» ]
=] [}
O
O
o

o
L



PP1g2 Interacts Specifically with Endophilin in Testis Biochemistry, Vol. 46, No. 15, 2004641

Ficure 5: Expression pattern of endophilin B1t in wild type and PP1c testes. (A, B) Immunohistochemical analyses were performed
using bif-1 (endophilin) antibody (Cy-3 labeled) on adult wild type (A) and BPc(B) testes as described in Materials and Methods.

This image was obtained at lower magnification to illustrate the stage variation in expression patterns. Bar repregsants(@Qo@)
Immunohistochemistry was performed on adult wild type (C, D, E) and PP1¢F) testes using antibody directed against bif-1 (endophilin).
Higher magnification images better illustrate the puncta (arrows) observed in wild type, but not mutant seminiferous epithelia. Bar represents
50 um.

those tubules containing maturing spermatids displaying that the bif-1 antibody recognizes all of the endophilin B1
concentrated accumulation in the shrinking cytoplasm. Ad- isoforms.
ditionally, strong punctate staining could be observed in a Immunohistochemistry with the PPlantibody revealed
subset of tubules, with distinctive patterns of puncta in a concentrated cytoplasmic distribution in both germ cells
different tubules (Figure 5C, 5D, 5E). Some tubules con- and Sertoli cells throughout the seminiferous epithelium
tained large numbers of puncta in the adlumenal layers of (Figure 6). Although the intensity of the PBlsignal
maturing spermatids (Figure 5C, 5D), while others contained appeared to vary slightly between tubules, especially in
smaller numbers of puncta in the more basal layers regions abutting the lumen, the overall expression throughout
(Figure 5E). A few tubules displayed both patterns of puncta spermatogenesis was uniformly high.
staining (Figure 5D).

Tubules of PPlg null mice were almost devoid of DISCUSSION
punctate staining (Figure 5B, 5F). Where it was found, it PP1g2 is strongly expressed in the testis, but it is not the
was limited to the basal compartment pattern; the adlumenalonly PP1c isoform present. PRicand PP18 are also
pattern was completely missing. The variation in intensity expressed, both in germ cells and Sertoli cells, the latter being
of diffuse cytoplasmic staining could be observed, but the the somatic component of the seminiferous tubu®s A
circumferential regularity observed in wild type testis sections small amount of PP3d is also present, mainly in Sertoli
was lost. This latter pattern likely reflects the general cells. This has led us to hypothesize that the male sterile
breakdown in seminiferous epithelial organization in mutant phenotype observed in PBLaull mice is mediated by a
testes observed previouslg, (39, 40). It should be noted  PP1 holoenzyme composed of PP2cand a regulatory



4642 Biochemistry, Vol. 46, No. 15, 2007 Hrabchak et al.

to disorganized distribution of the intense staining pattern.
The most interesting observation is the almost complete
disappearance of the punctate staining pattern. Even those
tubules that retain the intense diffuse staining found in the
maturing spermatid compartment are missing puncta in this
region. There are very few puncta in the basal compartment
in mutant testes.

Endophilin has been demonstrated to be involved in the
FiGUre 6: Expression of PP3cin wild type and PP1e mutant endocytic pathway41—44). This raises interesting possibili-
testes. Immunohistochemistry was performed on adult testestjes for explaining the phenotype in the PR Iautant mice.

from the wild type (A) and PP3c’~ mice (B), using an antibody ; ; ; oo :
directed against a peptide specific to PPoforms (see Materials Light microscopic examination of developing testes led us

and Methods). Consistent with previously published Western blot {0 Propose that PPjanutant testes prematurely release germ
data @), no signal is observed in mutant testes. PPfimtein is cells from the seminiferous epitheliunB9). Germ cell
uniformly distributed in wild type testes. retention and release is thought to involve complicated
recycling of celt-cell junctional complexes4f). Among
these are ectoplasmic specializations (ES), adhesion junctions
found between adjacent Sertoli cells near the basal compart-
ment of the seminferous epithelium, and between germ cells

PP1g/2 splice variant. One of these clones, endophilin B1t, and Sertoli cells closer to the adlumenal compartment.

was isolated seven times in the screen, which covered theLocated close to ES are struciures called tubulobulbar
cDNA library 3-fold ' complexes. Recent evidence suggests that a key function of

. o o ., tubulobulbar complexes is the recycling of junctional com-
A variety Ofm. UItro assays verified the. yeast t\_/vo-hybnd plexes such as ES through a complicated endocytic cycle
rensdu:/tvs. Englop;hmn IIIB 1t fg—lmmftrmrc;]ptrectlipnartetd |Vr\1/ |thX5PELtc (46). Tubulobulbar complexes bear superficial similarity to
ﬁ N af a be 0 '?:er?]un Pjrlzi ?t ¢ %SWS"E gez g i ﬁcts. capitate projections, structures that involve interdigitations
Plgi afsociloveviﬁo tranl;ieonq ?faﬁs?e?:tion of gops-ul C(;"S of glial cells and photoreceptors, and whose function is
@, 9 o S " disrupted in endophilin mutants Drosophila melanogaster
Furlthermor.e, endophilin Bit inhibits PRAZ phosphatase (44). The phenotype of the PPlanutant testes, and the
zﬁg\lljlrg)i/tln(}jltrvthit(alizs&ir?s \r'lvsl(le;zc"’: I;rr\]o;vggclt?\/irtegulatory strong association of endophilin B1t with PR2¢ suggest
Lo o .g ) Y- i that disregulation of endophilin B1t function in the testis may
While endophilin B1 is widely expresse84), the testis

. ; e SN . be a proximate cause of the premature germ cell release we
variant we identified in our screen is limited to the testis

! ) i o ' observe. This hypothesis is under further investigation in our
liver, ovary, skin, and stomach, with expression in the last

three tissues being very weak. This variant lacks 10 amino
acids from the extreme carboxy terminus through differential
splicing of a downstream exon to a cryptic splice donor in
the last exon of endophilin Bla (Figure 1B). Full length
endophilin Bla does not interact with any of the PP1

subunit that binds specifically to this isoform. Our results
from two-hybrid screening support this hypothesis. Several
clones were isolated which interact specifically with the

Our studies provide additional evidence of a regulatory
subunit that preferentially interacts with PR2cand not
PPla or PP1¢l, and has the potential to target the isoform
to a function required for spermatogenesis. We have reported

isoforms, in spite of the presence of a canonical RVxF motif recent_ly the isoIatipn of.a.mot_her isoform specific regulatpry
near its amino terminus, indicating that the motif alone is SUPunit, Spz122), identified in the same yeast two-hybrid

insufficient for binding to PP1e2. Endophilin B1t acquires ~ Screen as endophilin B1t. Together with three unknown
the ability to bind PP1¢2, but not PP1gl or PPl through ~ INtéracting clones (Hrabchak and Varmuza, unpublished),
loss of the last 10 amino acids on the COOH terminus. This €ndophilin Blt and Spz1 are part of a growing list of PP1c
suggests that the carboxy terminus of endophilin Bla may |soform_ specific regulatqry subgnlts. They_repre_s_ent_a small
prevent the isoform specific binding to PR2: The expres- proportion of the PP interacting clones _|dent|f|ed in the_

sion of endophilin B1t in liver and ovary is interesting, given SCréen (see Table 1, Supporting Information). Examination

that there does not appear to be any defect in either tissue iPf PP1¢ null mice has revealed multiple testis defects
mutants. including increased aneuploidyl®) and apoptosis 15),

secondary to the central defect(s) resulting in infertility. To
explain this we have postulated that PPA@lays multiple
roles in the testis governed by a varied subset of regulatory
proteins, some of which are isoform specific. Combinatorial
control of PP1le2 by a subset of regulatory proteins
including endophilin B1t and Spz1 has the potential to best
explain the phenotype of PP1awll mice.

Endophilin B1 isoforms are expressed in seminiferous
epithelial tubules in a stage specific manner. There are two
kinds of protein distribution revealed by immunohistochem-
istry: diffuse and uniform cytoplasmic staining, and punctate
accumulation at cell membranes. Both kinds of distribution
display stage specific patterns. The diffuse staining is slightly
intensified in basal spermatocytes in some tubules, and
strongly intensified in elongating spermatids in other tubules.
Abundant punctate distribution can be observed in the SUPPORTING INFORMATION AVAILABLE
adlumenal compartment of tubules containing condensing
spermatids, while sparse puncta are present in the basal A table of all the isoform nonspecific interactors pulled
compartment of some tubules. The diffuse staining pattern out of the testis library in the yeast two-hybrid screen. This
is retained in PP%c mutant testes, although underlying material is available free of charge via the Internet at http://
disorganization of the seminiferous epithelium contributes pubs.acs.org.
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