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BACKGROUND: The protamine 1-to-protamine 2 ratio (P1/P2) is altered in the sperm cells of some infertile
patients. Also, evidence for increased protamine 2 precursors (pre-P2) in a few patients has been reported. But so far,
there have been no studies measuring simultaneously these two variables in a large number of patients. METHODS:
We measured the P1/P2 ratio and the presence of pre-P2 using, for the first time, an antibody specific to the precur-
sor pre-P2, together with other sperm parameters in 224 infertile patients. Additionally, the DNA integrity was
assessed by terminal transferase dUTP nick-end labelling (TUNEL) in a subset of the samples. RESULTS: Pre-P2
levels show a significant positive correlation with the P1/P2 ratio, with the presence of other proteins and, at low pre-P2
levels, with TUNEL-positive sperm. An inverse correlation with sperm count, normal morphology and motility was
detected. CONCLUSIONS: The levels of pre-P2 may provide clues into the pathogenic mechanisms of infertility. The
increased proportion of pre-P2 in some patients with increased P1/P2 ratio suggests an involvement of pre-P2 pro-
cessing. The positive correlation between TUNEL-positive sperm and pre-P2 at low pre-P2/P2 ratios also suggests a
link between deficient protamine processing and decreased DNA integrity.
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Introduction

Protamine 1 (P1) and protamine 2 (P2) are the most abundant
nuclear proteins in the sperm nucleus packaging the human
male genome (Gusse et al., 1986; Oliva and Dixon, 1991;
Bianchi et al., 1992; Aoki and Carrell, 2003; Lewis et al.,
2003). P1 is synthesized as a mature protein, whereas P2 is
synthesized as a precursor (pre-P2) (Ammer et al., 1986;
Gusse et al., 1986; McKay et al., 1986; Balhorn et al., 1987;
Sautière et al., 1988; Queralt et al., 1995). The P2 content in
the nucleus of human sperm cells is similar to that of P1 (P1/
P2 ratio of approximately 1) (Balhorn et al., 1988; de Yebra
et al., 1993; Yoshii et al., 2005), and an elevated P1/P2 ratio has
been taken as evidence of nuclear immaturity (Belokopytova
et al., 1993; Colleu et al., 1996). A reduction in P2 protamine
content has been reported in different studies in infertile
patients (Chevaillier et al., 1987; Balhorn et al., 1988; Bach
et al., 1990; Blanchard et al., 1990; Belokopytova et al.,
1993; de Yebra et al., 1993, 1998; Bench et al., 1998;
Mengual et al., 2003; Aoki et al., 2005a). The evidence for
increased levels of pre-P2 concomitant with an increased P1/P2

ratio in some infertile patients has also been reported (Bench
et al., 1998; de Yebra et al., 1998).

Despite all the above reports describing the presence of
pre-P2, changing levels of protamines and other sperm and
seminal parameters in infertile patients or animal models,
there is a relative lack of studies measuring all these param-
eters in the same set of infertile patients. Therefore, our
objective in the present study has been to determine all
these data in the same set of sperm samples from infertile
patients.

The methods for determination of the P1/P2 levels have
been reported (de Yebra and Oliva, 1993; de Yebra et al.,
1993; Mengual et al., 2003). However, the presence of pro-
tamine precursors in infertile patients had been measured pre-
viously in a limited number of samples using antibodies
against P2 (Bench et al., 1998; de Yebra et al., 1998) but not
specific to the precursor peptide. Therefore, in this work, we
also report, as a technical improvement and for the first time,
the detection of pre-P2 using an antibody specific to the pre-
cursor domain of P2.

 by on July 20, 2010 
http://hum

rep.oxfordjournals.org
D

ow
nloaded from

 

http://humrep.oxfordjournals.org


Protamines, pre-P2 and DNA integrity in infertile patients

2085

Methods

Subjects and sample collection

Sperm samples (ejaculates) from 224 infertile patients collected at their
first visit to the Assisted Reproduction Unit of the Hospital Clinic of
Barcelona were included in this study. Fourteen sperm samples from
normozoospermic fertile sperm donors were also included. The sam-
ples were collected in specific sterile containers after at least 3 days of
sexual abstinence and were allowed to liquefy. After liquefaction of the
semen, sperm parameters (volume, sperm concentration, percentage of
motility and motion characteristics) were evaluated according to the
published recommendations (World Health Organization, 1999) using
a computer-assisted semen analyser and a Makler counting chamber
(Sefi Medical Instruments, Hainfa, Israel). Individual sperm were cate-
gorized as having rapid progressive motility, slow or sluggish motility,
non-progressive motility or being non-motile. For the examination of
sperm morphology, smears of the samples were fixed with Labofix
(Labonort, Templemars, France), stained using the Diff-Quik kit (Baxter
Healthcare Corporation, McGraw, IL, USA) and rinsed immediately
with water after staining to remove the excess dye and air-dried. Sperm
morphology was evaluated using strict criteria (Kruger et al., 1987),
and at least 100 cells were examined per slide. This project was
approved by the bioethics committee of the hospital, and informed
consent was obtained from the participants.

Extraction of sperm proteins

An aliquot of the semen sample containing 14 × 106 spermatozoa was
washed twice with Ham’s F10 supplemented at 3 with 7.5% NaHCO3.
The sediment was resuspended in 200 μl of 20 mM EDTA, 1 mM
phenylmethylsulphonyl fluoride (Sigma Chemicals, St Louis, MO,
USA) and 100 mM Tris–HCl (pH 8) and then processed as described
(de Yebra and Oliva, 1993), with the exception that no iodoacetate
treatment was performed (an equal volume of H2O was added instead
followed by a 10-min incubation). Finally, each sample was resus-
pended in 20 μl buffer of 5.5 M urea, 20% β-mercaptoethanol and 5%
acetic acid.

Separation and analysis of proteins

Nuclear proteins were analysed in acid-urea polyacrylamide gels.
Electrophoresis was performed on a Miniprotean System (Bio-Rad,
Life Science Group, Hercules, CA, USA) using gels containing (final
concentrations) 0.9 M acetic acid, 2.5 M urea, 15% acrylamide,
0.09% bis-acrylamide, 0.53% ammonium persulfate and 0.53%
TEMED (N,N,N,N-Tetramethyl-Ethylenediamine) (Amersham Bio-
sciences, Uppsala, Sweden). Following polymerization, the gels were
pre-electrophoresed for 1 h at 150 V before loading 2.5 μl of each of
the samples. In addition to the samples under analysis, different
quantities of a human protamine standard (0.435, 0.87, 1.74 and 2.61
μg) were loaded. This standard had been previously prepared and
quantified by amino acid analysis using an Alpha Plus autoanalyser
(Pharmacia LKB Biotechnology, USA) (Mengual et al., 2003) from a
pool of human normozoospermic sperm samples. After loading, the
gel was electrophoresed for 50 min at 150 V in 0.9 M acetic acid
buffer.

The gels were stained with a filtered solution of 1.1 g of Coomassie
Blue R-250 (Bio-Rad) dissolved in 250 ml of methanol, 250 ml of
H2O and 50 ml of acetic acid for 60 min and destained first for 10 min
in 50% methanol, 10% acetic acid and then for 1 h in 10% methanol
and 10% acetic acid. The gels were then scanned (Figure 1A) and the
intensity of the bands quantified with the QUANTITY ONE software
(Bio-Rad). Finally, the gels were soaked in 10% methanol, 10% acetic
acid and 5% glycerol for 5 min and dried between two sheets of cello-
phane film for 48 h and stored.

The Coomassie Blue-stained gels (Figure 1A) were also used to
quantify the proportion of other proteins present in each lane over the
total protein. To do this, the entire region spanning from the top of
each lane to the beginning of the P1 protamine band (but not including
it) was integrated. Thus, the proportion of ‘other proteins/total’ was
calculated as follows: optical density (OD) for other proteins/OD for
other proteins + OD for protamines.

Antiserum production and detection of pre-P2

A replica of each gel was transferred at 75 V for 1 h to an Immobilon-P
membrane (Millipore, Bedford, Massachusetts, USA) and analysed by
Western blot using a novel anti-mouse P2 precursor polyclonal antise-
rum prepared for these studies. A peptide sequence with a predicted
high antigenicity and homology with the human sequence but no
homology with other proteins in the database was selected from the
portion of the precursor region of mouse P2 that is common to the full-
length and partially processed precursors. The peptide QGLSPERVE-
DYGRTHR (amino acids 29-44) was synthesized, conjugated to key-
hole limpet haemocyanin and used to immunize two New Zealand
rabbits (BioSynthesis, Lewisville, TX, USA). Booster injections were

Figure 1. Analysis of protamine 1 (P1), protamine 2 (P2) and P2
precursors (pre-P2) in infertile patients. (A) Proteins extracted from
spermatozoa, separated on a polyacrylamide-acetic-urea gel and
stained with Coomassie Blue. Lanes 1–9 correspond to different
sperm samples from infertile patients. In each lane (1–9), the protein
extracted from 1.75 × 106 spermatozoa has been loaded. Lanes 10–13
correspond to increasing amounts of a human protamine standard
(0.435, 0.87, 1.74 and 2.61 μg) included in each gel. (B) Western
blot, corresponding to a replica of the gel shown in A, using an anti-
body specific to the pre-P2 showing variations in the levels of pre-P2
in the different patients. Also, note that no signal is present in the
region where P2 migrates, indicating the specificity of the antibody.
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given at week 4 and then every 2 weeks. Serum was drawn periodi-
cally, and the immunoglobulin G (IgG) fraction was purified.

As a secondary antibody, we used a donkey anti-rabbit IgG, horse-
radish peroxidase-linked whole antibody (Amersham Biosciences,
Buckinghamshire, England). Thus, proteins on the blots were detected
by chemiluminescence developed by a peroxidase substrate (ECL™
Western Blotting Analysis System, Amersham Biosciences). Western
blots performed with proteins extracted from mature mouse and human
sperm and with proteins extracted from human and mouse testicles
demonstrated the specificity of the antibody and its ability to recognize
human pre-P2 (not shown). The film obtained was scanned (Figure 1B),
and the bands were quantified with the QUANTITY ONE Software
(Bio-Rad). The pre-P2 signals from the different gels were normalized
using the signal from the standard protamine included in each gel.
Finally, the pre-P2 signal was expressed relative to the average signal
present in the normozoospermic fertile donors. Thus, a pre-P2 value of
1 means that a particular sample has a pre-P2 signal equal to the average
present in normal samples, and a pre-P2 value of 2 means that a particu-
lar sample has twice the pre-P2 signal present in normal samples.

Terminal transferase dUTP nick-end labelling assay

Terminal transferase dUTP nick-end labelling (TUNEL) has been
carried out as previously described (Barroso et al., 2000; Ollero
et al., 2001; Alvarez et al., 2002; Sakkas et al., 2002; Agarwal and
Said, 2003) using the in situ cell death detection kit from Roche (Ref.
11684795910, Roche Diagnostic Corp. Indianapolis, IN, USA). A
semen aliquot containing 2.5 × 106 spermatozoa was washed by cen-
trifugation (800 g) at room temperature for 5 min with phosphate-
buffered saline (PBS; BioMérieux, Marcy l’Etoile, France). After
removal of the seminal plasma, the pellet was washed twice in PBS
with 1% bovine serum albumin (BSA; Sigma Chemicals). Then, the
pellet was resuspended in 100 μl of PBS/1% BSA and fixed in 100 μl
of 4% paraformaldehyde in PBS (pH 7.4) for 1 h at room temperature
with agitation. After fixation, one wash was performed with PBS/1%
BSA. The pellet was permeabilized with 100 μl of 0.1% Triton X-
100 in 0.1% sodium citrate on PBS for 2 min on ice. Permeabilization
solution was removed by centrifugation, and two additional washes
were performed with PBS/1% BSA. The pellet was resuspended in
50 μl of the staining solution for 1 h at 37°C in the dark and agitating
each 15 min. The staining solution contained terminal deoxynucleoti-
dyltransferase (TdT). The negative and the positive controls were
performed, respectively, by omitting the TdT enzyme following the
kit instructions and by pre-incubating fixed and permeabilized sperm
samples with DNase I (40 IU/ml) for 10 min at room temperature to
produce DNA breaks.

After the staining, two washes with 1% BSA in PBS were performed,
and the spermatozoa were resuspended in PBS and analysed by flow
cytometry. A minimum of 10 000 events were examined for each meas-
urement at a flow rate of about 200 events on a flow cytometer (FACS
Calibur; Becton Dickinson, Franklin Lakes, NJ, USA). Data were proc-
essed using CELLQUEST (Becton Dickinson) and WINMDI v2.8 soft-
ware. Green fluorescence (TUNEL-positive cells) was measured using
a 530 ± 30 nm band-pass filter. Spermatozoa were gated by using for-
ward-angle light scatter and side-angle light scatter dot plot to gate out
debris, aggregates and cells other than spermatozoa. Then, TUNEL-
positive spermatozoa in this population were measured.

Statistical analysis

Statistical analyses were performed by using the Statistics Package for
the Social Sciences software, version 12.0 (SPSS, Chicago, IL, USA),
and statistical tests have been evaluated by using at least a signifi-
cance level of 0.05. To identify significant correlations between varia-
bles, we performed Spearman test, except where specifically indicated
otherwise. Lines in the dispersion plots were calculated by linear
regression. Data in tables are expressed as mean ± SD.

Results

Determination of P2 precursors, P1/P2 ratio and other 
proteins

Running each sample in duplicate polyacrylamide gels and
subsequent Coomassie Blue staining of one of the gels and
Western blotting the other has allowed simultaneous determi-
nation of the P1/P2 ratio and the presence of pre-P2 in each
sample (Figure 1). The P1/P2 ratio in the patient samples aver-
aged 1.11 and ranged from 0.03 to 19.5 (Table I). The antibody
also detected varying amounts of a pre-P2 band in human
sperm protein extracts from the patients as well as control
samples (Figure 1B). The average proportion of P2 present as
pre-P2/P2 in the normozoospermic fertile donor samples was
arbitrarily defined as 1 and ranged from 0.02 to 2.42 with an
SD of 0.70. The proportion of pre-P2/P2 in the patient samples,
relative to the average pre-P2/P2 present in the normozoosper-
mic fertile donors, averaged 1.43 and ranged from 0.0 to 73.9
(Table I). The average pre-P2 ratio in infertile patients was not
significantly different from that of controls (T-test).

The Coomassie Blue-stained gels (Figure 1) were also used
to quantify the proportion of other proteins present in each lane

Table I. Basic semen parameters and average results in the samples from infertile patients

P1, protamine 1; P2, protamine 2; TUNEL, terminal transferase dUTP nick-end labelling.

Average SD Minimum Maximum Samples with data (n)

Total number of samples included 224
Age of patients (year) 35.0 5.2 19.0 50.0 224
Sperm count (×106 sperm/ml) 51.2 39.3 0.9 178.5 224
Volume (ml) 3.5 1.7 0.6 9.0 224
Motility ‘c’ (non-progressive motility, %) 15.7 8.2 0.0 50.0 224
Motility ‘b’ (slow or sluggish motility, %) 22.17 11.6 0.0 63.4 224
Motility ‘a’ (rapid progressive motility, %) 20.2 18.0 0.0 87.8 224
Spermatozoa with normal morphology (%) 16.2 8.5 2 40 139
P1/P2 ratio 1.11 1.33 0.03 19.5 224
Pre-P2/P2 1.43 5.18 0.0 73.9 224
Proteins other than protamines/total 0.51 0.23 0.0 0.97 207
TUNEL-positive sperm by cytometry (%) 37.9 21.3 8.9 91.8 41
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over the total protein (region spanning from the top of each
lane to the beginning of the P1 protamine band, but not includ-
ing it). The values obtained averaged 0.51 and ranged from 0.0
to 0.97. Because of the large region analysed from each lane,
these proteins could be histones, intermediate proteins, pre-P2,
other proteins or, most likely, a combination of all of these.

TUNEL-positive spermatozoa

The percentage of TUNEL-positive spermatozoa as deter-
mined by cytometry averaged 37.9 ± 21.3% and ranged from a
minimum of 8.9% to a maximum of 91.8% (Table I).

Correlation between presence of pre-P2, conventional sperm 
parameters, P1/P2 ratio and other proteins

The levels of pre-P2/P2 correlate negatively with the sperm
count (Figure 2; r = –0.196, P < 0.005), with normal morphol-
ogy (r = –0.257, P < 0.005) and with the rapid progressive

motility (r = –0.240, P < 0.001). The amount of pre-P2/P2 also
correlated positively with the P1/P2 ratio (Figure 2; r = 0.283,
P < 0.001) and with the presence of other proteins (r = 0.172,
P < 0.05). Samples with a pre-P2 value over 6 (n = 5) were
excluded from the scatter plots (but not from the statistical ana-
lysis) to show the details in the range up to 6 on the y-axis.
Also in the P1/P2 ratio plot, one point (P1/P2 of 19.49 and
pre-P2 of 73.9) was excluded from the graph to show the
details in the range up to 3.0 on the x-axis.

Analysis of the proportion of TUNEL-positive spermatozoa 
and presence of pre-P2

A linear correlation is not detected in the overall analysis
between the presence of TUNEL-positive spermatozoa and
pre-P2/P2 (Figure 3A). However, a detailed observation of
Figure 3A suggested a correlation at low values of the pre-P2/P2
variable. Therefore, we tested the exclusion of the samples

Figure 2. Correlation between the presence of protamine 2 (P2) precursors and basic seminal parameters, P1-to-P2 ratio and other proteins
present in the spermatozoa. All correlations shown are statistically significant (Spearman; *P < 0.05, **P < 0.005, ***P < 0.001). Regression
lines have been calculated by linear regression.
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with values of pre-P2/P2 above 0.7, which resulted in the detec-
tion of a significant positive correlation (Figure 3; Spearman
r = 0.399, P = 0.05). This correlation turned out to be even
more marked and significant for samples with pre-P2/P2 under
0.4 (Spearman r = 0.518 , P < 0.005; not shown).

Discussion

In this work, we measured pre-P2 in the sperm cells from infer-
tile patients and controls and have found that a substantial
amount of pre-P2 is present in normal sperm samples and that
in samples from infertile men this variable correlates signifi-
cantly with different sperm and seminal parameters, with the
P1/P2 ratio and with other proteins present in the sperm cells.
Additionally, the presence of pre-P2 also correlates with
decreased DNA integrity at low pre-P2 ratio.

The evidence for an association between the presence of
pre-P2 and the P1/P2 ratio had been previously presented in a
limited number of samples using a P2 antibody, which was not
specific to the P2 precursor (Bench et al., 1998; de Yebra et al.,
1998). In this work, we have used an antibody that was gener-
ated using a peptide corresponding to the precursor sequence
of the P2 molecule. Therefore, we have been able to specifi-
cally detect, for the first time, only the P2 precursor without
any confounding signals arising from the mature P2 molecules.
The evidence for the presence of pre-P2 in normal mature
sperm had been previously reported in the rat (Stanker et al.,
1992; Unni et al., 1994). Also, in humans, small amounts of
proteins compatible with pre-P2 have been detected by mass
spectrometry (Yoshii et al., 2005). Thus, these observations are
consistent with the observation in the present work of a sub-
stantial amount of pre-P2 present in normal human samples
detected using the specific pre-P2 antibody.

The correlation detected between pre-P2 and the P1/P2 ratio
in the patient samples is consistent with the hypothesis that
incomplete processing of pre-P2 may result in lower levels of
mature P2 and therefore an increased P1/P2 ratio (Bench et al.,
1998; de Yebra et al., 1998). However, it is also interesting to

note the presence of a large dispersion in the scatter plot data.
This heterogeneity may reflect the existence of different inde-
pendent causes for an altered P1/P2 ratio and increased pre-P2.

The correlation between pre-P2 and the presence of other
proteins could indicate that a general failure in the histone-to-
protamine replacement occurs in the samples with higher pre-P2.
This hypothesis would be consistent with the inverse correla-
tion of pre-P2 levels and sperm count, normal morphology and
motility.

The range of TUNEL-positive spermatozoa detected here is
consistent with that described in other articles (Barroso et al.,
2000; Sakkas et al., 2002). The overall analysis of TUNEL
versus pre-P2 did not detect a significant correlation. However,
when the analysis was limited to pre-P2/P2 values <0.7, these
variables correlated significantly. This result could indicate
that very low pre-P2 levels could be associated with a pre-
served DNA integrity but that at higher pre-P2 the DNA could
be more vulnerable to attack by multiple factors, some related
to pre-P2 processing and others unrelated. Several hypotheses
have been proposed to explain the origin of decreased DNA
integrity in the sperm cells of infertile patients, which include
(1) incomplete repair during meiosis (Baarends et al., 2001),
(2) incomplete repair of DNA breaks arising from the action of
topoisomerase II during spermiogenesis (Roca and Mezquita,
1989; Marcon and Boissonneault, 2004), (3) incomplete
removal of apoptotic cells (Sakkas et al., 2002; Weng et al.,
2002), (4) incomplete protamination resulting in increased sus-
ceptibility of DNA (Oliva and Dixon, 1991; Sakkas et al.,
2002; Cho et al., 2003; Aoki et al., 2005b), (5) defects in
the expression of transition proteins (Adham et al., 2001;
Meistrich et al., 2003; Shirley et al., 2004; Zhao et al., 2004;
Suganuma et al., 2005), (6) damage mediated by heavy
metals or toxins interacting with protamines (Bal et al., 1997;
Quintanilla-Vega et al., 2000), (7) increased ageing and oxida-
tion of the spermatozoa during passage and storage in the male
tract (Aitken et al., 1998; Ollero et al., 2001; Suganuma et al.,
2005) and (8) increased action of exogenous factors such as
infection and increased oxidant action of leukocytes (Alvarez
et al., 2002). Our data do not support a general correlation
between DNA integrity and defects in protamine processing
but instead, consistent with all proposed hypotheses, suggest
that there are multiple, independent causes for lower DNA
integrity in the different patients.

The present results demonstrate that sperm cells of infertile
patients and controls contain different levels of pre-P2. The
presence of pre-P2 in infertile patients correlates negatively
with sperm count, with normal morphology and with motility
of the cells and positively with the P1/P2 ratio, with the pres-
ence of other proteins and, at low pre-P2 levels, with decreased
DNA integrity.

The opportunity is now open to determine whether differ-
ences in P2 precursors exist in subpopulations of spermatozoa
separated by motility, centrifugation on density gradients,
sorted by TUNEL positivity or detected by immunohistochem-
ical methods. Also, it will be interesting to determine whether
genetic variation can be detected in protamines, P2 precursor-
processing enzymes, transition proteins or other regulatory
proteins in the samples with altered levels of pre-P2.

Figure 3. Scatter plot of the proportion of terminal transferase dUTP
nick-end labelling (TUNEL)-positive sperm cells and the presence of
protamine 2 precursor (pre-P2)/P2. (A) Dispersion plot of the
TUNEL results versus the pre-P2/P2 ratio. The Spearman test did not
detect a correlation in this overall analysis. (B) Dispersion plot of the
TUNEL results versus the pre-P2/P2 ratio, excluding the samples
with a pre-P2/P2 value over 0.7 (Spearman r = 0.399, *P = 0.05).

 by on July 20, 2010 
http://hum

rep.oxfordjournals.org
D

ow
nloaded from

 

http://humrep.oxfordjournals.org


Protamines, pre-P2 and DNA integrity in infertile patients

2089

Acknowledgements
The critical review of the manuscript by Prof. Dr Cristóbal Mezquita
is acknowledged. The authors recognize the excellent technical assist-
ance provided by Sara de Mateo in the analysis of protamines and pre-
P2 of some of the samples. This work was supported by grants from
Ministerio de Ciencia y Tecnologia BMC2003-03937, fondos
FEDER, Ministerio de Sanidad y Consumo V-2003-REDC07A-O and
by Generalitat de Catalunya 2001SGR00382 and a grant from the
National Institute of Child Health and Human Development (NIH,
U.S.), HD-16843, to M.L.M.

References

Adham IM, Nayernia K, Burkhardt-Gottges E, Topaloglu O, Dixkens C,
Holstein AF and Engel W (2001) Teratozoospermia in mice lacking the
transition protein 2 (Tnp2). Mol Hum Reprod 7,513–520.

Agarwal A and Said TM (2003) Role of sperm chromatin abnormalities and
DNA damage in male infertility. Hum Reprod Update 9,331–345.

Aitken RJ, Gordon E, Harkiss D, Twigg JP, Milne P, Jennings Z and Irvine DS
(1998) Relative impact of oxidative stress on the functional competence and
genomic integrity of human spermatozoa. Biol Reprod 59,1037–1046.

Alvarez JG, Sharma RK, Ollero M, Saleh RA, Lopez MC, Thomas AJ Jr,
Evenson DP and Agarwal A (2002) Increased DNA damage in sperm from
leukocytospermic semen samples as determined by the sperm chromatin
structure assay. Fertil Steril 78,319–329.

Ammer H, Henschen A and Lee CH (1986) Isolation and amino-acid sequence
analysis of human sperm protamines P1 and P2. Occurrence of two forms of
protamine P2. Biol Chem Hoppe Seyler 367,515–522.

Aoki VW and Carrell DT (2003) Human protamines and the developing sper-
matid: their structure, function, expression and relationship with male infer-
tility. Asian J Androl 5,315–324.

Aoki VW, Liu L and Carrell DT (2005a) Identification and evaluation of a
novel sperm protamine abnormality in a population of infertile males. Hum
Reprod 20,1298–1306.

Aoki VW, Moskovtsev SI, Willis J, Liu LH, Mullen JBM and Carrell DT
(2005b) DNA integrity is compromised in protamine-deficient human
sperm. J Androl 26,741–748.

Baarends WM, van der Laan R and Grootegoed JA (2001) DNA repair mecha-
nisms and gametogenesis. Reproduction 121,31–39.

Bach O, Glander HJ, Scholz G and Schwarz J (1990) Electrophoretic patterns
of spermatozoal nucleoproteins (NP) in fertile men and infertility patients
and comparison with NP of somatic cells. Andrologia 22,217–224.

Bal W, Lukszo J and Kasprzak KS (1997) Mediation of oxidative DNA dam-
age by nickel(II) and copper(II) complexes with the N-terminal sequence of
human protamine HP2. Chem Res Toxicol 10,915–921.

Balhorn R, Corzett M, Mazrimas J, Stanker LH and Wyrobek A (1987) High-
performance liquid chromatographic separation and partial characterization
of human protamines 1, 2, and 3. Biotechnol Appl Biochem 9,82–88.

Balhorn R, Reed S and Tanphaichitr N (1988) Aberrant protamine 1/protamine
2 ratios in sperm of infertile human males. Experientia 44,52–55.

Barroso G, Morshedi M and Oehninger S (2000) Analysis of DNA fragmenta-
tion, plasma membrane translocation of phosphatidylserine and oxidative
stress in human spermatozoa. Hum Reprod 15,1338–1344.

Belokopytova IA, Kostyleva EI, Tomilin AN and Vorob’ev VI (1993) Human
male infertility may be due to a decrease of the protamine P2 content in
sperm chromatin. Mol Reprod Dev 34,53–57.

Bench G, Corzett MH, De Yebra L, Oliva R and Balhorn R (1998) Protein and
DNA contents in sperm from an infertile human male possessing protamine
defects that vary over time. Mol Reprod Dev 50,345–353.

Bianchi F, Rousseaux-Prevost R, Sautière P, Rousseaux J (1992) P2 pro-
tamines from human sperm are zinc-finger proteins with one CYS2/HIS2
motif. Biochem Biophys Res Commun 182,540–547.

Blanchard Y, Lescoat D and Le Lannou D (1990) Anomalous distribution of
nuclear basic proteins in round-headed human spermatozoa. Andrologia
22,549–555.

Chevaillier P, Mauro N, Feneux D, Jouannet P, David G (1987) Anomalous pro-
tein complement of sperm nuclei in some infertile men. Lancet 2,806–807.

Cho C, Jung-Ha H, Willis WD, Goulding EH, Stein P, Xu Z, Schultz RM,
Hecht NB and Eddy EM (2003) Protamine 2 deficiency leads to sperm DNA
damage and embryo death in mice. Biol Reprod 69,211–217.

Colleu D, Lescoat D and Gouranton J (1996) Nuclear maturity of human sper-
matozoa selected by swim-up or by Percoll gradient centrifugation proce-
dures. Fertil Steril 65,160–164.

de Yebra L and Oliva R (1993) Rapid analysis of mammalian sperm nuclear
proteins. Anal Biochem 209,201–203.

de Yebra L, Ballesca JL, Vanrell JA, Bassas L and Oliva R (1993) Complete
selective absence of protamine P2 in humans. J Biol Chem 268,10553–10557.

de Yebra L, Ballesca JL, Vanrell JA, Corzett M, Balhorn R and Oliva R (1998)
Detection of P2 precursors in the sperm cells of infertile patients who have
reduced protamine P2 levels. Fertil Steril 69,755–759.

Gusse M, Sautière P, Bélaïche D, Martinage A, Roux C, Dadoune JP and
Chevaillier P (1986) Purification and characterization of nuclear basic pro-
teins of human sperm. Biochim Biophys Acta 884,124–134.

Kruger TF, Ackerman SB, Simmons KF, Swanson RJ, Brugo SS and Acosta
AA (1987) A quick, reliable staining technique for human sperm morphol-
ogy. Arch Androl 18,275–277.

Lewis JD, Song Y, de Jong ME, Bagha SM and Ausió J (2003) A walk though
vertebrate and invertebrate protamines. Chromosoma 111,473–482.

Marcon L and Boissonneault G (2004) Transient DNA strand breaks during
mouse and human spermiogenesis new insights in stage specificity and link
to chromatin remodeling. Biol Reprod 70,910–918.

McKay DJ, Renaux BS and Dixon GH (1986) Human sperm protamines.
Amino-acid sequences of two forms of protamine P2. Eur J Biochem 156,5–8.

Meistrich ML, Mohapatra B, Shirley CR and Zhao M (2003) Roles of transi-
tion nuclear proteins in spermiogenesis. Chromosoma 111,483–488.

Mengual L, Ballesca JL, Ascaso C and Oliva R (2003) Marked differences in
protamine content and P1/P2 ratios in sperm cells from percoll fractions
between patients and controls. J Androl 24,438–447.

Oliva R and Dixon GH (1991) Vertebrate protamine genes and the histone-to-
protamine replacement reaction. Prog Nucleic Acid Res Mol Biol 40,25–94.

Ollero M, Gil-Guzman E, Lopez MC, Sharma RK, Agarwal A, Larson K,
Evenson D, Thomas AJ Jr and Alvarez JG (2001) Characterization of
subsets of human spermatozoa at different stages of maturation: implica-
tions in the diagnosis and treatment of male infertility. Hum Reprod
16,1912–1921.

Queralt R, Adroer R, Oliva R, Winkfein RJ, Retief JD and Dixon GH (1995)
Evolution of protamine P1 genes in mammals. J Mol Evol 40,601–607.

Quintanilla-Vega B, Hoover DJ, Bal W, Silbergeld EK, Waalkes MP and
Anderson LD (2000) Lead interaction with human protamine (HP2) as a
mechanism of male reproductive toxicity. Chem Res Toxicol 13,594–600.

Roca J and Mezquita C (1989) DNA topoisomerase II activity in nonreplicating,
transcriptionally inactive, chicken late spermatids. EMBO J 8,1855–1860.

Sakkas D, Moffatt O, Manicardi GC, Mariethoz E, Tarozzi N and Bizzaro D
(2002) Nature of DNA damage in ejaculated human spermatozoa and the
possible involvement of apoptosis. Biol Reprod 66,1061–1067.

Sautière P, Martinage A, Bélaïche D, Arkhis A and Chevaillier P (1988)
Comparison of the amino acid sequences of human protamines HP2 and
HP3 and of intermediate basic nuclear proteins HPS1 and HPS2. Struc-
tural evidence that HPS1 and HPS2 are pro-protamines. J Biol Chem
263,11059–11062.

Shirley CR, Hayashi S, Mounsey S, Yanagimachi R and Meistrich ML (2004)
Abnormalities and reduced reproductive potential of sperm from Tnp1- and
Tnp2-null double mutant mice. Biol Reprod 71,1220–1229.

Stanker LH, McKeown C, Balhorn R, Lee C, Mazrimas J, Goralka M and
Wyrobek A (1992) Immunological evidence for a P2 protamine precursor in
mature rat sperm. Mol Reprod Dev 33,481–488.

Suganuma R, Yanagimachi R and Meistrich ML (2005) Decline in fertility of
mouse sperm with abnormal chromatin during epididymal passage as
revealed by ICSI. Hum Reprod 20,3101–3108.

Unni E, Zhang Y, Meistrich ML and Balhorn R (1994) Rat spermatid basic nuc-
lear protein TP3 is the precursor of protamine 2. Exp Cell Res 210,39–45.

Weng SL, Taylor SL, Morshedi M, Schuffner A, Duran EH, Beebe S and
Oehninger S (2002) Caspase activity and apoptotic markers in ejaculated
human sperm. Mol Hum Reprod 8,984–991.

World Health Organization (1999) WHO Laboratory Manual for Examination
of Human Semen and Semen–Cervical Mucus Interaction. Cambridge Uni-
versity Press, Cambridge, UK.

Yoshii T, Kuji N, Komatsu S, Iwahashi K, Tanaka Y, Yoshida H, Wada A and
Yoshimura Y (2005) Fine resolution of human sperm nucleoproteins by
two-dimensional electrophoresis. Mol Hum Reprod 11,677–681.

Zhao M, Shirley CR, Hayashi S, Marcon L, Mohapatra B, Suganuma R,
Behringer RR, Boissonneault G, Yanagimachi R and Meistrich ML (2004)
Transition nuclear proteins are required for normal chromatin condensation
and functional sperm development. Genesis 38,200–213.

Submitted on February 28, 2006; accepted on March 22, 2006

 by on July 20, 2010 
http://hum

rep.oxfordjournals.org
D

ow
nloaded from

 

http://humrep.oxfordjournals.org

