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Sperm protamine deficiency is observed in a subset of infertile men, suggesting that the 
relative histone to protamine ratio may be altered in the spermatozoa of these men. We 
measured the ratio of nuclear histones to protamines in the spermatozoa of fertile (n = 10) 
and infertile men (n = 20). Sperm nuclear proteins were extracted and subsequently 
separated by acid-urea (AU) polyacrylamide gel electrophoresis. The relative histone 

(H2B) to protamine (PRM1 + PRM2) and PRM1 to PRM2 ratios were estimated by densitometric analysis of the AU 
gels. Immunoblotting experiments (using H2B, PRM1, and PRM2 antibodies) were conducted to confirm the 
specificity of the bands. The pattern and intensity of H2B staining in human spermatozoa was assessed by 
immunocytochemistry. Sperm samples from the infertile men in this study had a significantly higher proportion of 
histone H2B to protamine (PRM1 + PRM2) than did samples from the fertile men in this study (0.38 vs 0.08, P 
< .001). Immunocytochemistry experiments demonstrated a punctuated staining pattern (with strong, intermediate, or 

weak H2B staining intensity) throughout the sperm head. Infertile men had a higher proportion of spermatozoa 
exhibiting strong and intermediate staining than did samples from fertile men. These findings suggest that infertile 
men possess a higher proportion of spermatozoa with an increased histone to protamine ratio than fertile controls.  
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Sperm chromatin is very tightly compacted by virtue of the unique associations between the DNA and 

sperm nuclear proteins (Balhorn 1982; Balhorn et al, 2000). During spermatid differentiation 

(spermiogenesis), nuclear remodeling and condensation are associated with the sequential 

displacement of histones by transition proteins and then by protamines (PRM1 and PRM2) (Kistler et 

al, 1996). Inter- and intramolecular disulfide cross-links between the cysteine-rich protamines are 

responsible for further compaction and stabilization of the sperm nucleus (Rufas et al, 1991; 

Kosower et al, 1992). 

In humans, approximately 15% of the sperm DNA remains packaged by histones in sequence-specific 

areas (Gatewood et al, 1987; Wykes and Krawetz 2003). The histone-bound DNA sequences are less 

tightly compacted and may have an important function in the process of fertilization and early 

embryo development. The retained histones may be associated with telomeric sequences and these are 

believed to be the first structures in the sperm nucleus to respond to oocyte signals for pronucleus 

formation (Gineitis et al, 2000; Zalenskaya et al, 2000). Sperm protamine deficiency (partial or 

complete) is observed in a subset of infertile men and suggests that the relative histone to 

protamine ratio may be altered in the spermatozoa of these men (Belokopytova et al, 1993; De Yebra 

et al, 1993, 1998; Carrell et al, 2001). De Yebra et al also observed that infertile men have a high 

degree of variability in the relative sperm histone to total nuclear protein ratio, although this 

was not fully characterized (De Yebra et al, 1993).  

The unique and exact sperm chromatin architecture implies a specific gene-expression schedule after 

fertilization (Gatewood et al, 1987; Wykes and Krawetz 2003). Therefore, determining whether or not 

the composition of nuclear proteins is preserved in the spermatozoa of infertile men is important, 

as any disruption will likely have profound effects on the integrity of the sperm DNA and its 

capacity to participate in reproduction. The objective of this study was to further examine the 

histone (H2B, more accurately designated as HIST2H2BE, Marzluff et al, 2002) to protamine ratio in 

the spermatozoa of fertile and infertile men and determine whether there may be subpopulations of 

spermatozoa with varying histone content.  

 

Materials

Unless specified, all the chemicals in this study are from Fisher Chemical 

(Elvet Scientific, Durham, United Kingdom). Hup 1N (protamine PRM1) and 2B 

(protamine PRM2) antibodies were a generous gift of Dr Rod Balhorn in 

Lawrence Livermore National Laboratory (Livermore, Calif).  

Study Subjects and Semen Handling

Semen samples were obtained from consecutive asthenospermic (<50% sperm motility with normal sperm 

concentration [>20 million sperm/mL]) men presenting for infertility evaluation (n = 20). All 

couples presenting for infertility evaluation had primary infertility (no prior pregnancy) and had 

been unable to conceive naturally for a period of at least one year. The infertile men were selected 

based on the observation that abnormalities in sperm motility (asthenospermia) have been associated 

with aberrant histone to protamine ratio in transgenic animals (Cho et al, 2001). Couples with 

significant female-factor infertility (tubal obstruction or ovarian failure) were excluded.  
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Semen samples (n = 10) were also obtained from consecutive fertile controls (men presenting for 

vasectomy who had previously fathered at least 2 children with 1 in the past 5 years).  

Samples were produced by masturbation after 3 to 5 days of sexual abstinence and allowed to liquefy 

at room temperature. After liquefaction of semen, standard semen parameters (volume, concentration, 

motility) were obtained according to World Health Organization (1999) guidelines. All of the semen 

samples had motile sperm and none had significant numbers of round cells or leukocytospermia as per 

World Health Organization guidelines (<1 million round cells per mL).  

All patients signed an informed consent, and the information for this study remained confidential 

and within the institution. This study was approved by the ethics review board at McGill University. 

     Nuclear Protein Extraction— Nuclear proteins were extracted from whole semen samples as 

described previously (de Yebra et al, 1993) and 10 x 106 spermatozoa were washed in HEPES buffered 
saline (HBS) (centrifuged at 12 000 rpm for 5 minutes at 4°C). The supernatant was discarded and 

the sediment was washed 2 more times in HBS containing 1 mM phenylmethylsulfonyl fluoride (PMSF). 

The sediment was then resuspended in 50 ml of 20 mM ethylenediaminetetraacetic acid, 1 mM PMSF, 100 

mM Tris (pH 8.0). We then added a 50-µl solution of 6M guanidine hydrochloride (Sigma) with 575 mM 

dithiotreitol (DTT) and a 100-µl solution of 552 mM sodium iodoacetate. After a 30-minute incubation 

at room temperature, 1 mL of pure ethanol was added. The mixture was stored at -20°C for 1 minute 

and centrifuged for 15 minutes at 12 000 rpm and the supernatant discarded. Nuclear protein was 

extracted with 500 µl of 0.5 N HCl at 37°C for 10 minutes. Extracted proteins were precipitated 

with trichloroacetic acid (TCA, 20% final concentration) for 5 minutes at 4°C, centrifuged for 10 

minutes at 12 000 rpm, and then washed twice with 500 µl of 1% ß-mercaptoethanol in acetone. 

Proteins were dried at room temperature for 20 minutes.  

     Acid Urea Gel Electrophoresis, Immunoblotting, and P1, P2, and H2B Quantification— Extracted 

nucleoproteins were dissolved in 20 µl of 5.5 M urea, 20% ß-mercaptoethanol, and 0.9% acetic acid 

(w/v). Acetic acid-urea minigel electrophoresis was performed as described before (Spiker, 1980). 

The stacking gel was prepared with 7.5% acrylamide, 0.1% bisacrylamide, 2.5 M urea, and 0.375 M 

potassium acetate at pH 4.0. The running gel was prepared with 15% acrylamide, 0.2% bisacrylamide, 

2.5 M urea and 0.9 N acetic acid. After a prerun in running buffer (0.7% acetic acid, 30% ethanol) 

at 100 V for 3 hours, the protein samples were loaded onto the gel in duplicates and then run at 150 

V for 2 to 3 hours. The minigel was divided into 2 parts after electrophoresis. Half was transferred 

to a polyvinylidene fluoride membrane in 0.7% acetic acid, 30% ethanol at 200 mA for 60 minutes, 

blocked by 5% Carnation dry skim milk in Tris-buffered saline with 0.1% Tween 20 and incubated with 

anti-P1, anti-P2 (Hup 1N and Hup 2B, monoclonal) (Stanker et al, 1987), or C-terminal-specific anti-

H2B (directed against human somatic H2B residues 118-126, Upstate, Lake Placid, NY, Tovich and Oko, 

2003) for 1 hour. The membranes were then incubated with horseradish peroxidase (HRPO) conjugated 

goat anti-mouse IgG diluted 1:5000 (Roche, Indianapolis, Ind) or HRPO conjugated goat anti-rabbit 

IgG diluted 1:5000 (Jackson ImmunoResearch Laboratories, West Grove, Penn), respectively. Positive 

reactive bands were detected using Lumi-Light chemiluminescence kit (Roche). Negative immunoblot 

controls were performed as above without the primary antibody. The other half of the gel was stained 

with Coomassie brilliant blue (0.25% Coomassie blue, 40% methanol, 10% acetic acid) and subsequently 

destained in 40% methanol and 10% acetic acid and scanned. The bands corresponding to PRM1, PRM2, 

and H2B were measured using UN-SCAN-IT software (the total pixel count of each band was recorded). 

The PRM1/(PRM1 + PRM2) and PRM1/(PRM1 + PRM2 + H2B) ratio of each sample was calculated and the mean 

values (all samples were tested in duplicate: 2 separate gels were run for each sample) were 

reported. Moreover, in many cases we ran a third gel with exactly 25% or 50% of the protein sample 



loaded to verify the accuracy of the optical density measurements. We observed a low variability (

10%) in the histone to protamine ratios when comparing the gels loaded with 100% and 50% (or 100% 

and 25%) protein load, indicating that the saturation of the lanes did not influence the accuracy of 

our measurements (data not shown).  

     Immunocytochemistry— Semen was washed with HBS and smears were prepared on Fisher Superfrost 

Plus slides (Elvet Scientific, Bearpark, Durham, United Kingdom). The smears were fixed in 100% 

methanol for 2 hours, air-dried, and then stored at -70°C. Prior to immunostaining, smears were 

brought to room temperature, rehydrated with PBS for 30 minutes, and decondensed in 5 mM DTT and 0.3 

µg/mL heparin for 30 to 60 minutes (to ensure full decondensation of more than 90% of the 

spermatozoa). Immunostaining for H2B was performed using rabbit anti-H2B (Upstate, Charlottsville, 

Va). Smears were blocked with 5% goat serum in PBS for 30 minutes, washed with PBS containing 0.1% 

Triton X-100 (PBS-T), and incubated with the H2B antibody (Upstate, Charlottsville, Va, dilution 

1:300) for 1 hour at 20°C. Smears were then washed with PBS-T and incubated with fluorochrome-

conjugated goat anti-rabbit antibody (Invitrogen, Carlsbad, Calif). After that, smears were mounted 

with Prolong Antifade and observed under a Carl Zeiss Axiophot microscope (exciter filter BP450-490, 

emission filter BP520) at 1000 x magnification. All immunostaining experiments were carried out on 
the same run, and the data were recorded by two separate and blinded observers (interobserver 

variability was 7.7%). At least 200 spermatozoa were assessed per slide. The mean percentages (±SE) 

of sperm exhibiting strong, intermediate, and weak staining was recorded. Negative controls were 

performed in the absence of primary antibody. Colocalization studies of H2B and PRM1 were performed 

by dual immunostaining with H2B and PRM1 antibodies (secondary antibodies were conjugated with 

different fluorochromes to identify the respective antibody). Smears were blocked with 5% goat serum 

in PBS for 30 minutes, washed with PBS containing 0.1% Triton X-100 (PBS-T), and incubated with the 

H2B antibody (Upstate, Charlottsville, Va, dilution 1:300) and with PRM1 antibody (dilution 1:300) 

for 2 hours at 20°C. Smears were then washed with PBS-T and incubated with 1) fluorochrome-

conjugated goat anti-rabbit antibody (directed against the H2B antibody, Invitrogen, Carlsbad, 

Calif) and 2) fluorochrome-conjugated goat anti-mouse antibody (directed against the PRM1 antibody, 

Jackson ImmunoResearch, West Grove, Penn) at dilution of 1:300 for 1 hour at 20°C. After that, 

smears were mounted with Prolong Antifade and observed under a Carl Zeiss Axiophot microscope (H2B: 

exciter filter BP450-490, emission BP520; PRM1: exciter filter BP510-560, emission BP590) at 1000 x 
magnification. At least 300 spermatozoa (from 2 separate samples) were randomly assessed for the 

colocalization studies. Specifically, PRM1 immunostaining intensity (strong vs weak) was assessed in 

populations of spermatozoa with strong and intermediate/weak H2B immunostaining, respectively, to 

determine the relationship, if any, between PRM1 and H2B immunostaining patterns.  

Data Analysis

Results are expressed as mean ± SD. Intergroup (fertile and infertile men) differences in semen 

parameters (and nuclear protein ratios) were assessed by parametric and nonparametric tests as 

appropriate. All hypothesis testing was two-sided, with a P value of .05 deemed as significant. 

Statistical analysis was performed using Sigma Stat software (SPSS Inc, Chicago, Ill).  

 
     Sperm Parameters— As expected, the mean (±SD) sperm concentration and 

percent motility were significantly higher in fertile compared to infertile 

men (140 ± 129 vs 64 ± 37 million per mL and 78% ± 11% vs 36% ± 23%, 

respectively, P < .05). The mean (±SD) semen volume was not significantly 

different in the fertile compared to the infertile men (4.2 ± 1.8 vs 3.4 ± 
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2.0 mL, respectively, P > .05).  

 
     Acid-Urea Gel Electrophoresis— Evaluation of the Coomassie blue-stained acid urea gels 

demonstrated the characteristic bands corresponding to nuclear histones and protamines. Acid urea 

gels of spermatozoa from infertile men demonstrated a higher proportion of histones than that of 

spermatozoa of fertile men (Figure 1). 

     Immunoblot Analysis— Immunoblotting experiments using previously characterized antibodies to 

protamines (PRM1 and PRM2) demonstrated 2 bands corresponding to the 2 protamine bands on the 

Coomassie blue-stained acid urea gels (Figure 2). Immunoblotting experiments using previously 

characterized antibodies to H2B (HIST2H2BE) demonstrated a single band corresponding to the most 

intense histone band on the Coomassie blue-stained acid urea gels (Figure 3).  
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Figure 1. Representative acid-urea PAGE of sperm nuclear proteins from 
infertile (lanes 1 and 2) and fertile men (lanes 3 and 4).

View larger 
version (53K):
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[in a new window]

  

Figure 2. Acid-urea PAGE of sperm nuclear proteins and confirmation of protein 
bands (PRM1 and PRM2) by immunoblotting. Lane 1: Sperm nuclear proteins 
separated by acid-urea PAGE and stained with Coomassie blue. Lanes 2 and 3 
show the results of the immunoblotting of the same gel using PRM1 (Hup 1N) and 
PRM2 (Hup 2B) antibodies, respectively. PRM1 and PRM2 antibodies are a gift 
from Dr Rod Balhorn.



 
     Estimation of Sperm P1 to P2 and H2B to P1 Ratios— We observed no significant difference in 

the relative proportion of sperm PRM1 to PRM2 [using the formula PRM1/(PRM1 + PRM2)] between fertile 

and infertile men (Table 1). In contrast, we observed a significantly higher relative proportion of 

sperm H2B to protamine [using the formula H2B/(H2B + PRM1 +PRM2)] in the infertile compared to the 

fertile men in this study (Table 1). The intra- and interassay variability for the relative H2B to 

protamine levels are 17% (95% CI: 5%-34%) and 13% (95% CI: 1%-26%), respectively. 

 

     Immunocytochemistry Analysis— Immunocytochemistry experiments using H2B antibody demonstrated 

a punctuated staining pattern throughout the sperm head, with 3 populations of spermatozoa based on 

the H2B immunostaining intensity: strong, intermediate, and weak (Figure 4). Samples from infertile 

men demonstrated a higher proportion of spermatozoa exhibiting strong and intermediate staining than 

did samples from fertile men (Table 2). Colocalization studies using H2B and PRM1 antibodies (Figure 

5A and B) demonstrated that spermatozoa with strong H2B immunostaining consistently exhibited weak 

PRM1 immunostaining. In contrast, spermatozoa with intermediate or weak H2B immunostaining 

consistently exhibited strong PRM1 immunostaining.  
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Figure 3. Acid-urea PAGE of sperm nuclear proteins and confirmation of 
histone H2B band by immunoblotting. Lanes 1, 2, and 3: Representative 
acid-urea PAGE stained with Coomassie blue (Lanes 1 and 3: fertile men, 
Lane 2: infertile man). Lanes 1', 2', and 3': Immunoblot (of the corresponding 
acid urea gel) using histone H2B antibody. Note the increased H2B levels in 
the infertile compared to fertile men.
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Table 1. Mean (± SD) sperm PRM1 to PRM2 ratio [using the formula PRM1/(PRM1 + 
PRM2)] and sperm H2B (HIST2H2BE) to PRM1 ratio [using the formula H2B/(H2B + 
PRM1 + PRM2)] in infertile and fertile men 
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Figure 4. Photomicrograph of human spermatozoa immunoreacted with 
H2B antibody showing strong ("S"), intermediate ("I"), and weak ("W") 
punctuated staining.



 

 

 

Several histone isoforms (H2A, H2B, H3, H4) and isoform variants are present 

in human spermatozoa, with the predominant isoform being histone H2B 

(Gatewood et al, 1990). Recently, two distinct human testis/sperm-specific 

H2B variants (hTSH2B, H2BFWT) have been cloned and characterized (Zalensky et 

al, 2002; Churikov et al, 2004). It is interesting to note that these isoform 

variants may not be uniformly distributed throughout the sperm population. It has been shown that 

only 20% of spermatozoa (in semen from fertile men) possess TSH2B, suggesting the presence of 

different sperm populations in the human ejaculate (Van Rojen et al, 1998; Zalensky et al, 2002). 

The exact role of these histone H2B variants is largely unknown. However, the temporal accumulation 

of histone variants during spermatogenesis indicates their potential involvement in meiosis, 

spermiogenesis, and fertilization (Govin et al, 2004). Specifically, H2BFWT may be associated with 

telomeres, a finding that suggests a putative role in early chromatin remodeling at fertilization 

(Churikov et al, 2004).  

In the present study, we have found that semen samples from infertile men with asthenospermia 

possess a significantly higher ratio of sperm nuclear histone H2B (HIST2H2BE) to protamine (PRM1 + 

PRM2) than do those from fertile men. There is little doubt regarding the specificity of protamine 

PRM1 and PRM2 measures (the protamine bands are distinct and separate from other proteins, and the 

antibodies used in the experiments are well characterized). However, we acknowledge that there may 

be some question regarding the specificity of the H2B measures. Although we have verified our 

results by extended separation of nuclear histones on the gels and by immunoblotting experiments 

(showing increasing immunoreactivity with H2B antibody as a function of an increase in the 

corresponding band intensity on Coomassie-stained gels), we cannot exclude the possibility that 
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Table 2. Percentage (±SE) of spermatozoa in samples from fertile and infertile men 
exhibiting strong, intermediate, and weak H2B (HIST2H2BE) immunostaining 

View larger version 
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Figure 5. Colocalization experiments using H2B and PRM1 antibodies. (A) 
Photomicrograph of human spermatozoa immunoreacted with H2B antibody 
showing weak (left) and strong (right) punctuated staining. (B) Photomicrograph 
of the same spermatozoa (as in 3A) immunoreacted with PRM1 antibody 
showing strong (left) and weaker (right) punctuated staining.
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nonsomatic H2B variants (TSH2B and H2BFWT) have comigrated with the somatic H2B on the acid urea 

gels. We know that the antibody that we have used is directed against the C-terminal of somatic H2B 

and that both TSH2B and H2BFWT share sequence homology at the C-terminal. Our data must therefore be 

interpreted with the understanding that the H2B measures (used in the estimation of H2B to protamine 

ratio) may include one or more H2B variant(s).  

The sperm nuclear H2B immunohistochemistry data indicate that all spermatozoa contain H2B but that 

the human ejaculate possesses subpopulations of spermatozoa with variable histone H2B content. This 

is further supported by the H2B and PRM1 colocalization studies, which demonstrate an inverse 

relationship between the H2B and PRM1 staining intensities. Taken together, our studies suggest that 

semen samples from infertile men possess a higher proportion of spermatozoa with a high (and 

presumably abnormal) histone H2B to protamine ratio than that of fertile men. The 

immunocytochemistry data also suggest that in samples from infertile men a subpopulation of 

spermatozoa possess grossly normal H2B to protamine ratio.  

Our data are in keeping with reports showing that sperm protamine deficiency (and by extension 

histone excess) is common in infertile men. Indeed, an important subset of infertile men (,5%-15%), 

but not of fertile men, produce spermatozoa that are protamine deficient (de Yebra et al, 1998; 

Carrell and Liu 2001). Furthermore, de Yebra et al (1993) have demonstrated that infertile men have 

a high degree of variability in the relative sperm histone to total nuclear protein ratio (ranging 

from 5% to 55%). These data suggest that those infertile men with high sperm nuclear histone H2B to 

protamine ratio have a defect in spermiogenesis (the later stage of spermatogenesis), as this is the 

specific step in spermatogenesis where the final assembly of sperm proteins (displacement of 

histones by transition proteins and then by protamines) occurs. The immunocytochemistry data 

(demonstrating heterogeneous populations of spermatozoa) suggest that the putative defect in 

spermiogenesis (or perhaps earlier in the process of spermatogenesis) is likely focal (affecting 

only some areas of the testicle) rather than global.  

In contrast to the observations on the nuclear histone H2B to protamine ratio in fertile and 

infertile men, we have found no significant difference in the ratio of PRM1 to PRM2 in fertile men 

compared to our population of infertile men. Our data on the PRM1 to PRM2 ratio are in keeping with 

those of other investigators (Mengual et al, 2003). Mengual et al (2003) have reported that the 

sperm nuclear PRM1 to PRM2 ratio in the subgroup of men with asthenospermia (characteristic of the 

men in our infertile population) was not significantly different from that of the fertile men. 

However, Mengual et al (2003) noted that the sperm nuclear PRM1 to PRM2 ratio was significantly 

higher in the subgroup of men with oligospermia compared to the fertile controls.  

Normal sperm nuclear composition is essential to maintain sperm DNA integrity (Cho et al, 2001, 

2003). Our results suggest that those infertile men with relatively lower histone to protamine ratio 

may also have poor sperm DNA integrity and enhanced susceptibility to DNA damage (Cho et al, 2001, 

2003). Sperm DNA damage is clinically relevant, as it has been associated with reduced fertility 

potential in vivo and in vitro (Evenson et al, 1980, 1999; Lopes et al, 1998; Ahmadi and Ng 1999a, 

b; Spano et al, 2000; Zini et al, 2001; Morris et al, 2002; Benchaib et al, 2003; Bungum et al, 

2004).  

In summary, we have found that infertile men possess a higher proportion of spermatozoa with a high 

histone H2B to protamine ratio than that of fertile men. The unique and exact sperm chromatin 

architecture is likely critical for spermatogenesis and gene-expression after fertilization. The 

altered composition of sperm nuclear proteins in infertile men is therefore suggestive of abnormal 

spermatogenesis and reduced sperm fertilizing potential.  



 
Ahmadi A, Ng SC. Fertilizing ability of DNA-damaged spermatozoa. J Exp Zool. 
1999a; 284: 696 -704.[CrossRef][Medline] 

Ahmadi A, Ng SC. Destruction of protamine in human sperm inhibits sperm 
binding and penetration in the zona-free hamster penetration test but 
increases sperm head decondensation and male pronuclear formation in the 
hamster-ICSI assay. J Assist Reprod Genet. 1999b; 16: 128 -132.[CrossRef][Medline] 

Balhorn R. A model for the structure of chromatin in human sperm. J Cell Biol. 1982; 93: 298 -305.
[Abstract/Free Full Text]

Balhorn R, Brewer L, Corzett M. DNA condensation by protamine and arginine-rich peptides: Analysis 
of toroid stability using single DNA molecules. Mol Reprod Dev. 2000; 56: 230 -234.[CrossRef]
[Medline]

Belokopytova I, Kostyleva E, Tomlin A, Vorob'ev V. Human male infertility may be due to a decrease 
of protamine P2 content in sperm chromatin. Mol Reprod Dev. 1993; 34: 53 -57.[CrossRef][Medline] 

Benchaib M, Braun V, Lornage J, Hadj S, Salle B, Lejeune H, Guerin JF. Sperm DNA fragmentation 
decreases the pregnancy rate in an assisted reproductive technique. Hum Reprod. 2003; 18: 1023 -
1028.[Abstract/Free Full Text]

Bungum M, Humaidan P, Spano M, Jepson K, Bungum L, Giwercman A. The predictive value of sperm 
chromatin structure assay (SCSA) parameters for the outcome of intrauterine insemination, IVF and 
ICSI. Hum Reprod. 2004;19: 1401 -1408.[Abstract/Free Full Text] 

Carrell DT, Liu L. Altered protamine 2 expression is uncommon in donors of known fertility, but 
common among men with poor fertilizing capacity, and may reflect other abnormalities of 
spermiogenesis. J Androl. 2001;22: 604 -610.[Abstract] 

Cho C, Willis WD, Goulding EH, Jung-Ha H, Choi YC, Hecht NB, Eddy EM. Haploinsufficiency of 
protamine-1 or -2 causes infertility in mice. Nat Genet. 2001; 28: 82 -86.[CrossRef][Medline] 

Cho C, Jung-Ha H, Willis WD, Goulding EH, Stein P, Xu Z, Schultz RM, Hecht NB, Eddy EM. Protamine 2 
deficiency leads to sperm DNA damage and embryo death in mice. Biol Reprod. 2003; 69: 211 -217.
[Abstract/Free Full Text]

Churikov D, Siino J, Svetlova M, Zhang K, Gineitis A, Morton Bradbury E, Zalensky A. A Novel human 
testis-specific histone H2B encoded by the interrupted gene on the X chromosome. Genomics. 2004; 84: 
745 -756.[CrossRef][Medline] 

De Yebra L, Ballesca JL, Vanrell JA, Bassas L, Oliva R. Complete selective absence of protamine P2 
in humans. J Biol Chem. 1993;268: 10553 -10557.[Abstract/Free Full Text] 

De Yebra L, Ballesca JL, Vanrell JA, Corzett M, Balhorn R, Oliva R. Detection of P2 precursors in 
the sperm cells of infertile patients who have reduced protamine P2 levels. Fertil Steril. 1998; 69: 
755 -759.[CrossRef][Medline] 

Evenson DP, Darzynkiewics Z, Melamed MR. Relation of mammalian sperm chromatin heterogeneity to 
fertility. Science. 1980; 210: 1131 -1133.[Abstract/Free Full Text] 

Evenson DP, Jost LK, Marshall D, Zinaman MJ, Clegg E, Purvis K, de Angelis P, Claussen OP. Utility 
of the sperm chromatin assay as a diagnostic and prognostic tool in the human fertility clinic. Hum 

   References 
Top
Abstract
Materials and Methods
Results
Discussion
References



Reprod. 1999;14: 1039 -1049.[Abstract/Free Full Text] 

Gatewood JM, Cook GR, Balhorn R, Bradbury EM, Schmid CW. Sequence-specific packaging of DNA in human 
sperm chromatin. Science. 1987;236: 962 -964.[Abstract/Free Full Text] 

Gatewood JM, Cook GR, Balhorn R, Schmid CW, Bradbury EM. Isolation of four core histones from human 
sperm chromatin representing a minor subset of somatic histones. J Biol Chem. 1990; 265: 20662 -
20666.[Abstract/Free Full Text]

Gineitis AA, Zalenskaya IA, Yau PM, Bradbury EM, Zalensky AO. Human sperm telomere-binding complex 
involves histone H2B and secures telomere membrane attachment. J Cell Biol. 2000; 151: 1591 -1598.
[Abstract/Free Full Text]

Govin J, Caron C, Lestrat C, Rousseaux S, Khochbin S. The role of histones in chromatin remodeling 
during mammalian spermiogenesis. Eur J Biochem. 2004; 271: 3459 -3469.[Medline] 

Kistler WS, Henriksen K, Mali P, Parvinen M. Sequential expression of nucleoproteins during rat 
spermiogenesis. Exp Cell Res. 1996;225: 374 -381.[CrossRef][Medline] 

Kosower NS, Katayose H, Yanagimachi R. Thiol-disulfide status and acridine orange fluorescence of 
mammalian sperm nuclei. J Androl. 1992;13: 342 -348.[Abstract/Free Full Text] 

Lopes S, Sun JG, Jurisicova A, Meriano J, Casper RF. Sperm deoxyribonucleic acid fragmentation is 
increased in poor-quality semen samples and correlates with failed fertilization in intracytoplasmic 
sperm injection. Fertil Steril. 1998; 69: 528 -532.[CrossRef][Medline] 

Marzluff WF, Gongidi P, Woods KR, Jin J, Maltais LJ. The human and mouse replication-dependent 
histone genes. Genomics. 2002; 80: 487 -498.[CrossRef][Medline] 

Mengual L, Ballesca JL, Ascaso C, Oliva R. Marked differences in protamine content and P1/P2 ratios 
in sperm cells from percoll fractions between patients and controls. J Androl. 2003; 24: 438 -447.
[Abstract/Free Full Text]

Morris ID, Ilott S, Dixon L, Brison DR. The spectrum of DNA damage in human sperm assessed by single 
cell gel electrophoresis (Comet assay) and its relationship to fertilization and embryo development. 
Hum Reprod. 2002;17: 990 -998.[Abstract/Free Full Text] 

Rufas O, Fisch B, Seligman J, Tadir Y, Ovadia J, Shalgi R. Thiol status in human sperm. Mol Reprod 
Dev. 1991; 29: 282 -288.[CrossRef][Medline] 

Spano M, Bonde JP, Hjollund HI, Kolstad HA, Cordelli E, Leter G. Sperm chromatin damage impairs 
human fertility. The Danish First Pregnancy Planner Study Team. Fertil Steril. 2000; 73: 43 -50.
[CrossRef][Medline]

Spiker S. A modification of the acetic acid-urea system for use in microslab polyacrylamide gel 
electrophoresis. Anal Biochem. 1980;108: 263 -265.[CrossRef][Medline] 

Stanker LH, Wyrobek A, Balhorn R. Monoclonal antibodies to human protamines. Hybridoma. 1987; 6: 293 
-303.[Medline] 

Tovich PR, Oko RJ. Somatic histones are components of the perinuclear theca in bovine spermatozoa. J 
Biol Chem. 2003; 278: 32431 -32438.[Abstract/Free Full Text] 

Van Roijen HJ, Ooms MP, Spaargaren MC, Baarends WM, Weber RF, Grootegoed JA, Vreeburg JT. 
Immunoexpression of testis-specific histone 2B in human spermatozoa and testis tissue. Hum Reprod. 
1998; 13: 1559 -1566.[Abstract/Free Full Text] 



World Health Organization. WHO Laboratory Manual for the Examination of Human Semen and Sperm-
Cervical Mucus Interaction. 4th ed. Cambridge, United Kingdom: Cambridge University Press; 1999 .

Wykes SM, Krawetz SA. The structural organization of sperm chromatin. J Biol Chem. 2003; 278: 29471 
-29477.[Abstract/Free Full Text] 

Zalenskaya IA, Bradbury EM, Zalensky AO. Chromatin structure of telomere domain in human sperm. 
Biochem Biophys Res Commun. 2000;279: 213 -218.[CrossRef][Medline] 

Zalensky AO, Siino JS, Gineitis AA, Zalenskaya IA, Tomilin NV, Yau P, Bradbury EM. Human 
testis/sperm-specific histone H2B (hTSH2B). Molecular cloning and characterization. J Biol Chem. 
2002; 277: 43474 -43480.[Abstract/Free Full Text] 

Zini A, Bielecki R, Phang D, Zenzes MT. Correlations between two markers of sperm DNA integrity, DNA 
denaturation and DNA fragmentation, in fertile and infertile men. Fertil Steril. 2001; 75: 674 -677.
[CrossRef][Medline]

This article has been cited by other articles: 

L. Ramos, G.W. van der Heijden, A. Derijck, J.H. Berden, J.A.M. Kremer, J. 
van der Vlag, and P. de Boer
Incomplete nuclear transformation of human spermatozoa in oligo-
astheno-teratospermia: characterization by indirect 
immunofluorescence of chromatin and thiol status
Hum. Reprod., February 1, 2008; 23(2): 259 - 270.  
[Abstract] [Full Text] [PDF] 

 

K. Steger, J. Wilhelm, L. Konrad, T. Stalf, R. Greb, T. Diemer, S. Kliesch, 
M. Bergmann, and W. Weidner
Both protamine-1 to protamine-2 mRNA ratio and Bcl2 mRNA 
content in testicular spermatids and ejaculated spermatozoa 
discriminate between fertile and infertile men
Hum. Reprod., January 1, 2008; 23(1): 11 - 16.  
[Abstract] [Full Text] [PDF] 

 

N. L. Brackett, E. Ibrahim, J. A. Grotas, T. C. Aballa, and C. M. Lynne
Higher Sperm DNA Damage in Semen From Men With Spinal Cord 
Injuries Compared With Controls
J Androl, January 1, 2008; 29(1): 93 - 99.  
[Abstract] [Full Text] [PDF] 

 

D. T. Carrell, B. R. Emery, and S. Hammoud
Altered protamine expression and diminished spermatogenesis: 
what is the link?
Hum. Reprod. Update, May 1, 2007; 13(3): 313 - 327.  
[Abstract] [Full Text] [PDF] 

 



S. Singleton, A. Zalensky, G.F. Doncel, M. Morshedi, and I.A. Zalenskaya
Testis/sperm-specific histone 2B in the sperm of donors and 
subfertile patients: variability and relation to chromatin packaging
Hum. Reprod., March 1, 2007; 22(3): 743 - 750.  
[Abstract] [Full Text] [PDF] 

 

V. W. Aoki, B. R. Emery, L. Liu, and D. T. Carrell
Protamine Levels Vary Between Individual Sperm Cells of Infertile 
Human Males and Correlate With Viability and DNA Integrity
J Androl, November 1, 2006; 27(6): 890 - 898.  
[Abstract] [Full Text] [PDF] 

 

E. V. Zubkova and B. Robaire
Effects of ageing on spermatozoal chromatin and its sensitivity to in 
vivo and in vitro oxidative challenge in the Brown Norway rat
Hum. Reprod., November 1, 2006; 21(11): 2901 - 2910.  
[Abstract] [Full Text] [PDF] 

 

A. Zini and J. Libman
Sperm DNA damage: clinical significance in the era of assisted 
reproduction.
Can. Med. Assoc. J., August 29, 2006; 175(5): 495 - 500.  
[Abstract] [Full Text] [PDF] 

 

This Article

Abstract  

Full Text (PDF) 

All Versions of this Article:
27/3/414    most recent
Author Manuscript (PDF)  

Alert me when this article is cited 

Alert me if a correction is posted 

Services

Similar articles in this journal 

Similar articles in PubMed 

Alert me to new issues of the journal 

Download to citation manager 

Citing Articles

Citing Articles via HighWire 

Citing Articles via Google Scholar 

Google Scholar

Articles by Zhang, X. 

Articles by Zini, A. 

Search for Related Content 

PubMed

PubMed Citation 

Articles by Zhang, X. 

Articles by Zini, A. 



HOME HELP FEEDBACK SUBSCRIPTIONS ARCHIVE SEARCH TABLE OF CONTENTS


