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DNA Integrity Is Compromised in Protamine-Deficient

Human Sperm

VINCENT W. AOKI,* 1t} SERGEY |. MOSKOVTSEV,8§ JENNIFER WILLIS,§ LIHUA LIU**
J. BRENDAN M. MULLEN,§ AND DOUGLAS T. CARRELL*t1{

From the *Andrology and IVF Laboratories and the Departments of TSurgery and $Physiology, University of Utah
School of Medicine, Salt Lake City, Utah; the 8Andrology Laboratory, Department of Pathology and Laboratory
Medicine, Mount Snai Hospital, Toronto, Ontario, Canada; and the fDepartment of Obstetrics and Gynecology,
University of Utah School of Medicine, Salt Lake City, Utah.

ABSTRACT: The objective of this study was to examine the relation-
ship between DNA integrity and protamines in human sperm. One
hundred forty-nine male infertility patients were included in an Insti-
tutional Review Board—approved study. Sperm were evaluated for
DNA fragmentation using the DNA Integrity Assay, a test equivalent
to the sperm chromatin structure assay (SCSA). Additionally, nuclear
proteins were extracted and the protamine-1/protamine-2 ratio (P1/
P2), protamine-1 (P1), protamine-2 (P2), and total protamine concen-
trations were evaluated. We identified 37 patients with abnormally low
P1/P2 ratios, 99 patients with normal P1/P2 ratios, and 13 patients
with abnormally high P1/P2 ratios. DNA fragmentation was signifi-
cantly elevated in patients with low P1/P2 ratios (37.1 = 6.02) vs those
with normal and high P1/P2 ratios (26.7 = 1.9 and 23.8 + 3.2, re-
spectively; P < .05) and was inversely correlated with the P1/P2 ratio

(R, —0.18, P < .05), P1 concentration (R, —0.29, P < .001), P2
concentration (R, —0.24, P < .005), and total protamine concentration
(R, —0.28, P < .001). Furthermore, x? analysis revealed a significant
increase in the incidence of marked DNA fragmentation in patients
with diminished levels of either P1 or P2. The present study is the first
to report that human sperm protamine content is significantly related
to DNA fragmentation. In particular, sperm P1 and P2 concentrations
inversely correlate with DNA fragmentation, indicating a protective role
of the protamines against sperm DNA damage. In light of recent stud-
ies highlighting the negative effect of sperm DNA damage on ART
outcomes, these findings indicate a possible clinical significance for
human sperm protamine levels.
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uring spermiogenesis, sperm chromatin undergoes

substantial compaction. Sperm chromatin packaging
occurs in a 2-step process (Oliva and Dixon, 1991). In
the first step, the transition nuclear proteins (TP1 and
TP2) replace the somatic cell histones. In the second step,
during the elongating spermatid stage, the sperm prot-
amine proteins replace the transition proteins. The result
is a highly compact sperm chromatin, which fosters DNA
stability and transcriptional quiescence.

In humans there are 2 forms of sperm protamine: prot-
amine-1 (P1) and protamine-2 (P2), which occur in a
strictly regulated 1-to-1 ratio (Corzett et al, 2002). Sperm
protamine deficiency has been implicated in male infer-
tility (Chevaillier et al, 1987; Balhorn et al, 1988; Belo-
kopytova et al, 1993; de Yebra et al, 1993, 1998; Carrell
and Liu, 2001; Aoki and Carrell, 2003; Aoki et al, 2005).
In particular, aberrant P1/P2 ratios significantly relate to
fertility status. The studies conducted by Yebra et a
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(1998) and Carrell and Liu (2001) describe a population
of infertile males with undetectable sperm P2. Recently,
P1 deficiency has also been identified in a population of
subfertile males (Aoki et al, 2005).

It has been postulated that protamine deficiency is re-
lated to DNA damage in human sperm. A number of re-
cent studies have focused on the relationship between
sperm DNA damage and male infertility (Evenson et al,
2002; Tomsu et al, 2002; Virant-Klun et a, 2002; Seli et
al, 2004). Although the biological significance of sperm
DNA damage remains unclear, it appears to be detrimen-
tal to fertility in humans and has been linked to lower
embryo quality (Tomsu et al, 2002; Virant-Klun et al,
2002), blastulation rates (Seli et a, 2004), and in vitro
fertilization (IVF) pregnancy rates (Evenson et al, 2002;
Bungum et al, 2004; Henkel et al, 2004; Virro et a,
2004). Mice that are haplo-insufficient for either P1 or P2
are sterile and have increased levels of sperm cell apo-
ptosis, DNA damage, and embryonic arrest (Cho et a,
2001, 2003). However, relatively little is known about
sperm DNA integrity in protamine-deficient human
males.

The objective of this study was to examine the rela-
tionship between DNA integrity and protaminesin human
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sperm. Specifically, the DNA fragmentation index (DFI)
was used as a measure of DNA integrity. Protamine levels
(PL/P2 ratio, P1, P2, and total protamine concentrations)
are compared to DFI levelsin the sperm of maleinfertility
patients.

Materials and Methods

Unless otherwise noted, all chemicals were obtained from Sigma
Chemical Company (St Louis, Mo). Reagents for gel electro-
phoresis were purchased from Bio-Rad Laboratories (Hercules,
Calif). Acridine orange was purchased from Polysciences Inc
(Warrington, Pa).

Institutional Review Board approva was obtained before ini-
tiation of this study. Semen was collected and evaluated from
149 randomly selected male patients presenting for infertility
assessment. A single semen sample was used for all assays, in-
cluding the DNA Integrity Assay and protamine protein extrac-
tion and quantification. Samples with a sperm concentration of
less than 3 X 10%/mL were excluded because they offered in-
sufficient material. After semen analysis and within 1 hour of
the time of gaculation, aliquots of raw semen were frozen at
—80°C for later analysis.

DNA Integrity Assay

The DNA Integrity Assay was used to measure the DNA frag-
mentation index (DFI) and was performed as previously de-
scribed (Evenson et al, 2002; Fischer et al, 2003). At the time
of analysis, semen samples were thawed on ice and diluted with
TNE buffer (0.01 M Tris-HCI, 0.15 M NaCl, and 1 mM ethyl-
enediaminetetraacetic acid [EDTA], pH 7.4) to 1-2 X 10° cell¢/
mL. Two hundred—microliter aiquots of diluted sample were
mixed with 400 pL of a low-pH (pH 1.2) detergent solution
containing 0.1% Triton X-100, 0.15 M NaCl, and 0.08 N HCI
for 30 seconds; this was followed by staining with 1.2 mL of 6
pg/mL chromatographically purified acridine orange (AO) in a
phosphate citrate buffer (pH 6.0).

Three minutes after the staining procedure started, the cells
were analyzed using a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, Calif) equipped with an air-cooled argon
laser. Measurements were collected in duplicate on 5000 cells
per sample, and 2 aliquots were analyzed for each semen spec-
imen. Under these conditions, AO intercaated with double-
stranded DNA emits green fluorescence, and AO associated with
single-stranded DNA emits red fluorescence. To avoid instru-
ment drift, reference samples were used to set the red and green
photomultiplier tube voltages. A new reference sample was run
every 6 to 10 samples. FCS Express Version 2 (De Novo Soft-
ware, Thornhill, Canada) was used for off-line analysis of the
flow cytometric data

DNA denaturation was expressed as the DFI, which represents
the ratio of red to red plus green fluorescence intensity (Figure
1). This is similar to the SCSA definition of DFI as red (F >
630 nm)/red + green (F515-530 band pass). Based on a previ-
ously published categorization system (Evenson et a, 2002), 3
levels of DNA fragmentation were reported: low (<15% DFI),
moderate (15%-30% DFI), and high (>30% DFI). These levels
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correspond to excellent, good, and fair-to-poor fertility potential,
respectively.

Purification of Nuclear Proteins

Sperm nuclear proteins were extracted from the semen aliquots
of all 149 patients. The P1/P2 ratio, P1, P2, and total protamine
concentrations were subsequently quantified in all 149 patients
(Aoki et al, 2005). Prior to extraction, sperm concentrations and
white blood cell counts were determined using World Health
Organization (WHO) criteria. All samples were run in duplicate,
and the average P1/P2 ratio, P1, and P2 concentrations from the
2 runs were reported.

Semen aliquots with a known number of sperm (5.0-20 X 10°
cells) were centrifuged at 500 X g for 5 minutes at 4°C. The
pellet was washed in 1 mM phenylmethylsulfonylfluoride
(PMSF) in distilled water, centrifuged at 500 X g for 5 minutes
at 4°C, and the pellet was resuspended in 100 pL of 100 mM
Tris buffer containing 20 mM EDTA and 1 mM PMSF (pH 8.0).
One hundred microliters of 6 M guanidine and 575 mM dithio-
threitol were added and mixed, followed by addition of 200 pL
522 mM sodium iodoacetate.

The suspension was maintained at room temperature for 30
minutes while being protected from light. To this suspension, 1.0
mL of 100% ethanol at 4°C was added and maintained for 1
minute before centrifugation at 12000 X g for 10 minutes at
4°C. The ethanol wash was repeated and the pellet was resus-
pended in 0.5 M HCI (0.8 mL), incubated for 15 minutes at
37°C, and centrifuged at 10000 X g for 10 minutes.

The supernatant was retained and the nuclear proteins were
precipitated by the addition of 100% trichloroacetic acid (TCA)
to afinal concentration of 20% TCA. The solution was incubated
at 4°C for 5 minutes and centrifuged at 12000 X g for 10 min-
utes. The pellet was washed twice in 1% 2-mercaptoethanol in
acetone (500 pL). The final pellet was dried and stored at —20°C
until gel electrophoresis analysis.

Preparation of the Human Protamine Standard

A human protamine standard was prepared as previously de-
scribed (Mengual et al, 2003). Twenty semen samples were
pooled to extract and quantitate a highly purified sperm prot-
amine sample. Briefly, sperm were washed twice with 0.5 M
HCI before protamine extraction to remove other acid-extracted
proteins. After acid treatment, the protamines were extracted as
described above. The protein extract contained highly purified
protamine, as verified by gel electrophoresis and Western blot.
The final protamine concentration was determined using the RC
DC protein assay kit (Bio-Rad). The protamine extract was run
using acid-acrylamide gel electrophoresis to determine the ratio
of P1 to P2.

The final concentrations of P1 and P2 were calculated from
the percent composition of each of the protamines in the tota
protamine standard. Subsequently, 1.52, 0.76, 0.38, and 0.19 pg
of human sperm protamine standard were loaded in each gel and
a standard regression curve was made to calculate the amount
of protamine in each of the patient samples. The r2 value of the
regression curve was 0.98 or better for each gel run in this study.
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DNA Integrity Assay fluorescence cytograms for samples with (A) low and (B) high DNA fragmentation index (DFI) values. The top traces

for both A and B show fragmented DNA staining vs native DNA staining. The numbered regions represent (1) cells with normal DNA, (2) cells with
fragmented DNA, (3) seminal debris, (4) “high-green” stained cells that are not fully condensed, and (5) immature cells, bacteria, and cellular debris.
The bottom panels for both A and B show a frequency histogram for recorded cellular staining intensity. The highlighted regions represent (1) cells
with normal DNA and (2) cells with fragmented DNA. The DFI was calculated based on the amount of red fluorescence divided by the red plus green
fluorescence. These particular cytograms show (A) low (11.4%) and (B) high DFI (43.3%).

P1/P2 Quantification

Acetic-acid urea gel electrophoresis was performed as previously
described (Aoki et al, 2005). Briefly, the separating gel contained
20% acrylamide, 0.1% bisacrylamide, 0.9 N acetic acid, and 2.5
M urea. The stacking gel was comprised of 7.5% acrylamide,
0.2% hisacrylamide, 2.5 M urea, and 0.375 M potassium acetate
(pH 4.0). Gels were stained with Coomassie blue using standard
techniques and scanned using an Umax-SE scanner with the
SilverFast scanning software package (Umax Technologies, Dal-
las, Tex).

Band intensities corresponding to P1 and P2 were quantified
using National Institutes of Health Image-J software. P1 and P2

Table 1. Reproducibility of protamine measurements validated via
multiple extractions of aliquots from identical samples

N 13

Mean P1/P2 ratio 0.84 = 0.01 (CV = 1.19%)
Mean P1 concentration (ng/10°

sperm) 4432 =51 (CV = 1.15%)
Mean P2 concentration (ng/10°
sperm) 525.2 = 6.1 (CV = 1.16%)

quantity were calculated against the standard curve generated
from the human protamine standard (above). Protein quantity is
reported as ng protein/10° sperm. Identity of protamine bands
were established using Western blot analysis, as reported in a
previous study (Carrell and Liu, 2001).

Protamine Quantification Quality Control

We used 2 measures of quality control to ensure our protamine
quantification protocol was valid and reproducible. First, aliquots
of 20 X 10° sperm were made from a common semen sample
taken from a pool of 20 semen samples. One of these aliquots
was run with each round of extractions (n = 13). The resulting
mean P1/P2 ratio (0.84 = 0.01), P1 concentration (443.2 = 5.1
ng/10° sperm), and P2 concentration (525.2 + 6.1 ng/10° sperm)
showed little sample-to-sample variation (coefficient of variation
[CV]; 1.19%, 1.15%, and 1.16%, respectively) and ensured re-
producible results within individual samples (Table 1).

Second, to evaluate variations in the P1/P2 ratio, [P1], and
[P2] between ejaculates from the same individual, in another
study we analyzed the semen from 2 different ejaculates (ob-
tained 6 months apart) in 42 individuals (Aoki et a, 2005). Re-
sults indicate no significant differences between ejaculates with
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Figure 2. Mean DNA fragmentation index (DFI) levels among patients

with low, normal, and high P1/P2 ratios. The Kruskal-Wallis test showed
DNA fragmentation was significantly elevated in patients with low P1/P2
ratios (37.1 = 6.02, n = 37) vs those with normal and high P1/P2 ratios
(26.7 £ 1.9, n = 99; 23.8 + 3.2, n = 13, respectively, P < .05).

respect to the P1/P2 ratio (1.03 = 0.04 vs 1.11 = 0.08), P1
concentration (560.4 = 42.2 vs 571.9 + 49.6 ng/10° sperm), or
P2 concentration (535.5 + 30.9 vs 527.1 = 37.2 ng/10°¢ sperm),
as assessed by a paired Student’st test. The CV in the estimation
of all sperm cell concentrations was within acceptable standards
(3.9%).

Statistical Evaluation

Study subjects were stratified into 3 groups based on the P1/P2
ratio: normal P1/P2 patients, low PL/P2 patients, and high P/
P2 patients. Cut-off values for the low (<0.8) and high (>1.2)
P1/P2 ratio groups were established in a previous study (Aoki
et a, in press). In that study, the P1/P2 ratios of 95% of fertile
men were found to lie within those ranges (0.8-1.2). The
Kruskal-Wallis test was used to evaluate differences in DNA
damage and semen analysis outcome measures (where available)
between P1/P2 ratio groups.

Patients were also identified who displayed a significant un-
derexpression of the protamine proteins (both P1 and P2). The
normal ranges of P1 and P2 concentrations in fertile men were
established in a previous study (Aoki et a, 2005). The critical
values defining the concentrations at which P1 and P2 were sig-
nificantly underexpressed are used in this study (483 ng P1/10°
sperm and 474 ng P2/10° sperm, respectively). Chi-square anal-
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ysis was used to detect differences in the incidence of signifi-
cantly elevated DNA damage among patients underexpressing
P1 or P2.

Spearman’s correlation coefficient was used to evaluate the
correlation between sperm protamine levels (PL/P2 ratios, P1,
P2, and total protamine concentrations) and DNA damage (DFI).

Results

Relationship of Semen Quality to the P1/P2 Ratio

Gel electrophoresis scanning densitometry revealed that
in the group of 149 infertility patients, we identified 37
with abnormally low P1/P2 ratios, 99 with normal P1/P2
ratios, and 13 with abnormally high P1/P2 ratios (Figure
2).
White blood cells (range, 0.0-0.4 X 10%mL) were
present in 7.5% of the semen samples. None of the spec-
imens qualified as leukocytospermic according to the
WHO classification. Evaluation of semen quality param-
eters with respect to P1/P2 ratio groups revealed that
sperm cell concentrations were significantly reduced in
the low (34.7 = 4.0, n = 37) and high (41.4 = 15.3, n
= 13) P1/P2 ratio groups compared with the normal
group (69.7 *= 52, n = 97, P < .001). Sperm motility
was significantly decreased in the low (17.6 = 2.5, n =
17) and high (16.3 * 3.9, n = 13) P1/P2 groups compared
to the normal group (39.5 = 1.7, n = 66, P < .0001).
Normal sperm head morphology was significantly re-
duced in the low (14.1 = 1.9, n = 17) and high (6.0 =
3.5, n = 13) ratio groups compared to the normal group
(25,5 = 1.3, n = 66, P < .05; Table 2).

Relationship of Semen Quality to DFI

Evaluation of semen quality parameters with respect to
DFI categories revealed that sperm cell concentrations
were significantly reduced in the moderate (54.0 = 5.8,
n = 48) and high (45.1 = 7.6, n = 53) DFI groups vs
the low DFI group (70.9 = 7.4, n = 48, P < .05; Table
2). Progressive motility significantly declined with in-
creasing DFI group. The high DFI group (20.2 = 2.7, n

Table 2. Semen quality parameters within DNA fragmentation index (DFI) and P1/P2 ratio categories

Normal DFI Moderate DFI Abnormal DFI P Value
Sperm concentration (108/mL) 709 £ 74 54.0 £ 5.8 451+ 7.6 <.05*
Progressive motility (%) 429 + 2.6 29.6 + 2.5 20.2 + 2.7 <.001*
Normal head shapes (%) 28.1 +20 191+ 23 173+ 16 <.005*

Low P1/P2 Normal P1/P2 High P1/P2 P Value
Sperm concentration (109/mL) 347 + 4.0 69.7 + 5.2 414 + 153 <.001t
Progressive motility (%) 176 = 25 395+ 1.7 16.3 = 3.9 <.0001f
Normal head shapes (%) 141 +19 255+ 1.3 6.0 =35 <.005%

* Significant difference between column 1 and columns 2 and 3.
t Significant difference between column 2 and columns 1 and 3.
1 Significant difference among all columns.
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Figure 3. Correlations between DNA fragmentation index (DFI) and (A) the P1/P2 ratio, (B) total protamine concentration, (C) P1 concentration, and
(D) P2 concentration. Spearman’s correlation coefficient revealed significant inverse correlations between DFI and (A) the P1/P2 ratio (R,, —0.18, P
< .05), (B) total protamine concentration (R,, —0.28, P < .001), (C) P1 concentration (R,, —0.29, P < .001), and (D) P2 concentration (R, —0.24, P

< .005).

= 34) had significantly lower progressive motility than
the moderate DFI group (29.6 = 2.5, n = 33). In turn,
the moderate DFI group had significantly lower progres-
sive motility than the low DFI group (429 + 2.6, n =
34, P < .001; Table 2). Normal head morphology was
also significantly reduced in the moderate (19.1 = 2.3,
n = 33) and high (17.3 = 1.6, n = 34) DFI groups vs
the low DFI group (28.1 = 2.0, n = 34, P < .005; Table
2).

Relationship of Sperm Protamine Content to DFI

DNA fragmentation was significantly elevated in patients
with low P1/P2 ratios (37.1 = 6.02) vs those with normal
and high PL/P2 ratios (26.7 = 1.9, 23.8 = 3.2, respec-
tively, P < .05; Figure 2).

A negative relationship was observed between the ex-

planatory variables (P1/P2 ratio, P1, P2, and total prot-
amine concentrations) and the DFI outcome variable (Fig-
ure 3). Spearman’s correlation coefficient revealed a sig-
nificant inverse correlation between DFI and the P1/P2
ratio (R, —0.18, P < .05). A greater significant inverse
correlation was observed between DFI and P1 concentra-
tion (R, —0.29, P < .001), P2 concentration (R,, —0.24,
P < .005), and total protamine concentration (R,, —0.28,
P < .001).

A group of 70 patients were identified to show signif-
icant P1 underexpression. Chi-square analysis revealed a
significant increase in the frequency of patients with ab-
normal DFI within this group compared to the 79 patients
that expressed P1 normally (P < .005; Table 3). Addi-
tionally, 79 patients were identified with significant P2
underexpression. A significant increase in the frequency

Table 3. Frequency of P1 and P2 underexpression within DNA fragmentation index (DFI) categories

Normal DFI Moderate DFI Abnormal DFI

(%) (%) (%) P
P1 normally expressed 42 (33/79) 37 (29/79) 21 (17179) <005
P1 underexpressed 21 (15/70) 27 (19/70) 52 (36/70) ’
P2 normally expressed 41 (29/70) 36 (25/70) 23 (16/70) <01
P2 underexpressed 24 (19/79) 29 (23/79) 47 (37/79) ’
P1 & P2 normally expressed* 41 (20/49) 37 (18/49) 22 (11/49) <01
P1 & P2 underexpressed* 22 (8/37) 22 (8/37) 56 (21/37) '

* Patients included were only those with a normal P1/P2 ratio.
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of abnormal DFI patients was observed in the group un-
derexpressing P2 vs in patients expressing P2 normally
(P < .01; Table 3). Therefore, there was a significant in-
crease in DNA fragmentation observed in patients with
diminished levels of either P1 or P2. Meanwhile, in pa-
tients with a normal PL/P2 ratio, there was a significant
increase in DNA fragmentation observed in patients un-
derexpressing both P1 and P2 vs in those normally ex-
pressing P1 and P2 (P < .01; Table 3).

Discussion

In this study, we provide the first description of the re-
lationship between DNA integrity and direct quantitative
measurements of human sperm protamine quantity. Pre-
vious studies have attempted to correlate DNA damage
with indirect measurements of protamine levels using the
chromomycin A; (CMA;) fluorochrome (Bianchi et al,
1993; Manicardi et al, 1995). CMA; is a fluorochrome
that competes with protamines for DNA binding and that
is indirectly related to the degree of sperm protaminiza-
tion (Bianchi et al, 1993). Results of these studies indicate
that protamine deficiency is related to increasing levels of
DNA damage (Bianchi et al, 1993; Manicardi et al, 1995).

In the present study, direct quantitative measurements
of sperm protamine concentrations revealed that P1, P2,
and total protamine quantity inversely correlated with
DNA fragmentation. Furthermore, patients who under-
expressed either P1 or P2 displayed elevated DNA dam-
age much more frequently than patients who expressed
the protamines normally. This increase in DNA damage
was also observed in patients with a normal P1/P2 ratio
who underexpressed both P1 and P2. These data are con-
sistent with those obtained in studies using CMA; staining
that indicate that protamine deficiency is significantly re-
lated to increases in DNA damage. In addition, our data
highlight the fact that both P1 and P2 contribute to this
relationship.

The P1/P2 ratio was also correlated with DNA frag-
mentation. Numerous studies have implicated aberrant
P1/P2 ratios in human male infertility (Bahorn et al,
1988; de Yebra et al, 1993, 1998; Khara et a, 1997; Car-
rell and Liu, 2001; Mengual et al, 2003; Aoki et a, 2005).
The semen quality data presented here are consistent with
those from these studies and show significantly reduced
sperm counts, motility, and head morphology. In partic-
ular, patients with abnormally low P1/P2 ratios (<0.8) are
reported to have severely affected sperm quality (Aoki et
al, 2005), consistent with the present observation that
DNA fragmentation is elevated in low—P1/P2 ratio pa
tients. Although there is no fertile control group in the
present study, a number of reports have established that
protamine abnormalities and DNA damage are rare in
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men of known fertility (Evenson et a, 1999; Evenson and
Jost, 2000; Carrell and Liu, 2001; Aoki et al, 2005).

Numerous studies have related sperm DNA integrity to
semen quality. Many of these studies indicate that sperm
motility, concentration, viability, and morphology corre-
late with DNA fragmentation (Evenson et al, 1991; Sun
et a, 1997; Irvine et a, 2000; Muratori et a, 2000; Tom-
linson et al, 2001; Zini et al, 2001; Sharma et al, 2004).
Our data are consistent with those of these studies and
show progressively diminished counts, motility, and mor-
phology across the low, moderate, and high DFI catego-
ries. However, others have reported no meaningful cor-
relation between DNA integrity and standard semen pa-
rameters (Evenson and Jost, 2000; Larson et a, 2000;
Evenson et al, 2002).

The results of this study indicate that normally ex-
pressed sperm protamines may serve a protective function
against DNA damage. Elegant studies in mice have es-
tablished that protamine haplo-insufficiency is a direct
causative factor involved in sperm DNA damage induc-
tion (Cho et al, 2003). Although a number of reports have
established a link between sperm protamine content and
chromatin structure, in humans the current data fall short
of proving this hypothesis.

The protamines are critical for proper sperm chromatin
packaging (Balhorn et al, 2000). Therefore, it is not sur-
prising that sperm protamine concentrations correlate
with DNA integrity. The protamine proteins are rich in
cysteine content, which facilitates both inter- and intra-
protamine cross-links via disulphide bond formation (Fu-
entes-Mascorro et al, 2000). Severa studies have dem-
onstrated that sperm chromatin stability is dependent on
the quantity of these disulphide cross-links (Dadoune,
1995; Fuentes-Mascorro et al, 2000). Experimental evi-
dence indicates that a reduction in disulphide bonding
may alter sperm chromatin structure and reduce nuclear
integrity (Kosower et al, 1992; Love and Kenney, 1999).
However, the data remain conflicting on this issue, as one
study demonstrated no meaningful correlation between
sperm protamine thiol status and DNA denaturation in
stallions (Evenson et al, 2000).

Additionaly, the use of protamine-deficient human
sperm for intracytoplasmic sperm injection results in
sperm premature chromatin decondensation, indicating a
less stable sperm chromatin in these patients (Nasr-Esfa-
hani et al, 2004). Taken together, these studies indicate
that protamine-deficient sperm adopt a less-stable chro-
matin structure, which may possibly arise as a conse-
quence of decreased inter- and intraprotamine interac-
tions, rendering them more susceptible to DNA damage.
Future human studies are needed to test this hypothesis
and to evaluate the relationship between sperm protamine
levels, thiol content, and DNA damage.

In addition to absolute protamine quantity, the P1/P2
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ratio also appears to be critica for chromatin stability.
Although the P1/P2 ratio varies between genera, within a
species it is highly conserved (Corzett et a, 2002). In
humans, aberrations in the 1-to-1 ratio of P1 to P2 cor-
relate significantly with male infertility, and the results of
this study indicate that patients with abnormally low P1/
P2 ratios have significantly elevated DNA fragmentation
(Chevaillier et al, 1987; Bahorn et al, 1988; Belokopy-
tova et a, 1993; de Yebra et al, 1993, 1998; Carrell and
Liu, 2001; Aoki and Carrell, 2003; Aoki et a, 2005).
However, patients with abnormally high P1/P2 ratios pre-
sented with DNA fragmentation levels comparable to
those patients with normal P1/P2 ratios. These data are
surprising considering the correlations between abnormal
semen quality and high P1/P2 ratios. DNA fragmentation
differences in these high-P1/P2 ratio patients may not
have been elucidated because of the low number of pa-
tients identified. Further studies are needed that evaluate
DNA fragmentation in alarger group of high-P1/P2 ratio
patients.

The effects of aberrant protamine ratios on human
sperm chromatin structure have not yet been elucidated.
Clues may lie in studies using sophisticated atomic force
microscopy and proton-induced X-ray emission spectros-
copy, which provide insights into the details of prot-
amine-DNA binding interactions (Hud et al, 1994; Bench
et a, 1996; Bahorn et al, 2000). First, P1 and P2 are not
randomly distributed along the DNA; instead, they tend
to form characteristic clusters within species (Balhorn et
al, 2000; Corzett et al, 2002). Thus, aberrations in the
species-specific P1/P2 ratio may disrupt this characteristic
protamine-DNA binding, possibly influencing secondary
chromatin structure.

Second, we now have a description of the length of
DNA that must be covered by each P1 and P2 molecule
to facilitate their relative binding. Based on amino acid
sequencing, P2 requires a longer stretch of DNA (ap-
proximately 15 bp) than P1 (approximately 11 bp) for
proper chromatin incorporation (Bench et al, 1996). This
may provide evidence for abnormal chromatin packaging
when P2 is more abundant that P1, as is the case in pa-
tients with significantly reduced P1/P2 ratios. Given this
scenario, physical size constraints dictate that there would
be an overall reduction in the amount of protamine bound
to the DNA, thereby reducing the overall number of di-
sulphide cross-links.

Alternatively, chromatin structure aberrations and per-
turbations in the PL/P2 ratio may themselves be unrelated
and may simply reflect generalized problems during sper-
miogenesis. Further studies are critical for our under-
standing of these proposed chromatin structure changes
in patients with aberrant P1/P2 ratios.

Additiona studies are necessary to fully understand
how these various protamine aberrations influence abnor-

747

mal DNA integrity. We suggest human studies to evaluate
the protective role protamines play against sperm DNA
damage. Additionally, it would be useful to evaluate the
chromatin structure in patients with aberrant P1/P2 ratios
to detect abnormal protamine-DNA interactions and per-
turbations of normal disulfide cross-linking. In the present
study, only a limited number of severely oligospermic
patients were included as a result of cell concentration
requirements for the DNA integrity test. Therefore, alarg-
er population of patients with severe oligospermia should
be evaluated for protamine content and DNA integrity.

To conclude, we provide the first study investigating
the relationship between DNA damage and direct quan-
titative measures of protamine levels in human sperm.
Protamine concentrations (P1, P2, and total protamine)
inversely correlate with the DNA fragmentation index.
Additionally, patients with low P1/P2 ratios have mark-
edly increased DNA damage. In light of recent reports
highlighting reduced assisted reproductive technique
(ART) fecundity in cases using DNA-damaged sperm,
these data indicate that the sperm protamines may be of
clinical significance in ARTSs.
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