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1 ABSTRACT The possible role of tyrosine kinase in the regulation of fowl

2 sperm motility was investigated by using a stable analogue oferbstatin, methyl

3 2, 5-dihydroxycinnamate (2, 5-MeC), a specific inhibitor of tyrosine kinase.

4 This inhibited the motility of intact spermatozoa at 30°C in a dose-dependent

5 manner. In contrast, the motility of demembranated spermatozoa was not

6 inhibited by the same concentrations of 2, 5-MeC. At 40°C, both intact and

7 demembranated spermatozoa were almost immotile with or without 2, 5-MeC.

8 Additionally, intact spermatozoa, stimulated by the addition ofCa2
+ or calyculin

9 A, a specific inhibitor of protein phosphatases, lost their motility with the

10 subsequent addition of 2, 5-MeC at 40°C. However, unlike the motility, the

11 ATP concentrations of spermatozoa were maintained in about 30-35 nmol

12 ATP/l09 cells during these incubation periods. The activity of tyrosine kinase

13 of spermatozoa at 30°C, estimated by measuring the phosphorylation of a

14 synthetic peptide substrate, RR-SRC, was 0.17 pmol/min/mg protein. This

15 activity was lower than those of fowl testes and chick brain, but higher than

16 that of chick liver. These results suggest that tyrosine kinase activity, which

17 is not retained in the axoneme and/or accessory cytoskeletalcomponents,

18 may be involved in the maintenance offlagellar movement offowl spermatozoa

19 at 30°C.

20

21 Keywords: Spermatozoa, Protein phosphorylation/dephosphorylation,

22 Tyrosine kinase, Motility

23
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INTRODUCTION

2

3 Intracellular cascade systems for the regulation of sperm motility are

4 triggered by several factors, mainly second messengers, such as cyclic

5 nucleotides and Ca2
+, which seem to converge upon the phosphorylation and

6 dephosphorylation of proteins through several kinds of protein kinases and

7 phosphatases which would be related to axonemal movement (for review, see

8 Morisawa, 1994). Based on the hydroxyamino acids phosphorylated in their

9 substrates, protein kinases have been traditionally subdivided into two broard

10 classes: the protein serine/threonine kinases and the protein tyrosine kinases

11 (Berruti, 1994).

12 With regard to the protein serine/threonine kinases involved in the

13 regulation of sperm motility, there is substantial evidence that protein

14 phosphorylation by cAMP-dependentprotein kinase is involved in the activation

15 of sperm motility (for reviews, see Tash and Means, 1983; Lindemann and

16 Kanous, 1989; Morisawa, 1994). The activation of myosin light chain kinase

17 (MLCK) or MLCK-like protein also may be involved in the maintenance of

18 fowl sperm motility, since the addition of MLCK substrate peptide inhibited

19 the motility of demembranated spermatozoa at 30°C (Ashizawa et aI., 1995b,

20 c). Protein kinase C has been identified in human, bovine and fowl spermatozoa

21 (Rotem et aI., 1990a; Chaudhry and Casillas, 1992; Ashizawa et aI., 1994a;

22 respectively). Since phorbol esters and diacylglycerol analogues, the activators

23 of protein kinase C, stimulated human sperm motility, protein kinase C may

24 also be involved in regulating human sperm motility (Rotem et aI., 1990a,b).

25 On the other hand, the involvement of protein tyrosine kinase in the

26 initiation and activation of motility of trout and Ciona spermatozoa was

27 suggested (Hayashi et aI., 1987; Dey and Brokaw, 1991). With trout
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MATERIALS AND METHODS

2

3 Animals and Preparation of Spermatozoa

Chemicals

4

5 Commercial White Leghom roosters (Babcock strain, Akagi Poultry

6 Breeding Farm, Miyazaki, Japan) were used throughout the study. All birds

7 were housed in individual cages and fed ad libitum on a commercial breeder

8 diet. They were exposed to a photoperiod of 14 hr light: 10 hr dark. New

9 born chicks were also used for the analysis of protein tyrosine kinase activity.

10 Semen was collected by the method of Bogdonoff and Shaffner (1954).

11 Samples of semen pooled from four to six males were diluted approximately

12 tenfold in 150 mM NaCI with 20 mM TES (N-Tris[hydroxymethyl]-methyl­

13 2-aminoethanesulfonic acid) at pH 7.4 and centrifuged at 700 g for 15 min at

14 room temperature (20-25°C). The washed spermatozoa were reconstituted in

15 the same buffer to give a final concentration ofapproximately 1 x 109 cells/ml.

16 Samples of 3-4 ml were poured into 30 ml Erlenmeyer flasks with a screw

17 cap.

18

19

20

21 Methyl 2, 5-dihydroxycinnamate (2, 5-MeC), a stable analogue of

22 erbstatin, waspurchased from KyowaMedexCo., Ltd., Tokyo,Japan. Calyculin

23 A was obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan.

24 Adenosine 5'-triphosphate (ATP), aprotinin, desiccated firefly tails,

25 dithiothreitol (DTT), ~-glycerophosphate, leupeptin, potassium glutamate, a

26 random copolymer of tyrosine and glutamate (poly-Glu-Tyr [4:1], or PGT),

27 TES and Triton X-lOO were purchased from Sigma Chemical Co., St Louis,
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1 MO. Protein tyrosine kinase assay system kit was obtained from Life

2 Technologies, Inc., Gaithersburg, MD, and bicinchoninic acid (BCA) protein

3 assay regent was from Pierce Chemical Co., Rockford, IL. Other chemicals

4 were of reagent grade from Nacalai Tesque Inc., Kyoto, Japan.

5

6 Measurement of Motility of Intact and Demembranated Spermatozoa

7

8 Sperm samples were pre-incubated aerobically in a shaking water bath

9 at 30°C or 40°C for 10 min. After the pre-incubation, the dose-response and

10 time course of motility of intact spermatozoa were measured at 30°C or 40°C

11 after addition of various concentrations of 2, 5-MeC, a membrane permeable

12 specific inhibitor of tyrosine kinase (Umezawa et aI., 1990). The effects of

13 the addition of CaCl2 or calyculin A, a inhibitor of protein phosphatase-type 1

14 and -type 2, before the addition of 2, 5-MeC were also examined at 30°C and

1540°C to be compared with those of inhibitor alone. Stock solutions of 2,

16 5-MeC and calyculin A were made in dimethyl sulfoxide and were stored at

17 -20°C. Diluent for the measurement of intact sperm motility was TES/NaCI

18 buffer described above.

19 Demembranation and reactivation of spermatozoa were performed at

20 30°C and 40°C according to the method described previously (Ashizawa et

21 aI., 1989b). The extraction medium used consisted of 0.1% (v/v) Triton

22 X-lOO, 200 mM sucrose, 25 mM potassium glutamate, 1 mM MgS04, 1 mM

23 DTT and 20 mM Tris-HCI buffer (pH 7.9). The reactivation medium consisted

24 of 0.5 mM ATP, 200 mM sucrose, 25 mM potassium glutamate, 1.5 mM

25 MgS0
4

, 1 mM DTT and 20 mM Tris-HCI buffer (pH 7.9). To examine the

26 effects of typrosine kinase inhibitors, various concentrations of 2, 5-MeC and

27 PGT were added to the reactivation medium.
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The suspension of intact or demembranated spermatozoa was placed

2 into a microscope slide chamber (Sekisui Chemical Co., Ltd., UR-157 type,

3 Tokyo, Japan) on a thermostatically-controlled warm plate, and the motility

4 ofspermatozoawas recorded by videomicroscopy (magnification on the 12-inch

5 black and white monitor was approximately x 600) at 30°C or 40°C (Katz and

6 Overstreet, 1981). Measurements were made on a total of200-300 spermatozoa,

7 distributed uniformly among three or more fields, to determine the percentage

8 of vigorously motile spermatozoa.

9

10 Measurement of ATP Concentrations of Intact Spermatozoa

11

12 ATP content in spermatozoa was assayed by firefly bioluminescence in

13 a boiled extract (Wishart, 1982). Numbers of spermatozoa were estimated by

14 the method ofWishart and Ross (1985), using a double-beam spectrophotometer

15 (Shimadzu, Model UV-150-02, Kyoto, Japan). The concentration of ATP

16 was expressed in terms ofnmol ATP/109 spermatozoa.

17

18 Measurment of Tyrosin Kinase Activity

19

20 Washed spermatozoa were suspended in the extraction buffer consisted

21 of50 mM HEPES (N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid]),

22 pH 7.4, 50 mM ~ -glycerophosphate, 25 mM NaF, 150 mM NaCI, 15 mM

23 MgCI
2

, 0.1% (v/v) Triton X-lOO, 20 mM EGTA (ethylene glycol bis (~

24 aminoethylether)-N, N, N', N'-tetraacetic acid), 1mMDTT, 25Jlg/mlleupeptin,

25 25 J.lg/ml aprotinin. The suspension was sonicated for 60 sec on ice with an

26 ultrasonic processor with a microtip (Sonics & Materials, Inc., Danbury, CT)

27 at 50 W. After removing cellular debris by centrifuging at 16,000 g for 20
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1 min at O°C, the supematant was collected as a sample for the enzyme activity

2 assay. New born chick brain ·and liver and rooster testes were also treated as

3 the same manner, except the homogenization; in these cases teflon glass

4 homogenizer was used. Protein concentration was determined using BCA

5 protein assay reagent and bovine serum albumin as a standard.

6 Using a synthetic peptide substrate with the sequence Arg-Arg-Leu-Ile­

7 Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly, referred to as RR-SRC, specific for

8 tyrosine kinase, the activity of the enzyme was measured by the method

9 described in the protocal of protein tyrosine kinase assay system kit. Briefly,

10 10 JlI of sample described above and 10 JlI of substrate solution containing 1

11 JlCi [y-32p]ATP, 60 mM HEPES, pH 7.4, 20 mM MgCI2, 0.2 mM DTT, 40

12 JlM EDTA (ethylenediaminetetraacetic acid), 50 Jlg/ml bovine serum albumin,

13 0.3% (v/v) Nonidet P-40, 140 JlM sodium orthovanadate, 120 JlM ATP and

14 with or without 1 mM RR-SRC peptide were mixed and incubated at 30°C for

15 15 min. The reaction was stopped by the addition of 20 Jll of 10% (w/v)

16 trichloroacetic acid. Following centrifugation (16,000 g, 20 min), the

17 supematant was spotted on a piece of phosphocellulose paper and washed

18 twice in 1% (v/v) acetic acid, three times in distilled water for 3-5 mIn,

19 respectively. The papers were then placed into scintillation vials with

20 scintillation fluid, and counted for peptide-incorporated 32p.

21

22 Statistical Analysis

23

24 Percentage motility was transformed using arc sine transformation. The

25 results were analyzed by Duncan's multiple-range tests (Duncan, 1955).

26

27
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RESULTS

2

3 Effects of Tyrosine Kinase Inhibitor on the Motility of Intact and

4 Demembranated Fowl Spermatozoa

5

6 The vigorous motility of intact spermatozoa at 30°C was inhibited in a

7 dose-dependent manner by the addition of tyrosine kinase inhibitor, 2, 5-MeC..

8 At 40°C, the addition of inhibitor did not appreciably affect the motility of

9 intact spermatozoa, which remained almost negligible (Fig. la).

loOn the other hand, inhibition of motility by the addition of 2, 5-MeC

11 was not observed in demembranated and reactivated spermatozoa at 30°C

12 within the range 1-100 JlM (Fig. 1b), and the motility was maintained as well

13 as those of the control (no addition of2, 5-MeC). In addtion, PGT, a synthetic

14 substrate of tyrosine kinase, did not appreciably affect the motility (Fig. 1b).

15 PGT was not used for intact .spermatozoa due to the impermeability to the

16 plasma membrane (M.W. of 20,000-50,000).

17 Figure 1 shows the inhibition of motility at 10 min after the addition of

18 drugs. The time-course of motility at 30°C and 40°C is shown in Fig. 2. Even

19 the presence of Ca2
+ before the addition of 2, 5-MeC could not prevent the

20 inhibition of motility of intact spermatozoa at 30°C (Fig. 2a).At 40°C, the

21 motility of intact spermatozoa was negligible, but the motility was restored

22 immediately after the addition of 1 mM CaCI2• However, the subsequent

23 addition of 2, 5-MeC inhibited the motility again (Fig. 2b).

24 The inhibition of motility of intact spermatozoa was also observed at

25 30°C by the addition of 2, 5-MeC, even the presence of protein phosphatase

26 inhibitor, calyculin A (Fig. 3a). The presence of calyculin A permitted

27 restoration of motility of intact spermatozoa at 40°C, and this effect was
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1 maintained for at least 30 min. However, calyculin A-stimulated motility was

2 inhibited by the subsequent addition of2, 5-MeC (Fig. 3b).

3

4 Effects of Tyrosine Kinase Inhibitor on the ATP Concentrations of Intact

5 Fowl Spermatozoa

6

7 The ATP concentration of intact spermatozoa following exposure to

8 200JlM 2, 5-MeC decreased slightly at both 30°C and 40°C (32.9+2.8 and

9 38.9+4.9 nmol/l09 spermatozoa, respectively; the mean +SEM offive samples)

10 compared with those of untreated spermatozoa (control) (37.2+2.9 at 30°C

11 and 49.7+ 5.2 at 40°C), but there was no significant difference between them.

12 Additinally, the ATP concentrations of intact spermatozoa decreased

13 slightly at 30°C and 40°C after the addtion of CaC12 or calyculin A. The

14 subsequent addition of 2, 5-MeC did not induce the decrease of ATP

15 concentrations compared with those of the controls (Figs. 4, 5).

16

17 Protein Tyrosine Kinase Activity of Fowl Spermatozoa and Different

18 Tissues

19

20 The presence of 100 JlM 2, 5-MeC inhibited the activity of sperm

21 tyrosine kinase (0.0121 +0.010 pmol/min/mg protein; the mean+SEM of five

22 samples) significantly (P<0.05) compared with those ofuntreated spermatozoa

23 (control) (0.174+0.015). Among 4 kinds of cells, the highest activity was

24 obtained in the chick brain (0.994+0.025 pmol/min/mg protein; the mean+

25 SEM of five samples). The enzyme activity of spermatozoa (0.173+0.012)

26 was lower than those of brain and fowl testes (0.348+0.019), but significantly

27 higher than that of chick liver (0.068+0.010) (P<0.05).
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3

4 Protein phosphorylation is one of the major mechanisms for controlling

5 cell functions in response to changing physiological conditions, and this

6 posttranslational modification is carried out by protein kinases (Berruti, 1994).

7 Although we did not demonstrate the molecular identity of tyrosine kinase of

8 fowl spermatozoa directly, using immunoblotting and/or immunoprecipitation

9 procedure, our results indicated that fowl spermatozoa possessed protein

10 tyrosine kinase activity, by measuring the phosphorylation of a synthetic

11 peptide substrate, RR-SRC: the activity was lower than those of fowl testes

12 and chick brain, but higher than that of chick liver. In general, proliferative

13 cells have relatively high levels of tyrosine kinase activity in adult rat tissues

14 (Kobayashi et aI., 1989), and it has been suggested that the primary function

15 of tyrosine kinase is the regulation of cell proliferation (Swamp et aI., 1983).

16 However, participation of tyrosine kinase activity in several sperm functions

17 of mammalian spermatozoa has already been reported. For example, tyrosine

18 phosphorylation ofsperm proteins is increased with capacitation and in response

19 to physiological stimulation of acrosome reaction with zona pellucida proteins

20 in mouse and human spermatozoa (Leyton and Saling, 1989; Naz et aI., 1991;

21 Leyton et aI., 1992; Duncan and Fraser, 1993; Burks et aI., 1995; Luconi et

22 aI., 1995; Visconti et aI., 1995a, b).

23 With regard to sperm motility, phosphorylation of a tyrosine residue

24 with a 15 kDa axonemal protein, called a flagellar movement-initiating

25 phosphoprotein (MIPP) (Jin et aI., 1994), by tyrosine kinase has been found

26 to play a role in the initiation of flagellar movement of quiescent spermatozoa

27 of the rainbow trout (Morisawa and Hayashi, 1985; Hayashi et aI., 1987). In
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1 addition, it is suggested that in this system the activation of tyrosine kinase

2 might be activated by a cAMP-dependent protein kinase (Hayashi et aI.,

3 1987). Furthermore, Dey and Brokaw (1991) reported that the activation of

4 motility of demembranated Ciona spermatozoa by incubation with cAMP can

5 be completely inhibited by the addition ofPGT at a relatively low concentration

6 of 20 Jlg/ml. Since no inhibition of activation was observed with a control

7 polymer, PGA (a random 3:2 copolymer of glutamate and alanine), at

8· concentrations up to 200 Jlg/ml, the PGT effect was interpreted as a tyrosine­

9 specific effect, rather than a general polyanion effect (Dey and Brokaw, 1991).

10 The PGT has also been shown to inhibit tyrosine phosphorylation in other

11 systems (Braun et aI., 1984). In this study, not only PGT, but also 2, 5-MeC,

12 a stable analogue of erbstatin, was used as a specific inhibitor of tyrosine

13 kinase. This analogue is permeable to the plasma membrane, about 4 times

14 more stable than erbstatin in serum and specifically inhibits tyrosine kinase

15 activity (Umezawa et aI., 1990). Consequently, the addition of 2, 5-MeC

16 inhibited the motility of intact fowl spermatozoa at 30°C in a dose-dependent

17 manner. Furthermore, the activity of tyrosine kinase of fowl spermatozoa

18 was also inhibited significantly by the addition of 2, 5-MeC. These results

19 suggest that the activity of tyrosine kinase is involved in the regulation of

20 fowl spermatozoa as well as in trout and Ciona spermatozoa.

21 Fowl spermatozoa display the unique phenomenon of reversible

22 temperature-dependent immobilization: in simple salt solutions they become

23 immotile at the avian body temperature of40-41 QC, but motility is immediately

24 restored by decreasing the temperature (Munro, 1938; Ashizawa andNishiyama,

25 1978; Thomson and Wishart, 1989, 1991). The axoneme and/or accessory

26 cytoskeletal components itselfappears to be directly involved in this regulatory

27 system, since the motility of demembranated spermatozoa is, as with intact
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1 spermatozoa, negligible at 40°C and restored at 30°C (Ashizawa et aI., 1989a,

2 b). The addition of Ca2
+ (Wishart and Ashizawa, 1987; Ashizawa et aI.,

3 1989a, 1994b) or calyculin A (Ashizawa et aI., 1995a) is effective for the

4 restoration of motility of intact spermatozoa at 40°C, and it appears that

5 protein phosphatase-type 1 (PP1) may play a dominant role in the temperature­

6 dependent inhibition of flagellar movement of fowl spermatozoa (Ashizawa

7 et aI., 1994c).

8 In the study reported here, stimulation of the motility of intact

9 spermatozoa at 40°C by Ca2
+ or calyculin A, was inhibited by the subsequent

10 addition of 2, 5-MeC. Since this inhibition occurred without change in

11 intracellular levels of ATP, it appears that 2, 5-MeC is not simply inhibiting

12 energy production in these spermatozoa, but may be acting on some part of

13 the regulatory cascade initiated by Ca2
+ or calyculin A - which thus appears to

14 involve tyrosine phosphorylation. Since the motility of intact spermatozoa at

15 30°C in the absence of any effector was also inhibited by 2, 5-MeC, tyrosine

16 phosphorylation also appears to involved in this 'intrinsic' regulatory process.

17 As described above, the addition of PGT inhibited the motility of

18 demembranated Ciona spermatozoa (Dey and Brokaw, 1991). Therefore,

19 tyrosine kinase involved in the regulation of motility is presumably retained

20 in the axonemal systems. In contrast, Berruti (1994) has demonstrated that

21 the enzyme of boar spermatozoa was cytosolic. Our results showed that the

22 addition of 2, 5-MeC or even 1000 Jlg/ml PGT had no effect on the motility

23 of demembranated· fowl spermatozoa, either at 30°C or at 40°C. Thus, at

24 least, tyrosine kinase may be present in the cytoplasmic matrix and/or plasma

25 membrane, but not retained in the axoneme and/or accessory cytoskeletal

26 components. However, the location of the substrate(s) for this enzyme still

27 remains unclear: whether in the cytoplasmic matrix and/or plasma membrane
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1 or in the axoneme and/or accessory cytoskeletal components. Earlier studies

2 have clearly shown that the stimulatory effects oftemperature or pp1 inhibitors

3 on fowl sperm motility act on demembranated spermatozoa - i.e. on the

4 axoneme and/or accessory cytoskeletal components (Ashizawa et aI., 1989a,

5 b, 1994c). It seems therefore that in intact fowl spermatozoa, stimulation of

6 motility by these effectors/conditions depends on the 'permissive' effect of a

7 protein(s) 'upstream' ofthe axoneme and/or accessory cytoskeletal corp.ponents,

8 which is active only on phosphorylation of tyrosine residues. The location of

9 this protein(s) or whether it is involved in regulation of motility per se, or in

10 the transfer ofATP to the contractile apparatus, requires further investigation.

11

12 ACKNOWLEDGMENTS

13

14 The authors thank Dr G. J. Wishart, University of Abertay Dundee, for

15 kindly reviewing the manuscript. This study was supported by a grant from

16 the Ministry ofEducation, Science and Culture, Japan (No. 08660348).

17

18



PAGE15

REFERENCES

2

3 Ashizawa K, Nishiyama H (1978): Effects of temperature on the vigour of

4 motility, oxygen consumption and duration of motility of fowl spermatozoa

5 under aerobic conditions. Jpn Poultry Sci 15: 264-266.

6

7 Ashizawa K, Maeda S, Okauchi K (1989a): The mechanisms of reversible

8 immobilization of fowl spermatozoa at body temperature. J Reprod Fertil 86:

9 271-276.

10

11 Ashizawa K, Suzuki Y, Okauchi K (1989b): Flagellar movement in

12 demembranated preparations of ejaculated fowl spermatozoa. J Reprod Fertil

13 86: 263-270.

14

15 Ashizawa K, Katayama S, Kobayashi T, Tsuzuki Y (1994a): Possible role of

16 protein kinase C in regulation of flagellar motility and intracellular free C~+

17 concentration of fowl spermatozoa. J Reprod Ferti1101: 511-517.

18

19 Ashizawa K, Tomonaga H, Tsuzuki Y (1994b): Regulation of flagellar motility

20 of fowl spermatozoa: evidence for the involvement of intracellular free C~+

21 and calmodulin. J Reprod Fertill0l: 265-272.

22

23 Ashizawa K, Wishart GJ, Tomonaga H, Nishinakama K, Tsuzuki Y (1994c):

24 Presence of protein phosphatase type 1 and its involvement in temperature­

25 dependent flagellar movement offow! spermatozoa. FEBS Lett 350: 130-134.

26

27 Ashizawa K, Magome A, Tsuzuki Y (1995a): Stimulation of motility and



PAGE 16

1 respiration of intact fowl spermatozoa by calyculin A, a specific inhibitor of

2 protein phosphatase-l and -2A, via a C~+-dependent mechanism. J Reprod

3 Fertil 105: 109-114.

4

5 Ashizawa K, Wishart GJ, Hashimoto K, Tsuzuki Y (1995b): Dephosphorylation

6 of a 30-kDa protein of fowl spermatozoa by the addition of myosin light

7 chain kinase substrate peptide inhibits the flagellar motility. Biochem Biophys

8 Res Commun 215: 706-712.

9

10 Ashizawa K, Wishart GJ, Nishinakama K, Sakamoto T, Tsuzuki Y (1995c):

11 Regulatory mechanisms of fowl sperm motility: possible role of endogenous

12 myosin light chain kinase-like protein. J Reprod Fertil104: 141-148.

13

14 Berruti G (1994): Biochemical characterization ofthe boar sperm 42 kilodalton

15 protein tyrosine kinase: its potential for tyrosine as well as serine

16 phosphorylation towards microtubule-associated protein 2 and histone H2B.

17 Mol Reprod Dev 38: 386-392.

18

19 Berruti G, Porzio S (1992): Tyrosine protein kinase in boar spermatozoa:

20 identification and partial characterization. Biochim Biophys Acta 1118:

21 149-154.

22

23 Bogdonoff PD, Jr, Shaffner CS (1954): The effect of pH on in vitro survival,

24 metabolic activity, and fertilizing capacity of chicken semen. Poultry Sci 33:

25 665-669.

26

27 Braun S, Raymond WE, Racker E (1984): Synthetic tyrosine polymers as



PAGE1?

1 substrates and inhibitors of tyrosine-specific protein kinases. J BioI Chem

2 259: 2051-2054.

3

4 Burks DJ, Carballada R, Moore HDM, Saling PM (1995): Interaction of

5 tyrosine kinase from human sperm with the zona pellucida at fertilization.

6 Science 269: 83-86.

7

8 Chaudhry PS, Casillas ER (1992): Isotypes of protein kinase C in bovine

9 sperm. Arch Biochem Biophys 295: 268-272.

10

11 Dey CS, Brokaw CJ (1991): Activation of Ciona sperm motility:

12 phosphorylation of dynein polypeptides and effects of a tyrosine kinase

13 inhibitor. J Cell Sci 100: 815-824.

14

15 Duncan DB (1955): Multiple range and multiple F tests. Biometrics 11:

16 1-42.

17

18 Duncan AB, Fraser LR (1993): Cyclic AMP-dependent phosphorylation of

19 epididymal mouse sperm proteins during capacitation in vitro: identification

20 of an ~ 95000 phosphotyrosine-containing protein. J Reprod Fertil 97:

21 287-299.

22

23 Hayashi H, Yamamoto K, Yonekawa H, Morisawa M (1987): Involvement of

24 tyrosine protein kinase in the initiation of flagellar movement in rainbow

25 trout spermatozoa. J BioI Chem 262: 16692-16698.

26

27 Jin Zx, Nakajima T, MorisawaM, Hayashi H (1994): Isolation and properties



PAGE 18

1 of a protein complex containing flagellar movement-initiating phosphoprotein

2 from testes of a white salmon. J Biochem 115: 552-556.

3

4 Katz DF, Overstreet JW (1981): Sperm motility assessment by

5 videomicrography. Fertil Steril 35: 188-193.

6

7 Kobayashi T, Nakamura S, Yamamura H (1989): Cytosolic protein-tyrosine

8 kinase activities in various rat tissues. Ann Clin Biochem 26: 164-168.

9

10 Leyton L, Saling P (1989): 95 kd sperm proteins bind ZP3 and serve as

11 tyrosine kinase substrates in response to zona binding. Cell 57: 1123-1130.

12

13 Leyton L, LeGuen P, Bunch D, Saling PM (1992): Regulation of mouse

14 gamete interaction by a sperm tyrosine kinase. Proc Natl Acad Sci USA 89:

15 11692-11695.

16

17 Lindemann CB, Kanous KS (1989): Regulation ofmammalian sperm motility.

18 Arch Androl 23: 1-22.

19

20 Luconi M, Bonaccorsi L, Krausz C, Gervasi G, Forti G, Baldi E (1995):

21 Stimulation of protein tyrosine phosphorylation by platelet-activating factor

22 and progesterone in human spermatozoa. Mol Cell Endocrinol 108: 35-42.

23

24 Morisawa M (1994): Cell Signaling mechanisms for sperm motility. ZooI Sci

25 11: 647-662.

26

27 Morisawa M, Hayashi H (1985): Phosphorylation of a 15 K axonemal protein



PAGE19

1 is the trigger initiating trout sperm motility. Biomed Res 6: 181-184.

2

3 Munro SS (1938): Fowl sperm immobilization by a temperature-media

4 interaction and its biological significance. Q J Exp Physiol 27: 281-287.

5

6

7 Naz RK, Ahmad K, Kumar R (1991): Role of membrane phosphotyrosine

8 proteins in human spermatozoal function. J Cell Sci 99: 157-165.

9

10 Rotem R, Paz GF, Homonnai ZT, Kalina M, Naor Z (1990a): Protein kinase

11 C is present in human sperm: possible role in flagellar motility. Proc Natl

12 Acad Sci USA 87: 7305-7308.

13

14 Rotem R, Paz GF, Homonnai ZT, Kalina M, Naor Z (1990b): Further studies

15 on the involvement of protein kinase C in human sperm flagellar motility.

16 Endocrinology 127: 2571-2577.

17

18 Swamp G, Dasgupta ID, Garbers DL (1983): Tyrosine protein kinase activity

19 of rat spleen and other tissues. J BioI Chem 258: 10341-10347.

20

21 Tash JS, Means AR (1983): Cyclic adenosine 3',5' monophosphate, calcium

22 and protein phosphorylation in flagellar motility. BioI Reprod 28: 75-104.

23

24 Thomson MF, Wishart GJ (1989): Elucidation of the mechanism responsible

25 for the temperature-dependent reversible inactivation of the motility of fowl

26 spermatozoa. Br Poultry Sci 30: 687-692.

27



PAGE 20

1 Thomson MP,Wishart GJ (1991): Temperature-mediated regulation ofcalcium

2 flux and motility in fowl spermatozoa. J Reprod Fertil93: 385-391.

3

4 Umezawa K, Hori T, Tajima H, Imoto M, Isshiki K, Takeuchi T (1990):

5 Inhibition of epidermal growth factor-induced DNA synthesis by tyrosine

6 kinase inhibitors. FEBS Lett 260: 198-200.

7

8 Vijayaraghavan S, Trautman KD, Goueli SA, Carr DW (1997): A tyrosine­

9 phosphorylated 55-kilodalton motility-associated bovine sperm protein is

10 regulated by cyclic adenosine 3' , 5'-monophosphates and calcium. BioI Reprod

11 56: 1450-1457.

12

13 Visconti PE, Bailey JL, MooreGD, Pan D, Olds-Clarke P, Kopf GS (1995):

14 Capacitation of mouse spermatozoa. I. Correlation between the capacitation

15 state and protein tyrosine phosphorylation. Development 121: 1129-1137.

16

'7 Visconti PE, Moore GD, Bailey JL, Leclerc P, Connors SA, Pan D, Olds-Clarke

18 P, Kopf GS (1995): Capacitation of mouse spermatozoa. II. Protein tyrosine

, 9 phosphorylation and capacitation are regulated by a cAMP-dependent pathway.

20 Development 121: 1139-1150.

21

22 Wishart GJ (1982): Maintenance of ATP concentrations in and of fertilizing

23 ability of fowl and turkey spermatozoa in vitro. J Reprod Fertil 66: 457-462.

24

25 Wishart GJ, Ashizawa K (1987): Regulation of motility of fowl spermatozoa

26 by calcium and cAMP. J Reprod Fertil 80: 607-611.

27



PAGE 21

1 Wishart GJ, Ross FH (1985): Characterization of a spectrophotometric

2 technique for the estimation of fowl and turkey sperm motility. Gamete Res

3 11: 169-178.

4



PAGE 22

Legends for figures

2

3 Fig. 1. (a) Motility of intact fowl spermatozoa after addition of various

4 concentrations of 2, 5-MeC at (e) 30°C and (0) 40°C, and (b) motility of

5 demembranated fowl spermatozoa after addition of various concentrations of

6 (e,O) 2, 5-MeC or (_,0) a random copolymer of tyrosine and glutamate

7 (PGT) at (e,_) 30°C and (0,0) 40°C. Each point represents the mean (+

8 SEM) of five samples of spermatozoa. Values with different superscripts

9 differ significantly (P<0.05) from each other. NS: not significant.

10

11 Fig. 2. Motility of intact fowl spermatozoa after addition (at arrows) of (e) 1

12 mM CaCl2 and (0) 100 )lM 2, 5-MeC at (a) 30°C and (b) 40°C. Each point

13 represents the mean (+SEM) of five samples of spermatozoa. *P<0.05

14 compared with value when no drug was added (control) at each period.

15

16 Fig. 3. Motility of intact fowl spermatozoa after addition (at arrows) of (e)

17 100 nM calyculin A and (0) 100 )lM 2, 5-MeC at (a) 30°C and (b) 40°C.

18 Each point represents the mean (+SEM) of five samples of spermatozoa.

19 *P<0.05 compared with value when no drug was added (control) at each

20 period.

21

22 Fig. 4. ATP concentration of intact fowl spermatozoa after addition (at arrows)

23 of (e) 1 mM CaCl 2 and (0) 200 )lM 2, 5-MeC at (a) 30°C and (b) 40°C.

24 Each point represents the mean (+SEM) of five samples of spermatozoa. At

25 both 30°C and 40°C, no significant difference was observed between in the

26 presence and absence of2, 5-MeC at each period.
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1 Fig. 5. ATP concentration of intact fowl spermatozoa after addition (at arrows)

2 of (e) 100 nM calyculin A and (0) 200 JlM 2, 5-MeC at (a) 30°C and (b)

340°C. Each point represents the mean (+ SEM) offive samples ofspermatozoa.

4 At both 30°C and 40°C, no significant difference was observed between in the

5 presence and absence of2, 5-MeC at each period.
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