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Supplementary Tables 6+7. Functional constraint of human sperm proteins used for 

evolutionary analyses as assessed by gene ontology annotations and numbers of protein-

protein interaction partners 

  

Supplementary Table 6. Sperm phosphoproteins with (with) and without Y 

phosphorylation (without) in human probands: gene ontology (GO) annotations and 

number of protein-protein interaction partners (nPPI) 

Protein Y phos- 

phorylation 

GO annotation nPPI 

ACADS  without energy production
1
 5 

ACRBP  with cell recognition
2
 0 

ACTA2  with cytoskeleton, flagella and cell movement
3
 144 

AK8  without Metabolism
4
 0 

ANXA1  with cell cycle, apoptosis and oxidative stress
5
 111 

APEH  without transcription, protein synthesis, transport, folding and turnover
6
 7 

CAPZA1  with cytoskeleton, flagella and cell movement
7
 43 

CAPZB  without cytoskeleton, flagella and cell movement
7
 31 

CRISP1  without cell recognition
8
 0 

DNAJB11  with transcription, protein synthesis, transport, folding and turnover
9
 32 

ECI1 with energy production
10

 5 

ENO1  without energy production
11

 55 

GDI2  without transcription, protein synthesis, transport, folding and 

turnover
12

 

48 

GK2  without energy production
13

 6 
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Protein Y phos- 

phorylation 

GO annotation nPPI 

GLUL without metabolism
14

 18 

GOT1  without transcription, protein synthesis, transport, folding and 

turnover
15

 

8 

GSTM3 with cell cycle, apoptosis and oxidative stress
16

 14 

HIBADH with Metabolism
17

 0 

HSPA1L  with transcription, protein synthesis, transport, folding and 

turnover
18

 

138 

HSPA9 without transcription, protein synthesis, transport, folding and 

turnover
19

 

59 

HSPD1  without transcription, protein synthesis, transport, folding and 

turnover
20

 

263 

IDH3A  without energy production
21

 23 

LAP3  without transcription, protein synthesis, transport, folding and 

turnover
22

 

5 

LZTFL1  without signal transduction
23

 5 

MPST  with transcription, protein synthesis, transport, folding and 

turnover
24

 

3 

NME5 without cell cycle, apoptosis and oxidative stress
25

 4 

NME7 without cytoskeleton, flagella and cell movement
26

 11 

ODF1  without cytoskeleton, flagella and cell movement
27

 4 

PARK7  with cell cycle, apoptosis and oxidative stress
28

 30 

PCYT2  without cell cycle, apoptosis and oxidative stress
 29

 6 
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Protein Y phos- 

phorylation 

GO annotation nPPI 

PDHB without energy production
30

 24 

PHB  without energy production
31

 268 

PPP1CB  without transcription, protein synthesis, transport, folding and 

turnover
32

 

93 

PRDX4  without cell cycle, apoptosis and oxidative stress
33

 41 

PSMA1 without transcription, protein synthesis, transport, folding and 

turnover
34

 

106 

PSMA6  without transcription, protein synthesis, transport, folding and 

turnover
34

 

88 

PSMB2  without transcription, protein synthesis, transport, folding and 

turnover
34

 

33 

PSMB3  without transcription, protein synthesis, transport, folding and 

turnover
34

 

96 

PSMC2  without transcription, protein synthesis, transport, folding and 

turnover
35

 

79 

PSMD11  with transcription, protein synthesis, transport, folding and 

turnover
36

 

79 

PSMD13  without transcription, protein synthesis, transport, folding and 

turnover
37

 

46 

PSMD14  with transcription, protein synthesis, transport, folding and 

turnover
38

 

29 

ROPN1  with energy production
39

 2 



 4 

Protein Y phos- 

phorylation 

GO annotation nPPI 

SDHA  with energy production
40

 16 

SPAG6  without cytoskeleton, flagella and cell movement
41

 1 

TEKT1  with cytoskeleton, flagella and cell movement
42

 0 

TUBA1A  without cytoskeleton, flagella and cell movement
43

 153 

TUBB2A  without cytoskeleton, flagella and cell movement
43

 62 

TUBB2C with cytoskeleton, flagella and cell movement
43

 58 

UQCRC1  with energy production
44

 19 

YWHAZ  without signal transduction
45

 121 

See below for references. 
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Supplementary Table 7. Sperm proteins that were non-phosphorylated in human 

probands: gene ontology (GO) annotations and number of protein-protein interaction 

partners (nPPI) 

Protein GO annotation nPPI 

ALDH9A1  Metabolism
46

 5 

CRISP2  cell recognition
47

 0 

DLD  cell recognition
48

 15 

DNAJB8  transcription, protein synthesis, transport, folding and turnover
49

 0 

ECHS1  energy production
50

 41 

PRDX2  cell cycle, apoptosis and oxidative stress
51

 36 

SPESP1  cell recognition
52

 0 

TEKT2  cytoskeleton, flagella and cell movement
42

 0 

See below for references. 

 

 

 

 

 

 

 



 6 

REFERENCES 

1) Reue, K.; Cohen, R.D. Acads gene deletion in BALB/cByJ mouse strain occurred after 

1981 and is not present in BALB/cByJ-fld mutant mice. Mamm. Genome 1996, 7 (9), 694-

695. 

(2) Dubé, C.; Leclerc, P.; Baba, T.; Reyes-Moreno, C.; Bailey, J. L. The proacrosin binding 

protein, sp32, is tyrosine phosphorylated during capacitation of pig sperm. J. Androl. 

2005, 26 (4), 519-528. 

(3) Small, J.V.; Rohlfs, A.; Herzog, M. Actin and cell movement. S.E.B. symposia 1993, 47, 

57-71. 

(4) Panayiotou, C.; Solaroli, N.; Xu, Y.; Johansson, M.; Karlsson, A. The characterization of 

human adenylate kinases 7 and 8 demonstrates differences in kinetic parameters and 

structural organization among the family of adenylate kinase isoenzymes. Biochem. J. 

2011, 433 (3), 527-534. 

(5) Gerke, V.; Moss, S. E. Annexins and membrane dynamics. Biochim. Biophys. Acta 1997, 

1357 (2), 129-154. 

(6) Palmieri, G.; Bergamo, P.; Luini, A.; Ruvo, M.; Gogliettino, M.; Langella, E.; Saviano, 

M.; Hegde, R. N.; Sandomenico, A.; Rossi, M. Acylpeptide hydrolase inhibition as 

targeted strategy to induce proteasomal down-regulation. PLoS One 2011, 6 (10), e25888. 

(7) Hart, M. C.; Korshunova, Y. O.; Cooper, J. A. Vertebrates have conserved capping 

protein alpha isoforms with specific expression patterns. Cell Motil. Cytoskeleton 1997, 

38 (2), 120-132. 

(8) Cohen, D. J.; Maldera, J. A.; Vasen, G.; Ernesto, J. I.; Muñoz, M. W.; Battistone, M. A.; 

Cuasnicú, P. S. Epididymal protein CRISP1 plays different roles during the fertilization 

process. J. Androl. 2011, 32 (6), 672-678. 



 7 

(9) Yu, M.; Haslam, R. H.; Haslam, D. B. HEDJ, an Hsp40 co-chaperone localized to the 

endoplasmic reticulum of human cells. J. Biol. Chem. 2000, 275 (32), 24984-24992. 

(10) Janssen, U.; Fink, T.; Lichter, P.; Stoffel, W. Human mitochondrial 3,2-trans-enoyl-CoA 

isomerase (DCI): gene structure and localization to chromosome 16p13.3. Genomics 

1994, 23 (1), 223-228. 

(11) Pancholi, V. Multifunctional α-enolase: its role in diseases. Cell. Mol. Life Sci. 2001, 58 

(7), 902-920. 

(12) Bächner, D.; Sedlacek, Z.; Korn, B.; Hameister, H.; Poustk, A. Expression patterns of two 

human genes coding for different rab GDP-dissociation inhibitors (GDIs), extremely 

conserved proteins involved in cellular transport. Hum. Mol. Genet. 1995, 4 (4), 701-708. 

(13)  McCabe, E. R. B. Disorders of glycerol metabolism. In: Scriver, C. R.; Sly, W. S.;  

Childs, B.; Beaudet, A. L.; Valle, D.; Kinzler, K. W.; Vogelstein, B. (eds.) The metabolic 

and molecular bases of inherited disease. 7th Ed., pp. 1631-1652, McGraw-Hill: NY, 

1995. 

(14) Truffa-Bachi, P.; Cohen, G. N. Amino acid metabolism. Annu. Rev. Biochem. 1973, 42, 

113-134. 

(15) Conchon, S.; Cao, X.; Barlowe, C.; Pelham, H. R. Got1p and Sft2p: membrane proteins 

involved in traffic to the Golgi complex. EMBO J. 1999, 18 (14), 3934-3946. 

(16) Hayes, J. D.; Pulford, D. J. The glutathione S-transferase supergene family: regulation of 

GST and the contribution of the isoenzymes to cancer chemoprotection and drug 

resistance. Crit. Rev. Biochem. Mol. Biol. 1995, 30 (6), 445-600. 

(17) Robinson, W. G.; Coon, M. J. The purification and properties of β-hydroxyisobutyric 

dehydrogenase. J. Biol. Chem. 1957, 225 (1), 511-521. 



 8 

(18) Buchner, J. Supervising the fold: functional principles of molecular chaperones. FASEB J. 

1996, 10 (1), 10-19. 

(19) Schneider, H. C.; Berthold, J.; Bauer, M. F.; Dietmeier, K.; Guiard, B.; Brunner, M.; 

Neupert, W. Mitochondrial Hsp70/MIM44 complex facilitates protein import. Nature 

1994, 371 (6500), 768-774. 

(20) Jindal, S.; Dudani, A. K.; Singh, B.; Harley, C. B.; Gupta, R. S. Primary structure of a 

human mitochondrial protein homologous to the bacterial and plant chaperonins and to 

the 65-kilodalton mycobacterial antigen. Mol. Cell. Biol. 1989, 9 (5), 2279-2283. 

(21) Plaut, G. W. E. DPN-linked isocitrate dehydrogenase of animal tissues. Curr. Topics Cell. 

Regul. 1970, 2, 1-27. 

(22) Matsushima, M.; Takahashi, T.; Ichinose, M.; Miki, K.; Kurokawa, K.; Takahashi, K. 

Structural and immunological evidence for the identity of prolyl aminopeptidase with 

leucyl aminopeptidase. Biochem. Biophys. Res. Commun. 1991, 178 (3), 1459-1464. 

(23) Seo, S.; Zhang, Q.; Bugge, K.; Breslow, D. K.; Searby, C. C.; Nachury, M. V.; Sheffield, 

V. C. A novel protein LZTFL1 regulates ciliary trafficking of the BBSome and 

Smoothened. PLoS Genet. 2011, 7 (11), e1002358. 

 (24) Nagahara, N.; Katayama, A. Post-translational regulation of mercaptopyruvate 

sulfurtransferase via a low redox potential cysteine-sulfenate in the maintenance of redox 

homeostasis. J. Biol. Chem. 2005, 280 (41), 34569-34576. 

(25) Munier, A.; Feral, C.; Milon, L.; Pinon, V. P.; Gyapay, G.; Capeau, J.; Guellaen, G.; 

Lacombe, M. L. A new human nm23 homologue (nm23-H5) specifically expressed in 

testis germinal cells. FEBS Lett. 1998, 434 (3), 289-294. 

(26) Ikeda, T. NDP kinase 7 is a conserved microtubule-binding protein preferentially 

expressed in ciliated cells. Cell Struct. Funct. 2010, 35 (1), 23-30. 



 9 

(27) Gastmann, O.; Burfeind, P.; Günther, E.; Hameister, H.; Szpirer, C.; Hoyer-Fender, S. 

Sequence, expression, and chromosomal assignment of a human sperm outer dense fiber 

gene. Mol. Reprod. Dev. 1993, 36 (4), 407-418. 

(28) Taira, T.; Saito, Y.; Niki, T.; Iguchi-Ariga, S. M.; Takahashi, K.; Ariga, H. DJ-1 has a role 

in antioxidative stress to prevent cell death. EMBO Rep. 2004, 5 (2), 213-218. 

(29) Emoto, K.; Toyama-Sorimachi, N.; Karasuyama, H.; Inoue, K.; Umeda, M. Exposure of 

phosphatidylethanolamine on the surface of apoptotic cells. Exp. Cell Res. 1997, 232 (2), 

430–434. 

(30) Reed, L. J. Multienzyme complexes. Acc. Chem. Res. 1974, 7 (2), 40-46. 

(31) Coates, P. J.; Nenutil, R.; McGregor, A.; Picksley, S. M.; Crouch, D. H.; Hall, P. A.; 

Wright, E. G. Mammalian prohibitin proteins respond to mitochondrial stress and 

decrease during cellular senescence. Exp. Cell Res. 2001, 265 (2), 262-273. 

(32) Lee, J. H.; You, J.; Dobrota, E.; Skalnik, D. G. Identification and characterization of a 

novel human PP1 phosphatase complex. J. Biol. Chem. 2010, 285 (32), 24466-24476. 

(33) Jin, D. Y.; Chae, H. Z.; Rhee, S. G.; Jeang, K. T. Regulatory role for a novel human 

thioredoxin peroxidase in NF-κB activation. J. Biol. Chem. 1997, 272 (49), 30952-30961. 

(34) Baumeister, W.; Walz, J.; Zühl, F.; Seemüller, E. The proteasome: paradigm of a self-

compartmentalizing protease. Cell 1998, 92 (3), 367-380. 

(35) Dubiel, W.; Ferrell, K.; Rechsteiner, M. Peptide sequencing identifies MSS1, a modulator 

of HIV Tat-mediated transactivation, as subunit 7 of the 26 S protease. FEBS Lett. 1993, 

323 (3), 276-278. 

(36) Moreno, D.; Viana, R.; Sanz, P. Two-hybrid analysis identifies PSMD11, a non-ATPase 

subunit of the proteasome, as a novel interaction partner of AMP-activated protein kinase. 

Int. J. Biochem. Cell Biol. 2009, 41 (12), 2431-2439. 



 10 

(37) Hori, T.; Kato, S.; Saeki, M.; DeMartino, G. N.; Slaughter, C. A.; Takeuchi, J.; Toh-e, A.; 

Tanaka, K. cDNA cloning and functional analysis of p28 (Nas6p) and p40.5 (Nas7p), two 

novel regulatory subunits of the 26S proteasome. Gene 1998, 216 (1), 113-122. 

(38) Yao, T.; Cohen, R. E. A cryptic protease couples deubiquitination and degradation by the 

proteasome. Nature 2002, 419 (6905), 403-407. 

(39) Chen, J.; Wang, Y.; Wei, B.; Lai, Y.; Yan, Q.; Gui, Y.; Cai, Z. Functional expression of 

ropporin in human testis and ejaculated spermatozoa. J. Androl. 2011, 32 (1), 26-32. 

(40) Tomitsuka, E.; Kita, K.; Esumi, H. Regulation of succinate-ubiquinone reductase and 

fumarate reductase activities in human complex II by phosphorylation of its flavoprotein 

subunit. Proc. Jpn. Acad., Ser. B, Phys. Biol. Sci. 2009, 85 (7), 258-265. 

(41) Sapiro, R.; Kostetskii, I.; Olds-Clarke, P.; Gerton, G. L.; Radice, G. L.; Strauss, J. F. 3
rd

 

Male infertility, impaired sperm motility, and hydrocephalus in mice deficient in sperm-

associated antigen 6. Mol. Cell. Biol. 2002, 22 (17), 6298-6305. 

(42) Nojima, D.; Linck, R. W.; Egelman, E. H. At least one of the protofilaments in flagellar 

microtubules is not composed of tubulin. Curr. Biol. 1995, 5 (2), 158-167. 

(43) Hall, J. L.; Cowan, N. J. Structural features and restricted expression of a human α-tubulin 

gene. Nucleic Acids Res. 1985, 13 (1), 207-223. 

(44) Iwata, S.; Lee, J. W.; Okada, K.; Lee, J. K.; Iwata, M.; Rasmussen, B.; Link, T. A.; 

Ramaswamy, S.; Jap, B. K. Complete structure of the 11-subunit bovine mitochondrial 

cytochrome bc1 complex. Science 1998, 281 (5373), 64-71. 

(45) Gardino, A. K.; Smerdon, S. J.; Yaffe, M. B. Structural determinants of 14-3-3 binding 

specificities and regulation of subcellular localization of 14-3-3-ligand complexes: a 

comparison of the X-ray crystal structures of all human 14-3-3 isoforms. Semin. Cancer 

Biol. 2006, 16 (3), 173-182. 



 11 

(46) Vaz, F. M.; Fouchier, S. W.; Ofman, R.; Sommer, M.; Wanders, R. J. Molecular and 

biochemical characterization of rat γ-trimethylaminobutyraldehyde dehydrogenase and 

evidence for the involvement of human aldehyde dehydrogenase 9 in carnitine 

biosynthesis. J. Biol. Chem. 2000, 275 (10), 7390-7394. 

(47) Busso, D.; Cohen, D. J.; Hayashi, M.; Kasahara, M.; Cuasnicú, P. S. Human testicular 

protein TPX1/CRISP-2: localization in spermatozoa, fate after capacitation and relevance 

for gamete interaction. Mol. Hum. Reprod. 2005, 11 (4), 299-305. 

(48) Mitra, K.; Shivaji, S. Novel tyrosine-phosphorylated post-pyruvate metabolic enzyme, 

dihydrolipoamide dehydrogenase, involved in capacitation of hamster spermatozoa. Biol. 

Reprod. 2004, 70 (4), 887-899. 

(49) Hageman, J.; Rujano, M. A.; van Waarde, M. A.; Kakkar, V.; Dirks, R. P.; Govorukhina, 

N.; Oosterveld-Hut, H. M.; Lubsen, N. H.; Kampinga, H. H. A DNAJB chaperone 

subfamily with HDAC-dependent activities suppresses toxic protein aggregation. Mol. 

Cell 2010, 37 (3), 355-369. 

(50) Zhang, X.; Yang, J.; Guo, Y.; Ye, H.; Yu, C.; Xu, C.; Xu, L.; Wu, S.; Sun, W.; Wei, H.; 

Gao, X.; Zhu, Y.; Qian, X.; Jiang, Y.; Li, Y.; He, F. Functional proteomic analysis of 

nonalcoholic fatty liver disease in rat models: enoyl-coenzyme a hydratase down-

regulation exacerbates hepatic steatosis. Hepatology 2010, 51 (4), 1190-1199. 

 (51) Manandhar, G.; Miranda-Vizuete, A.; Pedrajas, J. R.; Krause, W. J.; Zimmerman, S.; 

Sutovsky, M.; Sutovsky, P. Peroxiredoxin 2 and peroxidase enzymatic activity of 

mammalian spermatozoa. Biol. Reprod. 2009, 80 (6), 1168-1177. 

(52) Fujihara, Y.; Murakami, M.; Inoue, N.; Satouh, Y.; Kaseda, K.; Ikawa, M.; Okabe, M. 

Sperm equatorial segment protein 1, SPESP1, is required for fully fertile sperm in mouse. 

J. Cell. Sci. 2010, 123 (9), 1531-1536. 


