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Introduction

The 14-3-3 proteins are a highly conserved family of acidic pro-
teins expressed in a wide variety of cells and organisms ranging 
from yeast to plants and animals. The protein 14-3-3 was first 
identified as a protein activator of neuronal tyrosine hydroxy-
lases.1 Seven mammalian isoforms of 14-3-3 are known: β, 
γ, ε, η, ζ, θ, σ.2 14-3-3 interacts with the proteins containing 
phospho-serine and phospho-threonine residues within their 
RSXpSXP and RX(Y/F)XpSXP amino acid sequence motifs.3,4 
Binding of 14-3-3 to its interacting proteins is usually phos-
phorylation dependent.5 The molecular and biochemical effects 
of 14-3-3 binding are diverse depending upon the nature of the 
interacting proteins and the pathways involved. 14-3-3 proteins 
have been shown to regulate the localization and phosphoryla-
tion status of proteins and modulate the activity of enzymes.6 
14-3-3 binds to over 300 proteins and regulates a wide variety 
of cellular pathways such as transcription, translation, splicing, 
protein trafficking and cell division. 14-3-3 mediated regulation 
of cell division is biochemically well defined. 14-3-3 is known to 
play a key regulatory role in both mitosis and meiosis.7-9 14-3-3 
prevents mitotic entry in Xenopus by binding to CDC25, a key 
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cell cycle regulatory protein.9 14-3-3 acts as a negative factor in 
yeast meiosis by binding to phosphorylated Mei2p and inhibiting 
the meiosis inducing activity of Mei2p.8

Spermatogenesis is a complex process; in which sperm are 
produced by a series of mitotic divisions and a meiotic division 
followed by the post-meiotic maturation process called spermio-
genesis. While it is known that 14-3-3 is expressed in testis how-
ever, the isoform specific expression of all seven 14-3-3 isoforms 
in various testicular cell types has not been well characterized.10,11 
The 14-3-3 isoforms, β, θ and ε are expressed in rat testis and 
these three 14-3-3 isoforms are also reported to be expressed 
in Sertoli cells.10-13 The 14-3-3 isoforms θ and ε are expressed 
in testicular germ cells however the expression of 14-3-3 β iso-
form is restricted to Sertoli cells and Leydig cells in rat testis.12,13 
Functionally, 14-3-3θ is the most well-characterized isoform in 
testis.10,12,13 The 14-3-3θ isoform expressed in testicular germ 
cells, forms a complex with Rap1/B-Raf in elongating sperma-
tids.11 Recently, 14-3-3θ isoform was also shown to regulate 
Sertoli-Sertoli cell adhesions in testis.13 The goal of this study 
was to isolate and identify 14-3-3 interacting proteins in testis 
to determine the cellular processes regulated by 14-3-3 in tes-
tis. 14-3-3 interacting proteins in testis were identified by TAP. 



www.landesbioscience.com	 Spermatogenesis	 355

report Report

protein but surprisingly, we did not detect PP1γ2. To address this 
inconsistency, we performed TAP purification followed by pro-
tein gel blotting to determine whether 14-3-3 and PP1γ2 interact 
in vivo in the testis. Protein gel blot analysis of the EGTA elu-
ate showed that PGK2 interacted with 14-3-3 in testis in vivo as 
expected (Fig. 3A). PP1γ2 was also detected in EGTA eluate by 
protein gel blotting thus defining PP1γ2 as a 14-3-3 interacting 
protein in testis (Fig. 3B).

Mice lacking PP1γ are infertile and have hyper-phosphor-
ylated PGK2 suggesting that PP1γ isoforms normally acts to 
maintain PGK2 in a dephosphorylated state.24 Because both 
PP1γ2 and PGK2 bind with 14-3-3, the 14-3-3 protein may act 
as a scaffold to favor PP1γ2 and PGK2 interaction. 14-3-3 is 
known to act as a scaffold for signaling molecules in other cell 
types.25 To determine whether 14-3-3, PP1γ2 and PGK-2 are 
present as a complex, we performed the first step of TAP purifica-
tion (IgG purification) followed by PP1γ2 immunoprecipitation. 
First, the 14-3-3 complexes from the transgenic mice testes were 
captured on IgG beads and eluted by TEV cleavage. The TEV 
eluate containing the 14-3-3 complexes was subjected to PP1γ2 
immunoprecipitation. Protein gel blot analysis of PP1γ2 immu-
noprecipitation eluate with 14-3-3 and PGK-2 antiserum showed 
that the endogenous 14-3-3, CBP-14-3-3 and PGK-2 co-precip-
itate with PP1γ2 (Fig. 3C). To further confirm this observation 
we used the first step of TAP purification (IgG purification step) 
coupled with microcystin affinity chromatography. Microcystin 
affinity chromatography has been previously used to isolate PP1 
complexes.26 The TEV eluate containing 14-3-3 complexes was 
subjected to microcystin affinity chromatography to isolate PP1 
and the associated proteins. Protein gel blot analysis of microcys-
tin eluate confirmed that endogenous 14-3-3, CBP-14-3-3 and 
PGK-2 can be co-purified with PP1 (Fig. 3D–F).

Because proteins interacting with PP1 are known to regulate 
PP1 activity, it was of interest to determine whether PP1γ2 bound 
to 14-3-3 was catalytically active. We found that PP1 complexed 
to 14-3-3 was catalytically active and could dephosphorylate its 
substrate, phosphorylase a, in an in vitro phosphatase assay (Fig. 
4A). We tested whether the activity of PP1γ2 bound to 14-3-3 can 
be inhibited by a phosphatase inhibitor, okadaic acid. Okadaic 
acid is a well-characterized inhibitor of phosphatases that inhibits 
PP2A at nanomolar concentrations and PP1 at micromolar con-
centrations. PP2A activity could be inhibited with 5 nM okadaic 
acid. The activity of both PP2A and PP1 could be inhibited to 
basal levels with 1 μM okadaic acid (Fig. 4A). These observa-
tions indicate that 56% of phosphatase activity is due to PP2A 
and 44% is due to PP1. Protein gel blot analysis of TEV eluate 
of TAP-14-3-3 probed with PP2A and PP1γ2 antibodies indeed 
confirmed the presence of PP2A and PP1γ2 (Fig. 4B). Thus both 
the serine/threonine phosphatases, PP1γ2 and PP2A bind to 
14-3-3 in vivo.

A spermatogenesis-associated protein (SPATA18) identified 
in the LC-MS/MS has multiple 14-3-3 binding domains. To 
further confirm the interaction between 14-3-3 and SPATA18, 
HEK293 cells were co-transfected with His-SPATA18 and Myc-
14-3-3 plasmids. Immunoprecipitation of His-SPATA18 with 
a His-tag antibody co-precipitated myc-14-3-3 confirming the 

Transgenic mice expressing a TAP tag 14-3-3 protein under the 
ubiquitin promoter were used to isolate 14-3-3 binding proteins 
in testis.14 We identified a total of 135 14-3-3 interacting proteins, 
8 of theses interactors are novel and expressed predominantly in 
testis.

Results

Expression and purification of TAP-14-3-3 from testis. To 
purify endogenous 14-3-3 complexes in testis, transgenic mice 
expressing TAP 14-3-3ζ, driven by the ubiquitin promoter were 
used (Fig. 1A). TAP tag is made up of a polypeptide segment 
containing a protein A moiety and calmodulin binding peptide 
(CBP) separated by a tobacco etch virus (TEV) cleavage site (Fig. 
1B). Protein gel blot analysis of the wild type and transgenic 
mouse testis extracts with 14-3-3 antiserum revealed that the 
transgenic mice expressed the endogenous 14-3-3 (30 kDa) and 
the TAP tagged 14-3-3-fusion protein that migrated at 50 kDa 
(Fig. 1C). To determine the testicular cell types in which TAP-
14-3-3 is expressed, we did immunohistochemistry analysis of 
wild type and transgenic mouse testis sections with purified rab-
bit IgG. The rabbit IgG specifically stained only the transgenic 
testis section because of its affinity for the protein A tag present in 
the TAP construct (Fig. 1D). Immuno-histochemistry analysis 
of the transgenic mouse testis-sections showed that the TAP-14-
3-3ζ, signal was present in cells within the seminiferous tubules 
as well as in the interstitial compartment of the testis (Fig. 1D).

TAP-14-3-3ζ protein complexes in testis extracts were purified 
following the procedure outlined in Figure 2A. To determine 
whether the transgenically expressed TAP-14-3-3ζ interacts with 
the endogenous 14-3-3 proteins, the products of each purification 
step were analyzed by immunoblotting with 14-3-3 antiserum. 
Protein gel blot analysis revealed that endogenous 14-3-3 iso-
forms co-purified with CBP-14-3-3ζ, ε  in the TEV and EGTA 
eluates (Fig. 2B). LC-MS/MS identified five different isoforms of 
14-3-3, further confirming the ability of transgenically expressed 
TAP-14-3-3ζ, to properly fold and form homodimers and het-
erodimers with the endogenous 14-3-3 proteins. LC-MS/MS 
analysis also showed that the 14-3-3, isoform is acetylated at its 
N-terminus (data not shown). In addition to 14-3-3 isoforms, a 
total of 130 proteins were identified by mass spectrometric analy-
sis (Table 1). The 14-3-3 interacting proteins were grouped into 
categories based upon their previously defined biological func-
tions. We also compared the 14-3-3 binding proteins identified 
in this study with other published 14-3-3 proteomics studies.14-20 
Of the 135 interacting proteins a total of 71 novel 14-3-3 bind-
ing proteins were identified. Eight of these novel 14-3-3 inter-
acting proteins, predominantly expressed in testis are implicated 
in spermatogenesis. These are: spermatogenesis associated 18 
(SPATA18), testis specific gene A2 (TSGA2), dead box polypep-
tide 4 (DdX4), Y-box-2, piwi homolog1, protein kinase NYD-25, 
spermatogenesis associated 20 and EAN57.

We have shown by GST-14-3-3 affinity chromatography 
that 14-3-3 interacts with PP1γ2 and PGK2 in bovine sperm in 
vitro, the enzymes essential for maintaining fertility.20-23 In this 
study LC-MS/MS analysis identified PGK2 as a 14-3-3 binding 
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isolation and identification of protein complexes in cells and tis-
sues.27 The TAP is a sensitive and selective method that is partic-
ularly suited for isolating multimeric protein complexes in their 
native environment within cells.28 The two step procedure effi-
ciently reduces the non-specific binding of background proteins.

The levels of transgenically expressed TAP-14-3-3 were found 
to be comparable to the levels of endogenous 14-3-3. Immuno-
blotting and LC-MS/MS analysis revealed that the transgeni-
cally expressed TAP-14-3-3 could form heterodimers with at 
least five endogenous 14-3-3 isoforms. This observation suggests 

interaction between SPATA18 and 14-3-3 (Fig. 5A). Interestingly 
His-SPATA18 could also co-precipitate endogenous B-Raf kinase 
from HEK293 cells (Fig. 5B).

Discussion

In this study, we report the comprehensive 14-3-3 interactome 
of mouse testis. To isolate these testis 14-3-3 binding proteins 
we used transgenic mice expressing TAP-14-3-3ζ,  driven by 
the ubiquitin promoter.14 TAP is a well-established method for 

Figure 1. TAP 14-3-3 transgene construct plan and TAP 14-3-3 expression analysis in testis. (A) A Diagrammatic representation of the TAP 14-3-3 cDNA 
construct. (B) The TAP tag consisted of a protein A tag and a calmodulin binding peptide (CBP) separated by the TEV cleavage site sequence. The TAP 
tag was fused to 14-3-3ζ, cDNA at its N-terminal end. (C) Protein gel blot analysis of 14-3-3 expression in testis. Both the wild type and transgenic mice 
testes extracts showed endogenous 14-3-3 protein migrating at 30 kDa whereas TAP 14-3-3 (50 kDa) could be detected only in the testis extracts of 
transgenic mice. (D) Immunohistochemical analysis of the TAP 14-3-3 transgenic mice testes showed that the TAP 14-3-3 is expressed in both the semi-
niferous tubules and the interstitial compartment of the testis. Testis sections from the wild type mice stained with rabbit IgG showed no fluorescence.
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activity.33,37 Protein kinase NYD-SP25, a member of tumor pro-
tein D52 family, is predominantly expressed in testis.38 Alternate 
splicing of tumor protein D52 isoform leads to generation of a 
14-3-3 binding site.39 14-3-3 binding to DDX4 and protein 
kinase NYD-SP25 suggests a role of 14-3-3 in germ cell devel-
opment. Further studies are required to determine how 14-3-3 
binding regulates the function of these proteins in testis.

A substantial number of the proteins binding to 14-3-3 in tes-
tis are RNA binding proteins. These are; KH splicing regulatory 
protein, nucleolin, Piwi homolog 1, DDX4 and heteronuclear 
RNA binding proteins. Interaction of 14-3-3 to these RNA bind-
ing proteins have also been documented in other cells and tis-
sues but the functional significance of these interactions is not 
clear.15-17 Some of these RNA binding proteins shuttle between 
the nucleus and the cytoplasm.40 It has been shown recently that 
14-3-3 binding to the phosphorylated form of KH splicing regu-
latory protein sequesters the protein to the cytoplasm.41 It is likely 
that 14-3-3 binding to these RNA binding proteins regulates 
their nuclear and cytoplasmic shuttling and localization.

Numerous studies have shown that the protein phosphatases 
PP1 and PP2A bind to 14-3-3.14-18,20,42,43 PP1 isoforms complexed 
to 14-3-3, dephosphorylate its binding partners and thereby reg-
ulate their interactions with 14-3-3.44 We recently showed that 
14-3-3 interacts with PGK-2 and PP1γ2 in vitro and these three 
proteins might exist as a trimeric complex.20 In the present study 
we show that PP1γ2 and PGK-2 are present as a complex in testis 
in vivo. We also showed that PP1γ2 bound to 14-3-3 is cata-
lytically active. Notably, a recent study has shown that PGK-2 is 
hyperphosphorylated in PP1γ knock out mouse testis extracts.24 
Taken together, these observations suggest that PGK-2 is most 
likely a PP1γ2 substrate and 14-3-3 serves as a scaffolding pro-
tein. It would be interesting to determine how phoshorylation 
and/or 14-3-3 binding may regulate PGK-2 activity.

The testis specific protein, SPATA18 was identified as a 14-3-3 
binding protein. SPATA18, a serine-arginine rich sperm protein 

that transgenic protein is properly folded and is able to form het-
erodimers with the endogenously expressed testis 14-3-3. The 
LC-MS/MS data showed that the 14-3-3 ε isoform contained an 
acetylated N-terminus. Acetylation of 14-3-3 isoforms has been 
reported to occur in Arabidopsis and mammals.29,30 It has been 
recently shown that 14-3-3 acetylation inhibits phosphorylation 
dependent interactions of 14-3-3.31 It is possible that 14-3-3 ε  
acetylation changes during various stages of spermatogenesis. 
Further studies are required to understand the dynamics and the 
physiological significance of acetylation specifically of the 14-3-3 
ε isoform in testis.

Comparison of the testis 14-3-3 interactome with the other 
14-3-3 binding studies revealed that 53% of the proteins identi-
fied in the testis are novel whereas the remaining 47% have been 
previously identified 14-3-3 binding proteins. These earlier stud-
ies had used a variety of in vitro and in vivo approaches such as 
GST-14-3-3 affinity chromatography, 14-3-3 antibody affinity 
chromatography, quantitative immunoprecipitation combined 
with knockdown (QUICK), microarray analysis and TAP-14-3-
3.14-19 Our study also identified five of the eight 14-3-3 interac-
tions recently found to be highly conserved between Arabidopsis 
and Human 14-3-3 proteomes.32 These observations further 
establish the validity of the TAP-tag purification approach to 
isolate 14-3-3 binding proteins in testis. The proteins we have 
identified are likely to interact with 14-3-3 proteins in vivo, 
although it remains to be determined whether these proteins 
directly bind to 14-3-3 or if their binding is part of a multimeric 
complexes.

Eight 14-3-3 interacting proteins are predominantly or 
exclusively expressed in testis (Table 1). Gene knockout studies 
have revealed that deletion of dead box polypeptide 4 (DDX4), 
TSGA-2 or Y box protein2 leads to infertility due to arrest of 
spermatogenesis.33-35 Dead box polypeptide isoforms have been 
identified as 14-3-3 binding proteins in other studies.15,16,36 
DDX4 is the drosophila homolog of Vasa having DNA helicase 

Figure 2. Tandem affinity purification. (A) A Schematic representation of the two steps of TAP-14-3-3 purification. The two-step procedure decreases 
the non-specific interactions. The purified proteins can be identified by protein gel blot analysis and/or mass spectrometry. (B) TAP-14-3-3 isolation 
was performed as described in the materials and methods. Detection of TAP-14-3-3 and endogenous 14-3-3 levels at each step of purification by 
protein gel blot analysis using an antibody against 14-3-3. (C) The EGTA eluate containing the 14-3-3 binding proteins was concentrated after TAP. The 
proteins were separated on a 12% SDS-PAGE stained with coomassie blue and the gel was used for the LC-MS/MS analysis.
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Table 1. 14-3-3 binding proteins in testis identified by LC-MS/MS

GI Accession Protein Name  No. of peptides Ref. Supporting
Number % coverage Interaction

Adaptor Proteins  
31981925 14-3-3epsilon polypeptide 25 (74%) 14, 15
6756039 14-3-3theta polypeptide 16 (53%) 14, 15
6756041 14-3-3zeta polypeptide 14 (64%) 14, 15
31543976 14-3-3gamma polypeptide 13 (22%) 14, 15
31543974 14-3-3beta polypeptide 6 (28%) 14, 15
7657011 Damage specific DNA binding protein 1 17 (22%) 16

40254215 WD repeat domain 35 4 (7%) NR
Testis Predominant Proteins  

51491896 Spermatogenesis associated 18   (SPATA18) 2 (3%) NR
13384638     Testis specific gene A2   (TSGA2) 3 (11%) 20
13385202 Tumor protein D52-like 3 3 (16%) 18
33859536 DEAD (Asp-Glu_Ala-Asp) box polypeptide 4 5 (9%) NR
8393791 Y box protein 2 4 (17%) NR

46485467 Spermatogenesis associated 20 23 (35%) NR
10946612 Piwi like homolog 1 9 (11%) NR
94399584 EAN57 2 (8%) NR

RNA Binding  

19424312 KH-type splicing regulatory protein 16 (25%) 41, 17

84875537 nucleolin 4 (7%) 16, 17
31560656 Poly A binding protein, cytoplasmic 1 17 (29%) 17
84662730 Far upstream (FUSE) binding protein 1 8 (14%) NR
21313308 Heterogeneous nuclear ribonucleoprotein M 7 (7%) NR
10946928 Heterogeneous nuclear ribonucleoprotein H1 7 (20%) 16, 17
19527048 Heterogeneous nuclear ribonucleoprotein F 3 (9%) 16
13384620 Heterogeneous ribonucleoprotein K 6 (21%) 17

109134362 Heterogeneous nuclear ribonucleoprotein A2/B1 5 (18%) 19
6754994 Poly(rc) binding protein 1 10 (42%) 17
10947014 Poly(rc) binding protein 3 6 (22%) NR
6997239 Poly(rc) binding protein 2 6 (16%) NR
19527174 Splicing factor 3b, subunit 3 4 (6%) 15
70778983 Splicing factor, proline- and glutamine-rich 5 (8%) NR
19527028 Vigilin 3 (15%) NR
6755100 Proliferation-associated 2G4 2 (5%) NR

21704096 TAR DNA binding protein isoform 1 6 (14%) 52
27228986 Paraspeckle protein 1 8 (26%) NR
13386106 Nudix-type motif 21 3 (13%) NR

Nuclear Transport  
8393610 Karyopherin 4 (6%) 17

29789199 RAN binding protein 5 17 (20%) 17
41054974 Nuclear protein localization 4 2 (9%) NR

Signal transduction  
38424077 Protein kinase, lysine deficient 1  (WNK1) 7 (3%) 15
6754632 Mitogen activated protein kinase 1 7 (16%) 18

21489933 Mitogen activated protein kinase 3 7 (24%) 18
6680832 Calmodulin 2 7 (59%) 16
6680047 Guanine nucleotide binding protein, beta polypeptide 2 like 1 4 (17%) 15, 32
84794552 Phosphatidylethanolamine binding protein 1 4 (40%) NR
9507097 SH3-domain GRB2-like B1 (endophilin) 3 (7%) NR

13626040 A kinase (PRKA) anchor protein (gravin) 12 (AKAP12) 10 (7%) NR
Transcription  

149261521 TBP-interacting protein isoform 1 17 (20%) 53
6678183 Suppressor of Ty 6 homolog 11 (8%) NR
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Table 1. 14-3-3 binding proteins in testis identified by LC-MS/MS

GI Accession Protein Name No. of Peptides Refs. Supporting
Number % Coverage Interaction
6755787 Tripartite motif protein 28 3 (14%) NR

15277319 Leucine zipper transcription factor-like 1 3 (15%) NR
Translation  

80478711 Eukaryotic translation elongation factor 1 alpha1 16 (33%) 14, 17, 32
33859482 Eukaryotic translation elongation factor 2 4 (7%) 16, 17, 32
110625979 Eukaryotic translation elongation factor 1 gamma 13 (22%) 14, 17
54287684 Elongation factor 1-delta isoform b 5 (34%) NR
46575903 Eukaryotic translation initiation factor 3, subunit 10 19 (13%) 16 
29789343 Eukaryotic translation initiation factor 3, subunit 9 9 (14%) 18 
22203755 Eukaryotic translation initiation factor 3, subunit 8 11 (16%) NR

45476573 Eukaryotic translation initiation factor 3, subunit 6 7 (19%) 18 

21313620 Eukaryotic translation initiation factor 3, subunit 5 3  (16%) 16 

18079341 Eukaryotic translation initiation factor 3, subunit 3 7 (22%) NR
9055370 Eukaryotic translation initiation factor 3, subunit 2 7 (21%) NR
21703762 Eukaryotic translation initiation factor 3 subunit M 5 (19%) 18 
7304971 COP9 signalosome subunit 5 3 (9%) NR
31981400 Phenylalanine-tRNA synthetase-like, beta subunit 4 (7%) NR
94364712 Similar to bifunctional aminoacyl-tRNA synthetase 2 (2%) 17 
6755372 Ribosomal protein S3 5 (26%) NR

23956082 Ribosomal protein L5 10 (19%) 16 
6671569 Acidic ribosomal  phosphoprotein PO 3 (9%) NR

Metabolic Enzymes  
76650497 Phosphoglycerate kinase 2 3 (8%) 20 
6671539 Aldolase 1A isoform 6 (20%) NR
6678674 Lactate dehydrogenase 2, B chain 7 (24%) 16 
7305229 Lactate dehydrogenase 3, C chain 18 (53%) 16 
47607490 Glyceraldehydes-3-phosphate dehydrogenase 8 (31%) 14, 16, 17
9256624 Phosphoglycerate mutase 2 5 (20%) NR
6679451 Palmitoyl-protein thioesterase 1 2 (9%) NR
31981909 Aldo-keto reductase family 1, member B3 5 (17%) NR
21704144 Methionine adenosyltransferase II, alpha 2 (5%) NR
7709990 Betaine-homocysteine methyltransferase 10 (21%) NR
93102409 Fatty acid synthase 5 (3%) 16,17
16716465 Acyl-CoA synthatase 5 (10%) NR
10946936 Adenylate kinase 1 2 (13%) NR
27532959 Aldehyde dehydrogenase 1 family, member L1 4 (5%) NR
42476042 Steroid 17-alpha-hydroxylase/17,20 lyase 8 (22%) NR
40254507 Phosphoglycolate phosphatase 6 (24%) NR

Protein Trafficking  
51491845 Clathrin, heavy polypeptide 11 (9%) 14, 15, 16, 17, 18
19526826 Vacuolar protein sorting 26 3 (10%) NR
67906177 Sec23A 6 (10%) 17 
13385500 Translocase of outer mitochondrial membrane 24 8 (39%) NR
6996913 Annexin A2 8 (27%) 17 
6978505 Annexin 5 3 (8%) 18 
6754910 Nuclear distribution gene C homologue 10 (30%) 17 

30519931 Receptor expression enhancing protein 1 2 (11%) NR
Protein Processing  

13384598 Nuclear autoantigenic sperm protein 10 (32%) NR
6754254 Heat shock protein 1, alpha 29 (40%) NR

112293266 Heat shock 70 kDa protein 4 13 (24%) 18, 32
6755863 Tumor rejection antigen gp96 18 (24%) 17 

31560686 Heat shock protein 2 41 (60%) NR

(continued)



360	 Spermatogenesis	 Volume 1 Issue 4

in serine-arginine repeats are known to bind to both 14-3-3 and 
PP1 and also contain both 14-3-3 and PP1 binding domains.48 
The amino acid sequence of SPATA18 has multiple 14-3-3 
binding domains and in addition also contains two RVXF 
motifs required for PP1 binding. However, we could not detect 
SPATA18 binding to PP1γ2 in the co-transfection experiments 
in HEK293 cells.

In this study, we show that tandem affinity purification in 
transgenic mice can be used to study the in vivo protein-protein 

gets phosphorylated during epididymal sperm maturation.45 We 
also found that B-Raf interacts with SPATA18 in HEK293 cells. 
It may be possible that B-Raf is the kinase that phosphorylates 
SPATA18 in HEK293 cells and testis. SPATA18 is expressed 
in the cytoplasm of haploid spermatids in steps 7 to 18 and has 
been proposed to have a role in apoptosis.11,46 B-Raf is known 
to bind to 14-3-3 in somatic cells and in differentiating haploid 
spermatids.11,47 SPATA18 binding to 14-3-3 and B-raf suggests 
that SPATA18 may have a role in spermiogenesis. Proteins rich 

Table 1. 14-3-3 binding proteins in testis identified by LC-MS/MS

GI Accession Protein Name No. of Peptides Refs. Supporting
Number % Coverage Interaction
31981722 Heat shock protein 5 21 (33%) 14 
31560613 T-complex protein 1 subunit theta 8 (13)% NR
31982472 T-complex protein 1 subunit eta 6 (10%) NR
6753322 T-complex protein 1 subunit delta 9 (14)% NR
6671700 Chaperonin subunit 2 12 (14%) 15 
6671702 Chaperonin subunit 5 11 (16%) 17 
6679439 Peptidylprolyl isomerase A 7 (26%) NR
19526912 Suppression of tumorigenicity 13 3 (9%) NR

110625998 DnaJ homolog, subfamily B, member 11 6 (19%) NR
7305299 Alpha-N-acetylglucosaminidase 3 (5%) NR
13937367 Phosducin like 2 3 (16%) 54 

112293264 Protein disulphide  isomerase associated 3 5 (11%) 17 
58037267 Protein disulphide  isomerase associated 6 3 (8%) 17 

Cytoskeleton  
22165384 Tubulin beta2 4 (10%) 14, 17
6755901 Tubulin alpha1 3 (9%) 14, 17

13507620 Ankycorbin 12 (17%) 17 
6755040 Profilin 1 3 (31%) 16 

40254574 Fatty acid-binding protein 9 3 (38%) NR
Proteolysis  

30023842 Valosin containing protein 29 (45%) NR
31560449 Aspartyl aminopeptidase 8 (14%) 17 
9625047 Ubiquitin-C terminal Hyrdolase 37 7 (27%) NR

58865870 Ubiquitin carboxyl-terminal hydrolase L5 7 (18%) 18 
6755204 proteasome subunit beta type-5 4 (27%) 18 

33468885 Calcyclin binding protein 9 (49%) NR
23956176 SGT1, suppressor of G2 allele of SKP1 7 (19%) NR
19882201 Proteasome 26S non-ATPase subunit 2 3 (6%) NR
6679505 Proteaseom 26S non-ATPase subunit 4 4 (12%) NR

Reductive metabolism  
6754976 Periredoxin 1 12 (47%) 17 

31560539 Periredoxin 2 2 (18%) 18 
7948999 Periredoxin 4 7 (25%) 17, 18
6754084 Glutathione S transferase, mu1 17 (62%) NR
6680121 Glutathione S transferase, mu2 12 (49%) NR
6754086 Glutathion S transferase, mu5 8 (36%) NR
6753762 Epoxide hydrolase 1, microsomal 6 (12%) NR

110735449 Thioredoxin reductase 3 4 (9%) NR
Unclassified/Hypothetical  

29244176 Hypothetical protein LOC23967 5 (12%) NR
63485066 Similar to translocated promoter region protein isoform 3 10 (8)% NR
13386026 Hypothetical protein LOC68045 3 (26%) NR
29244176 Hypothetical protein 4732456N10 5 (12%) NR

(continued)
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Materials and Methods

Transgenic mice expressing TAP-14-3-3. Transgenic mice 
(Mus musculus) and all other mice used in the experiments 
in this study were housed at Kent State University under an 
approved Institutional Animal Care and Use Committee proto-
col following the National Research Council’s published Guide 
for the Care and Use of Laboratory Animals. Transgenic mice 
expressing TAP14-3-3ζ driven by the ubiquitin promoter were 
generated as described.14 The transgenic founders containing 
the TAP-14-3-3ζ transgene were mated with out-bred CD1 mice 
to produce mice expressing TAP14-3-3ζ. Presence of the trans-
gene was determined by polymerase-chain-reaction using prim-
ers complementary to the ubiquitin C promoter (5'-CAC CCG 
TTC TGT TGG CTT AT-3') and TAP cassette (5'-TGG CTG 
CTG AGA CGG CTA TGA-3') sequences. The PCR amplified 
an approximately 1 kb product corresponding to the transgene.

interactions in testis. One major disadvantage of TAP technique 
is the relatively low yield of the TAP protein complexes. This 
is possibly due to interference by endogenous IgG in blood and 
by endogenous calmodulin in cells. However, this limitation of 
lower efficiency can be overcome by using a variety of newer ver-
sions of TAP tags, such as His, Flag and SBP tags that increase 
the yield of the purified complexes.49,50 The TAP technique can 
be further modified to identify stage and cell type specific pro-
tein interactomes by using well-characterized germ cell and testis 
somatic cell promoters to derive the bait protein expression to 
understand the molecular mechanisms involving 14-3-3 during 
spermatogenesis.

In summary, this is the first comprehensive analysis of testis 
specific 14-3-3 proteome in vivo. This inventory of 14-3-3 bind-
ing proteins we have identified would be valuable to direct future 
studies to determine function of 14-3-3 and its associated pro-
teins in testis.

Figure 3. PP1γ2 and PGK2 are in an endogenous complex with 14-3-3. Total testis lysate and the EGTA eluate after TAP were resolved by SDS-PAGE and 
transferred on a PVDF membrane followed by immunoblot analysis with (A) PP1γ2 and (B) PGK2 antiserum. (C) The TAP-14-3-3 complexes were cap-
tured on IgG beads. The IgG beads were washed with wash buffer and 14-3-3 complexes were eluated after TEV clevage. The TEV eluate was incubated 
with purified IgG (as a control) or PP1γ2 antibody to immunoprecipitate PP1γ2. Immunoblotting analysis of the control and PP1γ2 immunoprecipation 
eluate showed that both 14-3-3 and PGK2 can be co-precipitated specifically with PP1γ2 from the TEV eluate. (D–F) 14-3-3 complexes from the TAP 
transgenic mice testis were purified by the first step of TAP purification on IgG beads. The 14-3-3 complexes were eluated by TEV cleavage. The TEV 
eluate was incubated with microcystin beads to isolate PP1 complexes. The microcystin eluate was analyzed by protein gel blotting with 
PP1γ2, 14-3-3 and PGK2 antibodies.
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polyacrylamide in two aliquots of 30 μL 50% acetonitrile with 
5% formic acid. These extracts were combined and evaporated 
to <10 μL in Speedvac and then resuspended in 1% acetic acid to 
make up a final volume of ~30 μL for LC-MS analysis.

The LC-MS system was a Finnigan LTQ linear ion trap mass 
spectrometer system. The HPLC column was a self-packed 9 cm 
x 75 μm id Phenomenex Jupiter C18 reversed-phase capillary 
chromatography column. Two μL volumes of the extract were 
injected and the peptides eluted from the column by an aceto-
nitrile/0.05 M acetic acid gradient at a flow rate of 0.3 μL/min 
were introduced into the source of the mass spectrometer online. 
The microelectrospray ion source is operated at 2.5 kV. The digest 
was analyzed using the data dependent multitask capability of 
the instrument acquiring full scan mass spectra to determine 
peptide molecular weights and product ion spectra to determine 
amino acid sequence in successive instrument scans. This mode 
of analysis produces approximately 2,500 collisionally induced 
dissociation (CID) spectra of ions ranging in abundance over 
several orders of magnitude. The data were analyzed by using 
all CID spectra collected in the experiment to search the NCBI 
non-redundant database with the search program Mascot using 
mammalian taxonomy filter. All matching spectra were verified 
by manual interpretation. The interpretation process was aided 
by additional searches using the programs Sequest and Blast as 
needed.

Tissue extracts. Testes were collected from 3–6 mo old 
TAP 14-3-3ζ transgene-positive mice. The tunica albuginea was 
removed and visible blood vessels were disrupted to remove blood 
in order to reduce potential contamination of the extracts with 
serum IgG, which is likely to interfere with the TAP tag isolation. 
Seminiferous tubules were washed with PBS followed by homog-
enization in the TAP purification buffer 50 mM (TRIS-HCl, 150 
mM NaCl, 0.1% v/v NP-40, 1.5 mM MgCl

2
, 5% v/v glycerol) 

containing phosphatase inhibitors (5 mM sodium pyrophos-
phate, 10 mM β-glycerophosphate, 50 mM sodium fluoride) and 
protease inhibitors (complete protease inhibitor cocktail tablet, 
Roche Applied Sciences) pH 7.5 and centrifuged at 20,000x g for 
30 min. The supernatant was used for TAP. Phosphatase inhibi-
tors were not included in testis extracts that were to be used for 
measuring the phosphatase activity.

Tandem affinity purification. IgG beads (IgG Sepharose G 
Fast Flow, GE Healthcare Life Sciences) were washed three times 
with the TAP purification buffer. The testis extracts (10 ml) pre-
pared from ten TAP-14-3-3 transgenic mice were incubated with 
50 μl IgG beads for 4 h at 4°C. IgG beads were washed three 
times with the Tobacco Etch Virus (TEV) cleavage buffer (50 
mM TRIS-HCl, 0.5 mM EDTA, 1 mM dithiothreitol (DTT), 
pH 8.0). The TEV protease (50 U; Invitrogen) was added to 200 
μl of TEV cleavage buffer and the TAP14-3-3/IgG bead complex 
was incubated overnight at room temperature with rotation to 
cleave the complex at the TEV cleavage site, which would release 
the 14-3-3/CBP protein from the IgG beads. The eluate from 
the TEV cleavage step was diluted in 1:1 ratio in the calmodu-
lin binding buffer (CBB) containing 50 mM TRIS-HCl, 100 
mM NaCl, 10 mM DTT, 2 mM MgCl

2
, 2 mM Imidazole, 0.1% 

NP-40, 10 mM β-mercaptoethanol, supplemented with 4 mM 
CaCl

2
. Calmodulin beads (50 μl beads) (Calmodulin Affinity 

Resin, Stratagene) were washed with CBB. The 14-3-3/calmod-
ulin binding protein complex was mixed by rotation with the 
calmodulin beads for 3 h at 4°C. The beads were pelleted by 
centrifugation and washed twice with CBB. A 200 μl aliquot of 
calmodulin elution buffer (50 mM TRIS-HCl, 20 mM EGTA, 
pH 8.0) was added to release bound protein complexes (1 h with 
rotation at room temperature). The supernatant (final EGTA 
eluate) containing 14-3-3 (with CBP) and proteins bound to 
14-3-3 was collected. For the large scale purification, a total of 60 
mice were used and ~1,200 μl final EGTA eluate was collected 
in six separate purifications from 10 mice each. The final EGTA 
eluate was concentrated to ~60 μl by choloroform-methanol 
precipitation. The concentrated proteins were subjected to 12% 
SDS-PAGE, stained with colloidal Coomassie blue (Proteome 
Systems) and analyzed by protein gel blot and LC-MS/MA as 
described below.

LC-MS/MS analysis. For the protein digestion, the bands cut 
to minimize excess polyacrylamide, were divided into a number of 
smaller pieces, washed with water and dehydrated in acetonitrile. 
The bands were then alkylated with iodoacetamide prior to the 
in-gel digestion. All bands were digested in-gel using trypsin, by 
adding 5 μL 20 ng/μL trypsin in 50 mM ammonium bicarbonate 
and incubating overnight at room temperature to achieve complete 
digestion. The peptides that were formed were extracted from the 

Figure 4. PP1 and PP2A bound to 14-3-3 are catalytically active. The 
TEV eluate isolated after first step of TAP purification was checked for 
the phosphatase activity of PP1 and PP2A as described in materials and 
methods. For protein phosphatase activity measurements, Phosphory-
lase a, a common substrate for both PP1 and PP2A was used. PP2A 
activity could be inhibited with 5 nM okadaic acid. The activity of both 
PP2A and PP1 could be inhibited to basal levels with 1 μM okadaic acid. 
(B) Protein gel blot analysis of the TEV eluate showed that both PP1 and 
PP2A interact with 14-3-3 in testis.
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Protein phosphatase activity assay. Catalytic 
activity of PP1 and PP2A bound to TAP-14-3-3 
was measured using Phosphorylase a as a substrate. 
The Preparation of 32P labeled phosphorylase a for 
the measurement of phosphatase activity has been 
previously described.51 Briefly, the substrate and 
the TAP-14-3-3/PP1 complex was incubated (in a 
total volume of 40 μl) at 30°C with 1 mM Mn2+ 
in the presence or absence of the protein phospha-
tase inhibitor okadaic acid (Calbiochem) (IC

50
 5 

nM for PP2A and IC
50

1 μM for PP1) for 10 min. 
At the end of this incubation, the reaction was 
terminated with 180 μl 20% trichloro acetic acid 
(TCA) after which the tubes were centrifuged for 
5 min at 16,000x g at 4°C. The supernatants were 
analyzed for 32PO

4
 released by the activity of the 

phosphatase.
Immunoprecipitation and microcystin affinity 

chromatography. Purified IgG as control (Jackson 
Immunoresearch) or anti-PP1γ2 or anti-His (Invitrogen) anti-
bodies were used at a final concentration of 2.5–4 μg for immu-
noprecipiation. The HEK293 cell extracts (400–500 μg) were 
incubated with control and anti-His antibody for 2 h at 4°C. 
Protein A sepharose (Invitrogen) 35 μl (50% slurry) was washed 
three times with TTBS buffer and incubated with antibody-
sperm extract mixture at 4°C for 1 h. The mixture was spun 
down at 900x g and beads were washed five times with buffer 
containing 50 mM TRIS-HCl, 150 mM NaCl and 0.1% NP-40. 
The beads were boiled in 2x sample buffer for 5 min and the 
proteins were analyzed by protein gel blot analysis. To immu-
noprecipitate PP1γ2, the TEV eluate (1 μg) was incubated with 
control IgG or PP1γ2 antibody (1 mg). To purify the protein 
phosphatase complexes the TEV eluate was incubated with 20 
μl of microcystin beads for 1 h at 4°C (Millipore.). The micro-
cystin beads were washed five times with buffer containing 50 
mM TRIS-HCl, 150 mM NaCl and 0.1% NP-40 and the PP1 
complexes were eluated by boiling the beads in 2x sample buffer.

Protein gel blot analysis. Extracts boiled in Laemmli sample 
buffer were separated by 12% SDS-PAGE and electrophoretically 
transferred to Immobilon-P, PVDF membranes 90 (Millipore 
Corp., Bedford, MA). Nonspecific binding sites were blocked 
with 5% non fat dry milk in Tris-buffered saline (TBS; 25 
mM TRIS-HCl, pH 7.4, 0.15 M NaCl, containing 0.1% Tween 
20), blots were incubated overnight at 4°C with the appropri-
ate primary antibody: anti-PP2A (1:1,000) (Upstate), anti-His-
tag (1:5,000) (Invitrogen), anti B-Raf (1:1,000) (Cell Signaling 
Technology), anti-PP1γ2 (1:2,000) (Zymed Laboratories) and 
anti-14-3-3 rabbit polyclonal (1:2,000) (Zymed Laboratories). 
Following this, the blots were washed and incubated for 1 h at 
room temperature with anti-mouse raised in donkey (1:10,000) 
(Genscript) for primary antibodies against PP2A, His tag and 
Actin or anti-rabbit antibodies raised in donkey (1:10,000) 
(Genscript) for B-Raf, PP1γ2 and 14-3-3 antibodies. Blots were 
washed and developed by homemade ECL.

Immunohistochemistry of mouse testis. Testes of both 
wild-type and TAP 14-3-3 transgenic mice were fixed in 4% 

Plasmid construction, cell culture and transfection. The 
SPATA18 cDNA, subcloned in pEXPRESS-I (Accession: 
NM_199374.2) was purchased from ATCC (American type cul-
ture collection). The SPATA cDNA was amplified by sense primer 
5'-CTC GAA TTC ATG GCA GAG AAC TTG AAG AAG-3' 
and antisense primer 5'-CTC CTC GAG TTT AAT ACC TTG 
CGA ATG TAC ACC-3' and sub-cloned into pCDNA3.1 TOPO 
vector (Invitrogen). The SPATA18 TOPO plasmid and pCDNA 
3.1HisC (Invitrogen) were restriction digested with EcoRI. The 
14-3-3 cDNA was obtained from the pGEX-4T2 14-3-3 vec-
tor as previously described.20 N-term myc tag pcDNA3.1 and 
pGEX-4T2 14-3-3 were digested with BamHI and EcoRI. The 
digested vector (100 ng) was ligated overnight at 4°C with 30 
ng of the insert. E. coli (Nova blue strain) was transformed with 
ligated product and bacterial colonies containing the SPATA18 
and 14-3-3 cDNAs were identified by PCR. pCDNA3.1 HisC 
plasmid containing SPATA18 cDNA and N-term Myc-pcDNA 
containing 14-3-3 were amplified and purified by Qiagen midi-
prep kit. The subcloned products were sequenced to ensure that 
the plasmids contained the correct sequences. HEK293 cells 
were cultured in Dulbecco’s modified eagle’s medium (DMEM) 
(Invitrogen) containing 10% fetal bovine serum (FBS). Cells 
were transfected with the pCDNA3.1HisC SPATA18 and Myc 
pcDNA 14-3-3 (for SPATA18 and 14-3-3 binding analysis) or 
pCDNA3.1HisC alone (for SPATA18 and B-raf interaction) 
using Lipofectamine 2000 (Invitrogen) as recommended by the 
manufacturer. The transfected HEK293 cells, after 48 h incuba-
tion, were washed twice with PBS and scraped in 1 ml buffer (50 
mM TRIS-HCl, 150 mM NaCl, 0.1% v/v NP-40) containing 
the phosphatase inhibitors (5 mM sodium pyrophosphate, 10 
mM β-glycerophosphate, 50 mM sodium fluoride) and prote-
ase inhibitors (complete protease inhibitor cocktail tablet, Roche 
Applied Sciences), pH 7.5. Cells were disrupted by sonication 
(3x for 3 sec) and centrifuged at 20,000x g for 30 min. The 
supernatant was used for protein gel blot and immunoprecipita-
tion analysis.

Figure 5. SPATA 18 interacts with 14-3-3 and B-raf. (A) HEK293 cells were transfected 
with pcDNA3.1 His-SPATA18 and pcDNA5.1 Myc-14-3-3 as described in materials and 
methods. The cell extracts were prepared 48 h after transfection and were subjected to 
Immunoprecipitation with the His-tag antibody and a control antibody. Immunoblot-
ting of His-SPATA18 immuoprecipitates showed that Myc-14-3-3 (31 kDa) co-precipitate 
with His-SPATA18 (~75 kDa). (B) HEK-293 cells were transfected with pcDNA3.1His-SPA-
TA18 plasmid. The His-SPATA18 protein was immunoprecipitated with His-tag antibody 
and the immunoprecipation eluate was analyzed with anti-His and B-raf antibodies. 
B-raf (~85 kDa) co-precipitated with His-SPATA18.
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(Olympus, Melville, NY). Control slides were processed in the 
same manner.

Statistical analysis. The data are represented as mean ± stan-
dard error of mean (SEM). The data was analyzed by one way 
ANOVA.
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paraformaldehyde in PBS for 40 h. The testes then were transferred 
to 75% ethanol and dehydrated, permeabilized and embedded 
in paraffin using a Shandon Tissue Processor (Thermo Electron 
Corp., Waltham, MA). Multiple 8-μm thick sections of the whole 
testis were attached to poly-L-lysine-coated slides, deparaffinized 
and rehydrated using a standard procedure. Antigen retrieval was 
performed using 13 Antigen Retrieval Citra Solution (BioGenex, 
San Ramon, CA). Sections immersed in Citra solution were 
microwaved for three separate 3 min periods on high setting, 
with a cooling period of 1 min between each heating cycle. 
Sections were washed briefly in distilled water and then washed 
three times for 10 min with PBS. Sections were incubated for 1 
h at room temperature in a blocking solution containing 10% 
normal goat serum in PBS. The slides then were incubated with 
purified rabbit IgG for overnight at 4°C, washed three times with 
PBS and incubated with anti-rabbit secondary antibody (1:250) 
conjugated to indocarbocya-nine (Cy3; Jackson Laboratories, 
West Grove, PA) for 1 h at room temperature. The slides were 
washed five times with PBS, mounted with Vectashield (Vector 
Laboratories, Burlingame, CA) mounting media and exam-
ined using a FluoView 500 Confocal Fluorescence Microscope 
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