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Possible participation of calmodulin in the decondensation of
nuclei isolated from guinea pig spermatozoa
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Summary8

The guinea pig spermatozoid nucleus contains actin, myosin, spectrin and cytokeratin. Also, it has been
reported that phalloidin and/or 2,3-butanedione monoxime retard the sperm nuclear decondensation
caused by heparin, suggesting a role for F-actin and myosin in nuclear stability. The presence of an F-
actin/myosin dynamic system in these nuclei led us to search for proteins usually related to this system.
In guinea pig sperm nuclei we detected calmodulin, F-actin, the myosin light chain and an actin-myosin
complex. To define whether calmodulin participates in nuclear-dynamics, the effect of the calmodulin
antagonists W5, W7 and calmidazolium was tested on the decondensation of nuclei promoted by either
heparin or by a Xenopus laevis egg extract. All antagonists inhibited both the heparin-extracted and the X.
laevis egg extract-mediated nuclear decondensation. Heparin-mediated decondensation was faster and
led to loss of nuclei. The X. laevis egg extract-promoted decondensation was slower and did not result in
loss of the decondensed nuclei. It is suggested that in guinea pig sperm calmodulin participates in the
nuclear decondensation process.
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Introduction22

The small spermatozoid nucleus is unique in that23
it contains a haploid genome and the DNA is24
associated to protamines, small highly basic proteins25
rich in Arg and Cys (Ward & Coffey, 1991). The26
protamine–DNA complex is highly condensed due27
to protamine–protamine disulfide bonds (Eddy, 1988;28
Yanagimachi, 1988). Once inside the egg, the sperm29
chromatin decondenses in order to share its genetic30
information (Bezanehtak & Swan, 1999). A clue on31
the possible mechanism of chromatin decondensation32
was provided by a report indicating that in guinea33
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pig spermatozoa the nuclear matrix contains actin, 34
myosin, spectrin and cytokeratin (Ocampo et al., 35
2005). In addition, the heparin-mediated nuclear 36
decondensation is retarded by either phalloidin (which 37
stabilizes F-actin) or by 2,3-butanedione monoxime (a 38
myosin ATPase inhibitor); these data again suggest that 39
there is an active actin/myosin system in sperm nuclei 40
(Ocampo et al., 2005). Other proteins that have been 41
reported to participate in a motile actin/myosin system 42
are the myosin light chain kinase (MLCK), calcineurin 43
and actin (Pujol et al., 1993). 44

Calmodulin (CaM) (17 kDa) is widely distributed 45
in nature (Stevens, 1982); its 148 aa sequence and 46
its four Ca2+-binding sites are highly conserved 47
(Tomlinson et al., 1984). CaM controls a large number 48
of processes, such as fertilization, contraction, motility, 49
secretion, neurotransmission and metabolism (Stevens, 50
1982). The dynamics of actin/myosin complexes 51
are controlled by CaM as follows: the Ca2+/CaM 52
complex activates MLCK by binding near the carboxyl 53
terminal (Vetter & Leclerc, 2003). The activated MLCK 54
phosphorylates myosin light chain (MLC) at serine 55
19 (Adelstein, 1980). Phosphorylated MLC undergoes 56
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a conformational change resulting in actin/myosin57
complex activation (Levinson et al., 2004).58

In mammalian spermatozoa, CaM has been detected59
in the acrosomal and post/acrosomal regions and60
in the flagellum (Jones et al., 1980), together with61
several CaM binding proteins (Noland et al., 1985).62
In guinea pig spermatozoa CaM was observed in63
the acrosomal and equatorial regions and along the64
flagellum; also, CaM migrates to the post acrosomal65
region in acrosome-reacted (AR) spermatozoa (Trejo &66
Mújica, 1990; Moreno-Fierros et al., 1992). CaM was also67
found in the sperm plasma membrane, in perinuclear68
material and in the free vesicles formed during AR69
(Hernández et al., 1994). To date, CaM has not been70
observed in the nuclei of spermatozoa.71

In order to determine whether the previously72
detected dynamic actin/myosin system has a73
physiological role in the sperm nucleus, it is necessary74
to search for the presence of proteins known to be75
involved in the control of this system. One likely76
candidate would be CaM. With this in mind, it was77
decided to search for CaM and MLC in the nuclei of78
guinea pig spermatozoa. In addition, it was decided to79
explore the effect of different CaM antagonists on the80
decondensation of spermatozoid nuclei.81

Materials and methods82

Antibodies and reagents83

All reagents were of analytical quality. Trizma base, DL-84
dithiothreitol (DTT), hexadecyltrimethylammonium85
bromide (CTAB), sucrose, HEPES, heparin,86
hematoxylin Harris, Hoechst stain solution 33258,87
Tween 20, Triton X-100, ATP, nocodazole, cytochalasin88
B, glycerol, glycine, 2-β-mercaptoethanol, creatine89
phosphokinase, cycloheximide, N-(6-aminohexyl)-90
1-naphthalenesulfonamide hydrochloride (W5),91
calmidazolium chloride, N-(6-aminohexyl)-5-chloro-92
naphthalenesulfonamide hydrochloride (W7),93
Coomassie brilliant blue, Ponceau S solution,94
human chorionic gonadotropin (HCG), protein A95
agarose, ethylenediaminetetraacetic acid (EDTA),96
sodium orthovanadate (Na3VO4), sodium molybdate97
(Na2MoO4), sodium fluoride (NaF), calcium ionophore98
A23187, FITC–phalloidin were from Sigma Chemical99
Co.; DNase I and CompleteTM tablets, a mixture of100
protease inhibitors, were bought from Roche; sodium101
dodecyl sulfate (SDS) was obtained from BDH;102
acrylamide/Bis acrylamide, TEMED, ammonium103
persulfate, a protein assay kit, nitrocellulose104
membranes and MW markers were from Bio-105
Rad; Brij 36-T was from Canamex, S.A.; fat-free milk106
was purchased from Baden, S.A.; ethanol, acetone,107
methanol, formaldehyde, NaCl, KH2PO4, MgSO4, KCl,108

Na2HPO4 and NH4Cl were from J.T. Baker; dimethyl 109
sulfoxide (DMSO), isopropyl alcohol were from Merck; 110
the enhanced chemiluminescence reagent (ECL) and 111
immunogold silver staining (IGSS) quality gelatin 112
were from Amersham; Medium grade LR White resin 113
kit was bought from London Resin. Cooper grids, 114
Formvar R©, phosphotungstic acid were purchased 115
from Electron Microscopy Sciences. 116

Antibodies 117
Anti-myosin light chain monoclonal antibodies (Clone 118
MY-21; cat M4401) were from Sigma Chemical Co. The 119
anti-actin monoclonal antibody was kindly provided 120
by Dr Manuel Hernández (Department of Cell 121
Biology, CINVESTAV-IPN, México). This reagent is 122
a monoclonal antibody against actin (Diaz-Barriga 123
et al., 1989) and there after tested in diverse occasions 124
(Pérez et al., 1994; Pastén-Hidalgo et al., 2008). For 125
the polyclonal anti-CaM antibody, calmodulin was 126
obtained from bovine testis and purified by affinity 127
chromatography as described in Dedman & Kaetzel 128
(1983). CaM was subjected to SDS-PAGE in the 129
presence and in the absence of Ca2+ and the ultraviolet 130
absorbance spectrum was used to assess CaM purity. 131
Using the pure CaM preparation, anti-CaM antibodies 132
were prepared in sheep. Antibodies were purified 133
by affinity chromatography in a CaM–sepharose 134
column (Dedman et al., 1978). The antibody titer 135
was determined by enzyme-linked immunoabsorbent 136
assay (ELISA). These antibodies have been tested (Trejo 137
& Mújica, 1990; Hernández et al., 1994). Antibodies 138
against myosin were produced in rabbit using pure 139
guinea pig skeletal muscle myosin (Margossian & 140
Lowey, 1982) and purified by affinity chromatography 141
on a myosin–sepharose column and titrated by ELISA. 142
These antibodies have been tested in muscle and in 143
nuclear matrices, obtaining similar results to those 144
reported for a commercial antibody (Ocampo et al., 145
2005). TRITC-labelled secondary goat anti-rabbit, 146
rabbit anti-sheep, goat anti-mouse antibodies and 147
horseradish peroxidase (HRP) labelled secondary goat 148
anti-rabbit and goat anti-mouse antibodies were from 149
Jackson Immune Research Laboratories, Inc.; G protein 150
labelled with HRP and gold-labelled were obtained 151
from Sigma Chemical Co. 152

Guinea pig sperm and sperm nuclei isolation 153

Cauda epididymis and vas deferens spermatozoa were 154
obtained as in Trejo & Mújica (1990) and centrifuged, 155
washed twice in 154 mM NaCl at 600 g for 3 min 156
and counted in a Neubauer chamber (Mújica & 157
Valdes-Ruiz, 1983). Spermatozoa were resuspended 158
in 50 mM Tris–HCl pH 7.5 (1 × 108 cells/ml), 159
then 100 μl of a commercial mixture of protease 160
inhibitors (CompleteTM: one tablet dissolved in 5 ml 161
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of distilled water) was added. The sperm suspension162
was treated with Brij 36-T (Brij spermatozoa) at 1.2%163
final concentration (Juárez-Mosqueda & Mújica, 1999)164
and incubated for 5 min on ice, for plasma membrane,165
nuclear membrane and acrosome solubilization. Brij166
spermatozoa were collected and washed three times at167
600 g for 3 min in 1 ml Tris–CompleteTM each time. For168
nuclei isolation, Brij spermatozoa in Tris–CompleteTM169
were treated with fresh 25.4 mM DTT and incubated170
for 15 min on ice. In order to solubilize the perinuclear171
theca-flagellum, 2.22% CTAB (final concentration) was172
added (Hernández-Montes et al., 1973). The insoluble173
fraction containing DTT/CTAB nuclei was washed174
three times in 1 ml Tris–CompleteTM as above. Nuclear175
purity was assessed with a Zeiss optical microscope,176
Axioscop 2. The DTT/CTAB nuclei were divided:177
an aliquot was fixed (v/v) in 3% formaldehyde178
for 1 h and glass slides were prepared for indirect179
immunofluorescence; a second aliquot was used for180
western blotting and a third sample was used in181
decondensation assays.182

Nuclear matrix isolation183

Nuclear matrices were prepared as described184
previously (Ocampo et al., 2005). Briefly, 1 × 108185
DTT/CTAB-nuclei/ml of Tris–CompleteTM pH 7.5,186
were mixed with 1 ml of 1 M NaCl and incubated for187
30 min on ice twice. Each time, nuclei were collected at188
600 g for 3 min and suspended in 1 ml Tris–CompleteTM.189
NaCl supernatants were saved and filtered in 0.45 μm190
filters and concentrated (3500 g for 50 min at 4 ◦C) in191
Amicon ultratubes. Nuclei were resuspended in 1 ml192
Tris–CompleteTM (35 × 106 nuclei/ml), 5 IU heparin193
and incubated at 37 ◦C for 1 min. Then the sample was194
diluted with 2 ml Tris–CompleteTM and centrifuged195
(600 g for 3 min). Supernatants were passed trough196
0.45 μm filters and concentrated as before. Heparin-197
treated nuclei were incubated for 30 min in 1 ml Tris–198
CompleteTM (1 × 108 nuclei/ml), 50 IU DNase I,199
10 mM MnCl2 at 37 ◦C. Nuclei were collected at 600 g200
for 3 min for a second DNase I treatment; supernatants201
were processed as above. The pellet (sperm nuclear202
matrices) from 1 × 108 nuclei was resuspended in203
1 ml Tris–CompleteTM, solubilized with 0.5% SDS (final204
concentration) and protein was concentrated as above.205
After filtration (0.45 μm membrane), all samples were206
concentrated in Amicon ultratubes at 3500 g for207
50 min at 4◦C. Protein concentration was de-208
termined as in Lowry et al., (1951). Samples209
were used for electrophoresis and western blot-210
ting.211

SDS-PAGE and western blotting212

DTT/CTAB nuclei, nuclear matrices suspended in213
Tris–CompleteTM and supernatants from the different214

solutions used to obtain the nuclear matrices were 215
collected. All samples were diluted with 0.5 volume 216
sample buffer (500 mM Tris pH 6.8, 10% glycerol, 217
10% SDS, 0.05% 2-β-mercaptoethanol and 0.01% 218
bromphenol blue) and boiled for 5 min (Laemmli, 219
1970). Samples were subjected to electrophoresis in 220
15% polyacrylamide–SDS gels and transferred to 221
nitrocellulose membranes (Towbin et al., 1979). CaM 222
transfer was done at 4 ◦C for 20 h at 20 volts. 223
The buffer used was: 25 mM potassium phosphate 224
(pH 7), 25 mM sodium phosphate (pH 7), 12 mM 225
Tris, 192 mM glycine, 20% methanol (Hincke, 1988). 226
Nitrocellulose membranes were immunostained as 227
previously described (Moreno-Fierros et al., 1992). 228
Antibodies were appropriately diluted with blocking 229
solution, containing 5% fat-free milk in TBS-T (150 mM 230
NaCl, 100 mM Tris–HCl pH 7.6 plus 0.1% Tween 231
20). Primary antibodies used were: anti-calmodulin 232
(1:100) and anti-myosin light chain (1:200). HRP- 233
labelled secondary antibodies were diluted 1:4000 in 234
blocking solution. Three controls were: (a) sample 235
stained without the primary antibody, only with 236
the secondary antibody; (b) sample incubated with 237
preimmune sera instead of the primary antibody; and 238
(c) for CaM an additional control was to incubate 239
the antibody with a 10-fold molar excess purified 240
CaM. HRP was developed by chemiluminescence ECL 241
kit. 242

Immunoprecipitation 243

Protein A–agarose (5 μl) was incubated with 0.4 μg 244
anti-myosin antibody for 5 min at 4 ◦C. Then, 1 mg 245
nuclear matrix sperm protein (see above) was added. 246
The mixture was kept overnight at 4 ◦C under constant 247
agitation. Antibody–protein complexes were recovered 248
by centrifugation (5000 g for 5 min). Then, the samples 249
were washed two times with RIPA buffer (20 mM 250
Tris–HCl, 316 mM NaCl, 2 mM EDTA, 20 mM sodium 251
orthovanadate, 20 mM sodium molibdate, 50 mM 252
sodium fluoride and 1% Triton X-100, pH 7.5). The 253
pellet was resuspended in 50 mM Tris–HCl pH 7.5 254
(50 μl) plus 25 μl of Laemmli sample buffer and boiled 255
for 5 min (Laemmli, 1970). Protein was subjected to 256
electrophoresis in 10% polyacrylamide–SDS gels and 257
transferred to nitrocellulose membranes for western 258
blotting (see above). The primary antibody was anti- 259
actin, appropriately diluted (1:100) with blocking 260
solution: 5% fat-free milk in TBS-T. HRP-labelled 261
appropriate secondary antibody (1:4000) was used. 262
HRP was developed by chemiluminescence ECL kit. As 263
a positive control of the myosin–actin interaction, we 264
used muscle extract. The muscle extract was prepared 265
from guinea pig skeletal muscle as described above for 266
myosin antibodies. 267
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Myosin light chain, calmodulin and F-actin268
detection in DTT/CTAB sperm nuclei using indirect269
immunofluorescence and FITC–phalloidin for270
revealing F-actin271

In DTT/CTAB nuclei, MLC and CaM were detected272
by indirect immunofluorescence (Moreno-Fierros et al.,273
1992). Primary antibodies were diluted with blocking274
solution (3% BSA in PBS): for MLC detection, an275
anti-MLC monoclonal antibody diluted 1:200 was276
used and for CaM detection an anti-CaM polyclonal277
antibody 1:50. TRITC-labelled secondary antibodies278
were diluted 1:500 in blocking solution. Controls were:279
(a) sperm nuclei incubated only with the secondary280
antibody; (b) sperm nuclei incubated with preimmune281
sera instead on the primary antibody; and (c) for CaM282
an additional control was to incubate the antibody283
with a 10-fold molar excess purified CaM. For F-actin284
staining, DTT/CTAB nuclei were incubated with FITC–285
phalloidin (10 μ g/ml) for 30 min (Moreno-Fierros et al.,286
1992). Samples were observed in a Confocal microscope287
(Leica, TCS SP2 Confocal Laser Scanning Micro-288
scope).289

Immunogold localization of calmodulin in nuclear290
matrix and whole spermatozoa291

Nuclear matrices were fixed in Karnovsky (1965)292
and adsorbed onto Formvar carbon-coated grids. A293
drop was placed on 200-mesh coated grids and left294
for 15 min before drawing the excess sample off.295
Aldehyde groups were blocked by incubating the grids296
in a drop of 50 mM NH4Cl for 10 min and rinsing297
with PBS. Samples were then treated with blocking298
solution: 3% immunogold silver staining (IGSS) quality299
gelatin in PBS (Ursitti & Wade, 1993) for 30 min. The300
primary antibody was anti-CaM diluted 1:10 with301
blocking solution. G-protein, coupled 5 nm colloidal302
gold particles was used. Then, samples were stained303
with 0.02% phosphotungstic acid and micrographed304
and examined in a JEOL JEM 2000 EX-100S electron305
microscope. As a negative control we examined nuclear306
matrices incubated only with G-protein where no307
immunogold staining was detected.308

Whole sperm were fixed in 4% paraformaldehyde309
for 1 h at room temperature. Samples were washed310
with PBS and dehydrated in gradually increased311
concentrations of ethanol for 30 min each, infiltrated312
into one volume of LR White and one volume 100%313
ethanol for 1 h, then into pure resin overnight at 4 ◦C,314
embedded in pure LR White resin and polymerized315
under UV light at 4 ◦C during 24 h. For immunogold316
staining, thin sections obtained in a Reichert Jung317
ultramicrotome were mounted on formvar-carbon-318
coated nickel grids and sequentially floated on PBSMT319
(PBS added with 0.05% Tween 20 plus 1% free-fat320

milk). Grids were incubated with anti-CaM antibodies 321
(diluted 1:10 in PBSMT) during 2 h at room temperature 322
and then for 12 h, at 4 ◦C. Grids were thoroughly 323
washed with PBSMT and incubated with G-protein 324
(diluted in PBSMT) coupled to 5 nm gold particles. 325
Negative control samples incubated only with the G- 326
protein were performed. All sections were stained with 327
2% uranyl acetate and examined and micrographed 328
in a JEOL JEM 2000 EX-100S electron microscope as 329
mentioned above. 330

Effect of the calmodulin antagonists W5, W7 and 331
calmidazolium on heparin-mediated nuclear 332
decondensation 333

DTT/CTAB nuclei, 35 × 106/ml in 50 mM Tris pH 334
7.5 were treated or not (control) with 100 μM W5, 335
100 μM W7 or 10 μM calmidazolium for 30 min at room 336
temperature. These inhibitor concentrations have been 337
reported by others (Berruti et al., 1985). Afterwards, 338
5 IU heparin was added and aliquots were withdrawn 339
at 20, 40, 60, 120 and 240 s and fixed (v/v) with 340
3% formaldehyde for 1 h. After fixation, nuclei were 341
collected centrifuging at 600 g for 3 min. Pellets 342
were resuspended in 50 mM NH4Cl and incubated 343
15 min at room temperature. Subsequently, nuclei were 344
washed twice with PBS and once with distilled water 345
as above. Smears from each sample were laid on glass 346
slides, stained with Harris hematoxylin (Luna, 1963) 347
and observed using an Olympus BX40 microscope, 348
×1000 magnification, micro-photographed with a 349
digital camera (Hitachi model KP-D50) and captured 350
in software Imaging System AnalySIS 3.0 GmbH, for 351
morphometric analysis. 352

Effect of the calmodulin antagonists W5, W7 and 353
calmidazolium on X. laevis egg extract-mediated 354
nuclear decondensation 355

Preparation of egg extracts from X. laevis 356
Extracts from X. laevis eggs were obtained as described 357
by Hutchinson et al., (1988) with slight modifications. 358
At three month intervals mature frogs were stimulated 359
to lay eggs by a first injection of 100 IU human 360
chorionic gonadotropin into their dorsal lymph sacs, 361
then after 5 h a second injection of 500 IU human 362
chorionic gonadotropin was performed; 17 h later 363
the eggs were harvested. Eggs were collected in 364
saline water (110 mM NaCl) at 21 ◦C and then 365
incubated in de-jellying solution (5 mM DTT, 110 mM 366
NaCl, 20 mM Tris–HCl, pH 8.5) for 5 min. Following 367
removal of the jelly coats, the eggs were rinsed three 368
times in saline and examined. Eggs were activated with 369
the Ca2+ ionophore A23187 (5 μg/ml) for 5 min (Blow 370
& Laskey, 1986). Next, the eggs were rinsed twice in 371
ice-cold extraction buffer (110 mM KCl, 5 mM MgCl2, 372
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20 mM HEPES (pH 7.5), 2 mM 2-β-mercaptoethanol)373
containing protease inhibitors (CompleteTM 100 μl/ml).374
Excess buffer was removed from the egg suspension375
and the sample was centrifuged at 10000 g for 20 min376
at 4 ◦C. After centrifugation a stratified extract was377
obtained consisting of a yolk pellet, a soluble phase and378
a lipid cap. The soluble phase was removed and mixed379
with cytochalasin B (50 μg/ml final concentration).380
This material was centrifuged a second time as381
above. Samples were stored at –70 ◦C in the presence382
of CompleteTM (protease inhibitor mixture), plus383
5% glycerol and used for activation by ATP treat-384
ment.385

ATP treatment of egg extracts386
The egg extracts (1 ml) were mixed with 0.15387
volume of ELB (1 mM DTT, cycloheximide (1 μg/ml),388
250 mM sucrose) and nocodazol (1:500). The mixture389
was centrifuged at 10 000 g for 20 min at 4 ◦C. Next, 1390
mM ATP, 20 μl/ml PC (10 mM sodium phosphate, pH391
7) and 1 μl/ml creatin kinase (50 μg/ml) were added392
and incubated for 5 min (Leno & Laskey, 1991). Egg393
extracts were used for nuclear decondensation.394

Nuclear decondensation assay395
DTT/CTAB nuclei, 18 × 106/ml in 50 mM Tris pH 7.5396
were treated or not with 100 μM W5, 100 μM W7 or397
10 μM calmidazolium for 30 min at room temperature.398
Then samples were subjected to centrifugation at399
600 g for 3 min and the pellet was resuspended in 1 ml400
of treated egg extract (see above). These samples were401
incubated at 37 ◦C and aliquots were withdrawn at 1,402
3, 6, 10, 30, 120 and 240 min, fixed (v/v) and stained403
with: 8 μg/ml Hoechst 33258, 7.4% formaldehyde,404
200 mM sucrose, 10 mM HEPES, pH 7.6. From each405
sample, smears were prepared on glass slides and406
observed in an Olympus IX70 microscope, ×1000407
magnification and micro-photographed with a digital408
camera (Color View 12) and captured using the409
software Imaging System AnalySIS 3.0 GmbH, for410
morphometric analysis.411

Morphometric analysis412

Nuclei morphometric analysis was performed with413
the software Imaging System AnalySIS 3.0 GmbH.414
The evaluated parameters were area and diameter.415
Comparisons between treatments were performed by416
unpaired t-test. All results are representative of at417
least three different experiments. Results comparing418
three replicates are expressed as the mean ± standard419
deviation. In each determination 40 heparin-treated420
nuclei or 40 egg extract treated nuclei were evaluated.421
Significance levels for both were set at p < 0.001.422

Results 423

In guinea pig sperm calmodulin was detected in 424
whole nuclei and in the nuclear matrices 425

Highly purified, membrane-free nuclei were obtained 426
by spermatozoid treatment with DTT/CTAB, followed 427
by extensive washing. Then, the nuclear matrices were 428
isolated using sequential protein extraction treatments: 429
(1) high NaCl concentration; (2) heparin; and (3) 430
DNase I. The proteins extracted after each different 431
treatment, as well as those retained in either whole 432
nuclei or nuclear matrices, were analysed by SDS- 433
PAGE, transferred to nitrocellulose membranes and 434
subjected to western blotting using CaM antibodies; 435
these antibodies detected a 17 kDa protein (Fig. 1A). 436
CaM was detected in whole nuclei (Fig.1A, lane 1) and 437
in the isolated nuclear matrices (Fig. 1A, lane 7). Two 438
positive CaM controls were used: testis homogenate 439
(Fig. 1A, lane 2) and pure CaM (Fig. 1A, lane 3). In 440
the extracted proteins, CaM was detected only after 441
the DNase I treatment (Fig. 1A, lane 6). In contrast, 442
CaM was not detected in the nuclear NaCl extracts 443
(Fig. 1A, lane 4) or in the heparin extracts (Fig. 1A, 444
lane 5). Thus, CaM remained associated to the nuclear 445
matrix even after diverse extraction procedures, 446
suggesting that it was not a contaminant from the 447
cytosol. In a silver-stained gel, it was observed that 448
both the NaCl and the heparin treatment extracted 449
some proteins from the nucleus (Fig. 1B, lanes 4 and 5, 450
respectively). The antibody specificity was confirmed 451
as follows: (1) a competitive inhibition assay, where 452
the anti-CaM antibody was treated with 10-fold molar 453
excess of purified CaM did not show any bands 454
(Fig. 1C); (2) omission of the primary antibody resulted 455
in absence of any band (data not shown); or (3) using 456
preimmune serum instead of the primary antibody 457
which was negative too (data not shown). 458

CaM was also detected in DTT/CTAB nuclei by 459
indirect immunofluorescence and confocal microscopy 460
projection (Fig. 1D, a). CaM was observed in whole 461
nuclei as a fine granulated fluorescence. In optical 462
sections, in the middle of the nucleus, CaM gave the 463
same image (Fig. 1D, b). The negative controls were: (1) 464
samples in which the primary antibody was omitted 465
(Fig. 1E, a), no fluorescence was observed; phase 466
contrast image (Fig. 1E, b); (2) the primary antibody 467
was competed with an excess (10 fold) of pure CaM 468
protein; or (3) preimmune serum was used instead of 469
the primary antibody, none of the negative controls 470
exhibited fluorescence (data not shown). 471

Nuclear matrices were subjected to immunogold 472
staining using a polyclonal anti-CaM antibody. Heavy 473
labelling of the nuclear matrix was observed (Fig. 2A). 474
The negative control was a sample in which the primary 475
antibody was omitted and showed severe reduction of 476
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Figure 1 Calmodulin (CaM) identification in guinea pig sperm nuclei by western blotting and indirect immunofluorescence.
(A) Positive expression of CaM was observed in whole nuclei sperm proteins (lane 1). Also, in the positive controls: mouse
testis (lane 2), pure CaM (lane 3). Nuclear proteins extracted with: DNase I (lane 6) and nuclear matrices (lane 7). No expression
of CaM was observed in NaCl (lane 4) and heparin (lane 5) extracted proteins; although positive proteins bands were detected
in silver stained gel (B). (C) Negative control; not immunoreactive band was detected in samples assayed (lanes 1–7) when
the first antibody was competed with a 10 fold molar excess of pure CaM. (D) Immunolocalization of CaM in whole nuclei
(DTT/CTAB) of guinea pig sperm, confocal microscopy image (projection) (a) and optical sections (b). (E) Negative control;
nuclei were treated without the first antibody, no fluorescence was observed (a). Phase contrast image (b). Bar: 8 μm.

the gold label (Fig. 2B). In addition, when thin sections477
of whole sperm cells were immunogold stained, CaM478
was revealed within the nucleus and to a lesser extent479
elsewhere (Fig. 2C).480

Guinea pig sperm nuclei contain F-actin and the481
myosin light chain482

In DTT/CTAB nuclei, F-actin was observed by confocal483
microscopy after staining with FITC–phalloidin484
(Fig. 3A, a). In optical sections, the same fluorescence485
image was observed (Fig. 3A, b). MLC was also486
detected by indirect immunofluorescence and confocal487
microscopy (Fig. 3B, a). The image exhibits granulated488
fluorescence throughout the nucleus. In optical489
sections, the same granulated fluorescence was490
observed (Fig. 3B, b). In negative controls, in which491
the primary antibody was omitted or incubated with492
preimmune serum instead of the primary antibody,493
no fluorescence was observed (Fig. 3C, a); we also494
include phase contrast image of the same sample495
(Fig. 3C, b).496

The presence of MLC in DTT/CTAB nuclei was497
confirmed by western blotting (Fig. 3D, lane 2). As498

with the positive control, testis homogenate (Fig. 3D, 499
lane 1) was used. In both the control and the sample, 500
the anti-MLC antibody detected a wide band spanning 501
from 17 to 20 kDa, which is in the range specified by 502
the manufacturer (Sigma Chemical Co.) and expected 503
for MLC (Wagner, 1982). In a negative control in 504
which the primary antibody was omitted, no bands 505
were detected (Fig. 3E) in nuclear proteins (lane 2) 506
neither testis homogenate (lane 1). A second negative 507
control was done with preimmune sera instead of the 508
primary antibody, it give also a negative result (data not 509
shown). 510

Actin-myosin interaction was observed in guinea 511
pig sperm nuclei matrices 512

Guinea pig spermatozoid nuclei contain actin and 513
myosin (Ocampo et al., 2005). The interaction between 514
these proteins would be a strong indication that they 515
play a physiologic role in nuclei. To test this hypothesis, 516
an SDS-extract from nuclear matrices was treated 517
with an anti-myosin antibody plus protein A agarose. 518
The immunoprecipitate was subjected to SDS-PAGE, 519
transferred to a nitrocellulose membrane and analysed 520
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Figure 2 Immunogold detection of CaM in nuclear matrices and whole sperm cells. Nuclear matrices were treated with
anti-CaM antibodies. Appropriate gold-labelled (5 nm particles) G-protein was used. (A) CaM detection was abundant in the
nuclear matrices. (B) Negative control, nuclear matrices incubated only with G-protein, where no immunogold staining was
detected. Bars: 200 nm. (C) Thin sections from guinea pig spermatozoa embedded in LR White resin incubated with anti-CaM
antibodies, the image shows positive CaM detection inside nuclei. Bar: 500 nm.

with an anti-actin antibody. A 37–50 kDa protein band521
was detected (Fig. 4, lane 1), indicating that actin522
co-precipitated with myosin. In supernatants of the523
immunoprecipitate no bands were detected (Fig. 4, lane524
2). In the muscle extract used as a control, a band of 45525
kDa was revealed by the anti-actin antibody (Fig. 4,526
lane 3) also in whole nuclei spermatozoa a band of 45527
kDa was detected (Fig. 4, lane 4). Negative controls528
performed without the primary antibody or without529
the primary antibody but in the presence of preimmune530
sera, did not show positive bands (Fig. 4, lane 6); an531
additional control was performed incubating nuclear532
matrix extracts with Protein A agarose alone (without533
anti-myosin antibody) and revealed for actin. Under534
these conditions no bands were detected (Fig. 4, lane535
5).536

The heparin-mediated sperm nuclei decondensation537
is inhibited by CaM antagonists538

In order to define whether CaM participates in nuclear539
decondensation, we measured the effect of different540
CaM antagonists (W5, W7 and calmidazolium in541
DMSO) on the heparin-mediated nuclear decondens-542
ation. The diluent (DMSO) plus heparin was assayed543
as a control. Non treated nuclei remained stable up544

to 240 s (Fig. 5, •) heparin promoted significant nuclei 545
decondensation at 20 s (p < 0.001) and a further increase 546
was observed to become stable at 240 s (Fig. 5, �). 547
Calmidazolium inhibited decondensation completely 548
(Fig. 5, �). Decondensation was evaluated at 60 up 549
to 240 s after heparin addition measuring the area 550
(Table 1) and diameter (data not shown) of individual 551
nuclei. Before treatment, the mean area of the 552
nuclei was 73.61 μm2 and the highest stable decon- 553
densation was 109.38 μm2. All the CaM antagonists 554
were effective inhibitors of nuclear decondensa- 555
tion. 556

After longer incubation times, heparin treated 557
sperm nuclei disappeared from view, which probably 558
indicates that nuclear structures became unstable 559
(Fig. 6), such that after 10 min of heparin treatment, 560
the original 6.3 × 106 sperm nuclei decreased to 561
1.3 × 106 nuclei. An 80% decrease. This was not 562
mediated by proteases, as addition of CompleteTM 563
(a mixture of protease inhibitors) did not prevent 564
nuclei disappearance (data not shown). In contrast, 565
in the presence of the CaM antagonists, the heparin- 566
mediated loss of sperm nuclei remained low, at about 567
20%; sperm nuclei numbers were as follows: in the 568
presence of: W5, 5.7 × 106; W7, 5. 3 × 106 and 569
calmidazolium 5.7 × 106 (Fig. 6). Thus, it seems that 570
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Figure 3 In guinea pig sperm whole nuclei: F-actin localization by FITC–phalloidin stain and myosin light chain (MLC)
localization and identification by indirect immunofluorescence and western blotting. (A) Confocal microscopy image
(projection) showing F-actin in whole DTT/CTAB nuclei of guinea pig sperm (a) and optical sections (b). (B) Confocal
microscopy image (projection) showing the immunolocalization of MLC in whole nuclei of guinea pig sperm (a) and optical
sections (b). (C) Negative control; nuclei were treated with preimmune sera instead the first antibody, no fluorescence was
observed (a). Phase contrast image (b). Bar: 8 μm. D: DTT/CTAB nuclei positive expression of MLC is shown. Lane 1: positive
control (mouse testis); lane 2: nuclear sperm proteins of guinea pig. (E) Negative control; not immunoreactive band was
detected when the first antibody was omitted.

in addition to inhibiting decondensation, or perhaps571
as a consequence of this inhibition, CaM antagonists572
also inhibit the heparin-promoted loss of sperm573
nuclei.574

The Xenopus laevis egg extract-mediated575
decondensation of sperm nuclei is inhibited by576
different CaM antagonists577

The heparin decondensation method suggested that578
CaM participates in nuclear decondensation. To further579
analyse this possibility, we decided to test a second580
method to decondense nuclei which is perhaps more581

physiological: the X. laevis egg extract-mediated sperm 582
nucleus decondensation. In this model, we also tested 583
the effect of each of three different CaM antagonists: 584
W5, W7 and calmidazolium in DMSO. The results 585
were different to those obtained with heparin because 586
the X. laevis extract promoted a much lower rate of 587
decondensation and in addition treated nuclei did 588
not disappear, even at very long incubation times. In 589
the non-treated controls, nuclei remained stable up 590
to 240 min of experimentation (Fig. 7, •). In nuclei 591
treated with the X. laevis extract, nuclei remained 592
stable for up to 6 min of incubation; then, at 10 min 593
significant decondensation (p < 0.001) was observed 594
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Table 1 Heparin-mediated decondensation of sperm nuclei. Effect of calmodulin antagonists W5 (100 μM),
W7 (100 μM) and calmidazolium (10 μM).

Area of individual nuclei (μm2)/ Duration of treatment (s)

DTT/CTAB Nuclei treatment 0 60 120 240

Without heparin 73.61 ± 3.68 74.42 ± 3.93 74.19 ± 3.4 73.93 ± 4.34
Heparin 73.61 ± 3.68 99.78 ± 8.28∗ 109.38 ± 5.57∗ 107.97 ± 6.44∗

DMSO/heparin 73.61 ± 3.68 97.09 ± 6.78∗ 108.24 ± 3.78∗ 108.42 ± 4.59∗

W5/heparin 73.61 ± 3.68 79.04 ± 3.27∗∗ 84.66 ± 4.22∗∗ 85.21 ± 5.58∗∗

W7/heparin 73.61 ± 3.68 74.33 ± 3.71∗∗ 82.72 ± 4.53∗∗ 81.31 ± 4.46∗∗

Calmidazolium/heparin 73.61 ± 3.68 73.77 ± 3.7∗∗ 81.94 ± 5.48∗∗ 80.47 ± 4.54∗∗

DTT/CTAB nuclei (35 × 106/ml) in 50 mM Tris pH 7.5, were incubated for 30 min with calmodulin antagonists (or
without) or DMSO (antagonist’s diluent); then added with 5 IU heparin. At zero time and after 60, 120 and 240 s
heparin treatment, samples were fixed with 1.5% formaldehyde in PBS (final concentration). Smears from each
sample were stained on glass slides and subjected to morphometric analysis (See Materials and methods). All results
are representative of at least three different experiments. Data are the means ± standard deviation of three replicates.
∗p < 0.001 vs non-heparin-treated nuclei.
∗∗p < 0.001 vs heparin or DMSO/heparin-treated nuclei.

Figure 4 Myosin association to actin in the nuclear matrix of
guinea pig spermatozoa. Nuclear matrices were dissolved
in 0.5% SDS and immunoprecipitated (IP) using anti-
myosin antibody. The precipitate and the supernatant were
electrophoresed and analyzed by Western blotting with
anti-actin antibodies. Lane 1: nuclear matrices (IP); lane
2: supernatant (IP); lane 3: muscle homogenate (positive
control); lane 4: whole nuclei; lane 5: negative control
incubating nuclear matrices extract with protein A agarose,
but without anti-myosin antibody and lane 6: negative control
without the primary antibody, actin was not detected.

which increased up to 2 h and then remained constant595
(Fig. 7, �). Calmidazolium inhibited decondensation596
(Fig. 7, �).597

Other CaM antagonists were tested; it was observed598
that each CaM antagonist inhibited the X. laevis extract-599
mediated nuclear decondensation, as determined by600
measuring the area (Table 2) and diameter (data not601
shown) of individual nuclei at 10 up to 240 min. The602
highest decondensation value was observed at 120 min603
of treatment, where an area of 125.42 μm2 was604
measured. The CaM antagonist sensitivity of the egg605
extract-mediated nuclear decondensation indicated606
that this process is mediated by CaM. In addition,607
it was observed that the egg extract treatment608

Figure 5 Rate of heparin-mediated nuclei decondensation
in the presence and in the absence of the calmodulin
antagonist calmidazolium (10 μM). Reaction mixture as in
Table 1. Aliquots were taken at the times indicated in the
figure. Nuclear decondensation was evaluated up to 240 s of
treatment. From 20 s onwards heparin promoted significant
(∗p < 0.001) nuclei decondensation. • Without heparin, �
heparin and � heparin/calmidazolium.

did not cause disappearance of decondensed sperm 609
nuclei. 610

Discussion 611

When the Ca2+ concentration increases in a given 612
cell compartment, four Ca2+ ions bind to calmodulin 613
(CaM) activating it. Then, the 4Ca2+/CaM complex 614
binds and activates the myosin light chain kinase 615
(MLCK). Activated MLCK phosphorylates the myosin 616
light chain (MLC) at serine 19. Once activated, myosin 617
binds F-actin, forming a dynamic, motile system 618
(Adelstein, 1980; Sellers, 2000). The MLCK-mediated 619
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Figure 6 Number of DTT/CTAB sperm nuclei remaining after heparin treatment in the presence and in the absence of
calmodulin antagonists. Three independent experiments were performed. Data are the means from samples fixed at 4 and
10 min of heparin treatment. ∗p < 0.001 vs sample without heparin. ∗∗p < 0.001 vs Tris/heparin or DMSO/heparin. CDZ,
calmidazolium.

Figure 7 Rate of Xenopus laevis egg-extract-mediated nuclei
decondensation in the presence and in the absence of
the calmodulin antagonist calmidazolium (10 μM). Reaction
mixture as in Table 2. Aliquots were taken at the times
indicated in the figure. Nuclear decondensation was
evaluated up to 240 min of treatment. From 10 min onwards
X. laevis egg-extract promoted significant (∗p < 0.001) nuclei
decondensation. •Without egg extract, � egg extracts and �
egg extract/calmidazolium.

MLC phosphorylation produces a conformational620
change in the actin/myosin complex, which in turn621
causes contraction (Stull et al., 1993).622

In non-muscle cells, actin/myosin complexes are623
involved in processes such as cytokinesis and624
migration (Adelstein et al., 1980). In the nuclei of625
different cell types, CaM is involved in a number of626
functions such as DNA replication and repair (Vendrell627
et al., 1991). The presence of CaM-binding proteins in628
the nucleus of neural cells has been observed (Pujol629
et al., 1993). Also, in rat-hepatocyte nuclei, proteins630
such as MLCK, caldesmon, spectrin and actin have631

been detected and their presence indirectly suggests 632
that CaM might participate in nuclear decondensation 633
(Bachs et al., 1990). 634

Our group reported that: (a) in guinea pig sperm 635
nuclei, there are cytoskeleton proteins (spectrin and 636
cytokeratin) and CaM binding proteins (actin and 637
myosin); and (b) actin and myosin participate in the 638
heparin-mediated decondensation of nuclei (Ocampo 639
et al., 2005). Here, CaM was detected in the whole 640
nucleus and in the nuclear matrix of guinea pig sperm 641
(Figs. 1 and 2). The 17 kDa band revealed has a MW 642
similar to that previously reported (Crivici & Ikura, 643
1995; Putkey et al., 2003). CaM is deeply embedded 644
in the nucleus, strongly suggesting that this is not 645
a cytoplasmic contaminant. That is, after thorough 646
washing, pure DTT/CTAB nuclei retained CaM, which 647
was not released by either the NaCl treatment or 648
the heparin treatment. Only the DNase I treatment 649
succeeded in partially extracting CaM from the nuclear 650
matrices. 651

To assess the physiological role of CaM in 652
nuclei, we followed the effect of different CaM 653
antagonists (W5, W7 and calmidazolium) on two 654
nuclear decondensation models: (a) heparin (Table 1 655
and Fig. 5); and (b) X. laevis egg extracts (Table 2 656
and Fig. 7). Heparin has been suggested to 657
promote decondensation by competing with DNA 658
for protamines (Bertanzon et al., 1981). Egg extracts 659
have been reported to cause nuclei decondensation, 660
probably mimicking the physiological process with 661
more accuracy (Lohka & Masaui, 1983). CaM 662
antagonist inhibited decondensation by either the 663
heparin or the egg extract with a value of p < 664
0.001. 665
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Table 2 Xenopus laevis egg extract-mediated decondensation of sperm nuclei. Effect of calmodulin antagonists W5 (100 μM),
W7 (100 μM) and calmidazolium (10 μM).

Area of individual nuclei (μm2)/Duration of treatment (min)

DTT/CTAB Nuclei treatment 0 10 30 120 240

Without egg extract 76.14 ± 2.77 79.95 ± 1.56 67.73 ± 3.64 72.27 ± 2.5 88.04 ± 14.51
Egg extract 76.14 ± 2.77 106.81 ± 12.01∗ 106.78 ± 5.18∗ 125.42 ± 16.08∗ 121.2 ± 13.62∗

DMSO/egg extract 76.14 ± 2.77 125 ± 20.4∗ 121.34 ± 22.2∗ 120.3 ± 17.2∗∗ 104 ± 16.1∗

W5/egg extract 76.14 ± 2.77 99.3 ± 13.7∗∗ 95 ± 17.8∗∗ 84.5 ± 13.1∗∗ 85.2 ± 11.6∗∗

W7/egg extract 76.14 ± 2.77 86.4 ± 19.8∗∗ 83.1 ± 13∗∗ 84.5 ± 9.8∗∗ 83.76 ± 14.2∗∗

Calmidazolium/egg extract 76.14 ± 2.77 86.68 ± 9.63∗∗ 79.41 ± 11.46∗∗ 79.51 ± 5.51∗∗ 78.92 ± 12.35∗∗

DTT/CTAB nuclei (18 × 106/ml) in 50 mM Tris pH 7.5 were incubated for 30 min with (or without) calmodulin antagonists
or DMSO (antagonists diluent). Nuclei were washed and further incubated in 1 ml Xenopus laevis activated egg extract for
zero, 10, 30, 120 and 240 min and fixed. Samples were stained and morphometric nuclei analysis was done as indicated in
Materials and Methods. All results are representative of at least three different experiments. Data are the means ± standard
deviation of three replicates.
∗p < 0.001 vs non-extract-treated nuclei.
∗∗p < 0.001 vs egg extract-treated nuclei or DMSO/egg extract-treated nuclei.

The egg extract-mediated decondensation is perhaps666
more physiological. This idea would explain the high667
stability observed in the decondensed nuclei, which668
in the heparin model were highly unstable (Fig. 6). The669
nuclei loss observed in the heparin-treated samples was670
not mediated by proteases, as addition of a protease671
inhibitor mixture (CompleteTM, Roche) did not protect672
the nuclei.673

The identification of actin in several nuclear674
complexes has led to suggestions that it participates in675
diverse nuclear activities including chromatin remod-676
elling (Olave et al., 2002), transcription (Philimonenko677
et al., 2004) and nucleocytoplasmic traffic (Bettinger678
et al., 2004). However, in the cell nucleus no F-actin679
had been detected leading to suggestions that actin680
forms only short filaments (Pederson & Aebi, 2003).681
However, we did detect F-actin in isolated whole nuclei682
(DTT/CTAB nuclei) from guinea pig spermatozoa683
(Fig. 3A). We also detected MLC in the whole nucleus684
(Fig. 3B, D) and identified an interaction of actin with685
myosin in the nuclear matrix (Fig. 4). Thus, it may be686
proposed that in the guinea pig sperm nucleus there687
is a complete contractile actin/myosin system, where688
CaM would activate nuclei decondensation through689
phosphorylation of MLC.690
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Hernández-González, E.O. & Mújica, A. (2008). Presence, 822
processing and localization of mouse ADAM15 during 823
sperm maturation and the role of its disintegrin 824
domain during sperm–egg binding. Reproduction 136, 41– 825
51. 826

Pederson, T. & Aebi, U. (2003). Actin in the nucleus: what 827
form and what for? J. Struct. Biol. 140, 3–9. 828
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