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ABSTRACT

We examined the levels and distribution of post-translationally modified histones and protamines in human sperm. Using western blot
immunoassay, immunofluorescence, mass spectrometry (MS), and FLIM-FRET approaches, we analyzed the status of histone modifications
and the protamine P2. Among individual samples, we observed variability in the levels of H3K9me1, H3K9me2, H3K27me3, H3K36me3, and
H3K79mel, but the level of acetylated (ac) histones H4 was relatively stable in the sperm head fractions, as demonstrated by western blot
analysis. Sperm heads with lower levels of P2 exhibited lower levels of H3K9ac, H3K9me1, H3K27me3, H3K36me3, and H3K79mel. A very
strong correlation was observed between the levels of P2 and H3K9me2. FLIM-FRET analysis additionally revealed that acetylated histones H4
are not only parts of sperm chromatin but also appear in a non-integrated form. Intriguingly, H4ac and H3K27me3 were detected in sperm tail
fractions via western blot analysis. An appearance of specific histone H3 and H4 acetylation and H3 methylation in sperm tail fractions was
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also confirmed by both LC-MS/MS and MALDI-TOF MS analysis. Taken together, these data indicate that particular post-translational
modifications of histones are uniquely distributed in human sperm, and this distribution varies among individuals and among the sperm of a

single individual. J. Cell. Biochem. 116: 2195-2209, 2015.
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In general, nuclear functions are dictated not only by DNA sequences
but also by the composition of the entire chromatin structure. Histone
modifications and DNA methylation also fundamentally influence the
functioning of genomes. Post-translational modifications (PTMs) of
histones (H1, H2A, H2B, H3, and H4), such as acetylation, methylation,
phosphorylation, and ubiquitination, are crucial for the formation of
transcriptionally active and inactive chromatin states [Jenuwein and
Allis, 2001; Rice and Allis, 2001; Taddei et al., 2005; Bannister and
Kouzarides, 2011]. Specific histone modifications are responsible for
compartmentalizing the genome into functionally distinct nuclear
domains. The ability of histone PTMs to determine different types of
chromatin allows for the regulation of transcription and other nuclear
processes, such as replication, splicing, and DNA repair [Armbruster
et al., 1983; Kouzarides, 2007; Luco et al., 2010; Polo and Jackson,
2011]. Histone PTMs also regulate embryonic development; therefore,
the modification of redundant histones in sperm may set epigenetic
patterns that are transferred from generation to generation. Increasing
evidence indicates that, in the early stages of spermatogenesis, sperm
DNA is structured in association with histones into classical
nucleosome core particles similar to those observed in somatic cells.
As spermatogenesis proceeds, histones are replaced by specific
proteins called transition proteins. These transition proteins are in
turn replaced by the protamines P1 and P2 [Ward, 1993; Emery and
Carrell, 2006]. Biochemically, protamines are cysteine- or arginine-
rich proteins that are responsible for the final condensation of sperm
chromatin [Lee and Cho, 1999]. The phosphorylation of protamines
facilitates the correct association of these proteins with DNA.
Protamine-DNA interactions are also influenced by protamine
acetylation or methylation [Brunner et al., 2014]. Notably, the ratio
of P1 to P2 is a fundamental indicator of male fertility. A P1/P2 ratio
outside the range of 0.8-1.2 (most authors suggest that the ideal ratio
is 1:1) increases the probability of chromatin instability and genomic
aberrations, which are associated with decreased male fertility [Carrell
et al., 2008]. Smoking and oxidative stress have a significant impact
on the P1/P2 ratio, which in turn impacts DNA integrity and
protamine distribution within spermatozoa, and an optimal state of
these factors is the basis of male fertility [Hammadeh et al., 2010]. It
haslong been known that sperm chromatin is compacted into a highly
condensed, doughnut-like structure [Ward, 1993]. Previously, the
retention of histones during spermatid elongation was thought to
occur as a consequence of disrupted chromatin regulation, leading to
infertility. However, 26 new histone PTMs and 11 protamine PTMs
were recently identified in mouse sperm using protein top-down
tandem mass spectrometry (MS) [Brunner et al., 2014]. The H2B
variant TH2B [Zalensky et al., 2002] and ubiquitinated H3 and H4
[Carrell, 2012] were described in human sperm. In mouse sperm,

Brunner et al. [2014] documented post-translationally modified
histones, including H2BT9p, H2BK117me3, H2BK121me3, and
H3R83mel, and confirmed the presence of acetylated (ac) histones
H3 and H4, methylated histones H3K4 and H3K9, and tri-methylated
H3K27. PTMs, such as the acetylation and ubiquitination of histones,
have also been described by other authors [Meistrich et al., 1992;
Baarends et al., 1999; Baarends et al., 2000; Govin et al., 2006].
Furthermore, sperm histones can appear in mono-, di-, and tri-
methylated forms [Brunner et al., 2014]. Therefore, substantial
evidence supports the notion that the integrity of sperm chromatin is
regulated not only by protamines but also by specifically modified
residual histones. This concept is important for fertilization and the
subsequent physiological development of the embryo, especially from
the perspective of epigenetic memory and error-free DNA repair
[Ward et al., 2000; Morris et al., 2002]. This observation has led to the
conclusion that post-translationally modified histones in sperm might
represent paternal epigenetic memory and may participate in the
epigenetic reprogramming of the zygote [van der Heijden et al., 2008].
Based on this knowledge, we investigated the variability of
histone PTMs in human sperm. Our hypothesis addressed how post-
translationally modified histones are distributed in human sperm.
We asked whether there was a correlation between the level of the
protamine P2 and heterochromatin-related histone markers or
between P2 and post-translationally modified histones that were
characteristics of euchromatin. We analyzed the entire sperm
population of a single individual and also compared the histone
patterns of sperm samples among different individuals. We studied
the localization of histones H3 and H4 and protamines in human
sperm head and tail fractions. We examined sperm-specific
morphology in relation to selected histone methylation and histone
acetylation patterns. We used western blot analysis to investigate the
levels of H3K4mel, H3K9mel/me2, H3K9ac, H3K27me3,
H3K36me3, H3K79me1, and H4ac in the head and tail fractions of
sperm from 17 donors. Using liquid chromatography tandem-mass
spectrometry (LC-MS/MS) and MALDI-TOF MS, we attempted to
confirm the western blot results. We also performed correlation
analyses between the level of the P2 protamine and the levels of
H3K9mel/me2, H3K9ac, and H3K27me3. Based on our results, we
believe that knowledge of the epigenetic patterns in human sperm
can be used to identify factors that contribute to male fertility.

SPERM PROCESSING, DECONDENSATION OF SPERM NUCLEI, AND
IMMUNOFLUORESCENCE ANALYSIS

Human ejaculates were obtained from 17 donors. Four samples were
screened by the Centre of Assisted Reproduction (IVF, Sanus, Hradec
Kralové, division in Jihlava, Czech Republic). These samples were
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scored as normospermic according the World Health Organization
(WHO) criteria established in 2010. These samples were used as
reference specimens for comparison with the sperm from the 13
other volunteers. All the donors were informed that the samples
would be used for research purposes, and all the donors provided
informed consent.

Ejaculates were mixed with two volumes of phosphate-buffered
saline (PBS) and centrifuged at 6,000 rpm for 10 min in an Eppendorf
5804R centrifuge equipped with an F-34-6-38 rotor. Sperm cells
were washed in PBS and placed onto microscope slides for
immunostaining. The cells were dried and then fixed in 0.5%
formaldehyde (Sigma-Aldrich, Prague, Czech Republic) for 5 min to
maintain the 3D structures. Sperm head decondensation was
performed as described by Zalensky et al. [1993]. Briefly, the
decondensation was carried out in 10mM dithiothreitol (DTT;
Sigma-Aldrich) and 0.5 mg/ml heparin (Sigma-Aldrich) for 30 min
on ice. The cells were then washed in PBS, permeabilized with 0.5%
Triton X-100 (Sigma-Aldrich) in PBS, and incubated in a blocking
solution consisting of 4% bovine serum albumin (BSA) in PBS with
Tween-20 (PBST) for 1h at room temperature. The primary
antibodies used for the immunofluorescence analysis were as
follows: anti-protamine 1 (sc-23108) and anti-protamine 2 (sc-
23102) (both from Santa Cruz Biotechnology, Santa Cruz, CA); anti-
histone H3 (06-755) and anti-H3K27me3 (07-322) (both from
Upstate Biotechnology, Lake Placid, NY); anti-H4ac (382160;
Calbiochem, Billerica, MA); anti-H3K4me1 (ab8895, Abcam, Cam-
bridge, UK); H3K36me3 (ab9050, Abcam); and H3K79me1 (ab2886,
Abcam). After an overnight incubation with the primary antibodies,
the samples were washed in PBS three times for 5min each and
incubated with the appropriate secondary antibodies at room
temperature for 2 h. The secondary antibodies used were as follows:
Alexa Fluor 488-conjugated donkey anti-goat IgG (A-11055), Alexa
Fluor 594-conjugated donkey anti-goat IgG (A-11058), and Alexa
Fluor 488-conjugated donkey anti-rabbit IgG (A-21206) (all from
Invitrogen, Grand Island, NY). As negative controls, samples were
incubated without primary antibody or with rabbit control IgG
(ab46540-1, Abcam, Cambridge, UK) prior to incubation with the
secondary antibody (Supplementary Fig. 1A, B). The primary
antibodies were used at a dilution of 1:100, and the secondary
antibodies were used at a dilution of 1:200; antibody dilutions were
prepared in PBS containing 1% BSA. Nuclei were counterstained
with 4/,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich), and
Vectashield (Vector Laboratories, Burlingame, CA) was used as a
mounting medium.

CELL CULTURE

IMR90 human lung fibroblasts, NTERA pluripotent human embry-
onal carcinoma cells, and U20S human osteosarcoma cells were
purchased from the European Collection of Cell Cultures (Salisbury,
UK). IMR90 cells were cultivated in Eagle’s Minimum Essential
Medium (EMEM; PAN Biotech, Aidenbach, Germany) supplemented
with 10% fetal bovine serum (FBS, PAN Biotech), 2 mM glutamine
(Invitrogen), 1% nonessential amino acids (PAN Biotech), and a
mixture of 500U/ml penicillin and 5mg/ml streptomycin. The
culture medium for NTERA and U20S cells consisted of 85%
Dulbecco’s modified Eagle’s medium (DMEM, PAN Biotech), 15%

FBS, and antibiotics. For comparison, we used human embryonic
stem cells (hESCs; line CCTL-17, derived from clone CCTL-12 and
provided by Prof. Petr Dvorak of the Faculty of Medicine, Masaryk
University, Brno). hESCs were cultivated in defined mTESR1 medium
(#05870; Stem Cell Technologies, Vancouver, BC, Canada) supple-
mented with 10ng/ml basic fibroblast growth factor (bFGF;
Chemicon International, Temecula, CA) in dishes coated with
Corning” Matrigel” hESC-qualified matrix (#354277; Corning,
Tewksbury, MA). All the cell lines were cultured at 37°C in a
humidified atmosphere containing 5% CO,. Lymphocytes were
isolated from the peripheral blood of donors as described by Bartova
et al. [2001]. For the western blot analyses, we also used K562
leukemia cells that were cultivated according to Bartova et al. [2005].

PREPARATION OF SAMPLES FOR WESTERN BLOTTING

For western blot analyses, the sperm samples were washed twice in
PBS and then incubated with radio-immunoprecipitation assay
(RTPA) buffer (R0278; Sigma-Aldrich) containing protease inhibitors
(P8340; Sigma-Aldrich) and phosphatase inhibitors (#524627;
Calbiochem-Merck Millipore, Czech Republic). The samples were
sonicated three times for 10 s each and then incubated for 30 min at
100°C [Korrodi-Gregério et al., 2013]. Using this approach, sperm
heads containing nuclei were separated from the sperm tails [Lee
etal., 1995; Kuretake et al., 1996]. The samples were then centrifuged
at 12,000 rpm for 20 min at 4°C; supernatants consisted of the sperm
tail fraction, while the pellets contained the sperm heads. For western
blot analyses of the head and tail fractions, the individual fractions
were lysed in an appropriate volume of lysis buffer (20 mM Tris-HCl,
pH 7.5, containing 1% SDS, and 10% glycerol). Protein concen-
trations were determined using the Bio-Rad DC Protein Assay Kit
(Bio-Consult Laboratories, s.r.o., Prague, Czech Republic). The
lysates were mixed with bromophenol blue (0.01%) and 1% B-
mercaptoethanol and incubated for 5 min at 100°C.

WESTERN BLOTTING

For the western blot analysis, 5 pg of total proteins from each sample
was separated on a 12% gel by SDS-PAGE. After electrotransfer onto
an Immobilon-P polyvinylidene difluoride membrane (Sigma-
Aldrich), proteins were detected using the appropriate primary
and secondary antibodies and visualized with the ECL Plus reagent
(Amersham Pharmacia Biotech/GE Healthcare, Chalfont St. Giles,
UK) according to the manufacturer's instructions. The primary
antibodies used were as follows: anti-protamine 2 (sc-23102, Santa
Cruz Biotechnology; MW = 15kDa); anti-H4ac (382160, Calbio-
chem-Merck Millipore; MW of detected band = 15kDa); anti-
H3K4mel (ab8895, Abcam; MW =17kDa); anti-H3K9mel
(ab9045, Abcam; MW = 17 kDa); anti-H3K9me2 (07-212, Upstate;
MW = 17 kDa); H3K9ac (06-942, Upstate; MW = 17kDa); anti-
H3K27me3 (07-449, Upstate, MW =17 kDa); anti-H3K36me3
(ab9050, Abcam; MW = 17 kDa); anti-H3K79me1 (ab2886, Abcam;
MW = 17 kDa); and anti-CD45 (ab10558, Abcam, MW = 155 kDa).
Anti-rabbit IgG (A-4914, Sigma-Aldrich) and anti-goat IgG (whole
molecule, A-4174, Sigma-Aldrich) were used as secondary anti-
bodies. The primary antibodies were diluted 1:1,000 (with the
exception of anti-protamine 1, which was used at a dilution of 1:500)
in 10 mM Tris, pH 7.4, containing 100 mM NaCl and 0.05% Tween-
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20 (TBST). The conditions were optimized for the binding of each
antibody: blocking was performed in buffer containing 2% milk or
2% gelatin, and the membranes were washed with TBST solutions of
varying salinity. Histone levels were quantified via densitometry and
normalized to the levels of total protein and histone H3. The raw data
from the western blots are shown in Supplementary Figures 2 and 3.

IMAGE ACQUISITION AND 3D-ANALYSIS OF HUMAN SPERM
Images of formaldehyde-fixed sperm were acquired using a Nipkow
spinning disk-based confocal system consisting of four laser diodes
(405nm, 488nm, 561nm, and 640nm, all adjustable in 1nm
increments) (Andor Technology, Belfast, Northern Ireland). The QLC
100 confocal head (VisiTech International, Sunderland, UK) was
connected to a Leica DMRXA epifluorescence microscope equipped
with piezo-controlled z-movement (Physik Instrumente, Karlsruhe,
Germany). The high-speed scanning system was driven by Aquarium
software (created by Assoc. Prof. Pavel Matula, Faculty of
Informatics, Masaryk University, Brno). A fully programmable
digital CoolSNAP CCD camera (Photometrix, Tuscon, AZ) and a
Nikon oil objective (Plan Fluo, Japan) were used. The magnification
of the objective lens was 100x (numerical aperture [NA] = 1.3), and
the pixel/micron conversion factor was 15 pixels/um. For the 3D
reconstruction of the confocal images in this study, we used 40
optical sections obtained in axial steps of 0.1 pm.

For image analyses, we also used a Leica SP5-X laser scanning
confocal microscope. The following settings were applied:
1,024 x 1,024 pixels, 400 Hz, bidirectional mode, four lines, zoom
8-12, with the use of an oil objective (HCX PL APO, 63x, NA=1.4,
Leica, Germany). This microscopy system was specifically used for
the observation of sperm morphology, mobility, and viability under
transmission light (as mentioned in the Results section).

MASS SPECTROMETRY

The separation of sperm head and tail fractions was performed as
described in “PREPARATION OF SAMPLES FOR WESTERN BLOT-
TING.” We utilized a fraction separation methodology modified
according to Lee at al. [1995], Kuretake et al. [1996], and Korrodi-
Gregorio et al. [2013]. Isolation and the characterization of histones
H3 and H4 by MALDI-TOF MS was performed as previously
described [Cincarova et al., 2012; Legartova et al., 2014], with minor
modifications. Briefly, histones were separated using a Dionex
UltiMate 3000 HPLC system with an Agilent mRP-C18 high-recovery
protein column (0.5 x 100 mm, macroporous C18-bonded, 5 um C18
silica particles). Histone extracts in solvent A [double-distilled water
containing 2% acetonitrile (v/v) and 0.3% trifluoroacetic acid (v/v)]
were injected into the column and separated using a multistep
acetonitrile gradient at 70°C with a constant flow rate of 9 pl/min.
The concentration of solvent B [double distilled water containing
80% acetonitrile (v/v) and 0.3% trifluoroacetic acid (v/v)] was
increased from an initial concentration of 20% to 40% over 7 min, to
60% over 31 min, and then to 80% over 5 min. A Dionex Probot LC
Packings Micro fraction collector was used for the collection of
histone H3 and H4 fractions. The fractions were dried in a Savant™
SpeedVac SPD 111V (Thermo Scientific, Waltham, MA), dissolved in
15l of 100 mM ammonium acetate (pH 4) containing 0.8 ng/ul
endoproteinase Glu-C (sequencing grade; Roche Diagnostics, Basel,

Switzerland) and incubated at 25°C for 90 min. The Glu-C digests
were analyzed via MALDI-TOF MS on an Ultraflex III mass
spectrometer (Bruker, Billerica, MA). A linear positive mode was
used for the detection of mass spectra at an acceleration voltage of
25kV using 2,000 laser pulses. The external calibration of the mass
spectra was performed as previously described [Cincarova et al.,
2012].

Sample preparation for LC-MS/MS: 5 ug of each protein extract
(w/o fractionation) was used and trypsin digestion was performed
(40°C, 2 h). LC-MS/MS analyses were done using RSLCnano system
connected on-line to Orbitrap Elite hybrid spectrometer (Thermo
Fisher Scientific). Tryptic digests were separated on Acclaim
Pepmap100 C18 analytical column (2 pm particles, 75 pm x 500
mm; Thermo Fisher Scientific; 300 nl/min) by the following gradient
program (mobile phase A: 0.1% FA in water; mobile phase B: 0.1%
FA in 80% acetonitrile): elution started at 1% of mobile phase B and
increased from 1% to 35% during the first 30 minutes, then increased
linearly to 56% in the next 10 min and finally increased linearly to
80% of mobile phase B in the next 5 min and remained at this state
for the last 8 min.

MS data were acquired in a data-dependent strategy selecting up
to top 10 precursors based on precursor abundance in the survey
scan (350-2,000 m/z). The resolution of the survey scan was 60,000
(400 m/z) with a target value of 1 x 10° ions, one microscan and
maximum injection time of 200ms. HCD MS/MS spectra were
acquired with a target value of 50,000 and resolution of 15,000
(400 m/z). The maximum injection time for MS/MS was 500 ms.
Dynamic exclusion was enabled for 45s after one MS/MS spectra
acquisition and early expiration was disabled. The isolation window
for MS/MS fragmentation was set to 2 m/z.

The analysis of the mass spectrometric RAW data files was carried
out using the Proteome Discoverer software (1.4, Thermo Fisher
Scientific) with in-house Mascot (2.4.1, Matrixscience). Mascot MS/
MS ion searches were done against UniProtKB protein database for
Homo sapiens taxonomy downloaded at 2014-01-01 or against
cRAP contaminant database (downloaded from http://www.thegpm.
org/crap/) and in-house histon database in parallel. Mass tolerance
for peptides and MS/MS fragments were 10ppm and 0.05Da,
respectively. Oxidation (M), deamidation (N, Q), acetylation (K,
protein N-term), methylation (K, R), dimethylation (K), trimethyla-
tion (K), and phosphorylation (S, T) as optional modifications and six
enzyme miss cleavages were set for searches against histone
database. In case of database search against UniProtKB database
for Homo sapiens oxidation (M), deamidation (N, Q), acetylation (K,
protein N-term), and phosphorylation (S, T) as variable peptide
modifications and two enzyme miss cleavages were set. Rank 1
peptides with Mascot expectation value <0.01 and with at least six
amino acids were considered. Peptide identifications were manually
verified and quantitative data evaluation for selected peptides was
done in Skyline quantification software (Skyline 2.6.0.7176). Peptide
areas were normalized to areas of unmodified peptides of respective
histone.

FLIM-FRET ASSAY
For identification of in situ interaction between Alexa 488-labeled
protamine P2 and propidium iodide (PI)-stained DNA or Alexa
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488-labeled acetylated H4 and PI-stained DNA we used FLIM-FRET
assay. Analysis was performed by the use of the laser scanning
confocal imaging system Zeiss LSM 780 on inverted microscope
equipped with external In Tune laser (488-640 nm, <3 nm width,
pulsed, 1.5 mW) and GaAsP detectors. A Plan-Apochromat 63 x oil
objective, NA 1.4, was used for imaging the samples. Photon
counting module Simple-Tau 150 (compact TCSPC system based on
SPC-150) with DCC-100 (Detector Controller Card) (Becker & Hickl
GmbH) was coupled to Zeiss LSM 780 system to perform FLIM-FRET
assays.

The confocal images of protamine P2 and acetylated histone H4,
labelled via Alexa 488-conjugated antibody, were acquired. The
specimen was excited with donor excitation wavelength 490 nm,
which also partially activates PI. With an appropriate laser power
and PMT gain, the confocal donor/acceptor images were obtained.
For processing of confocal images, the original Zeiss software was
used (ZEN 2012 package). The same cell was excited with donor
excitation wavelength 490nm to generate intensity image and
photon counting on B&H Simple-Tau module with original SPCM
software. Image analysis was performed with B&H software
SPCImage. As analytical approach we used pixel per pixel image
analysis fitting model for two component system with fixed second
component at 4100 ps; binning parameter = 1. For visualization of
interacting and non-interacting molecules we used not only
standard intensity image and lifetime image, but also ratios of
amplitudes (to improve signal-to-noise ratio). The ratio a,/a, of a
FLIM decay is the concentration ratio of non-interacting and
interacting donor fraction. The observation of two lifetimes in the
spectrum of Alexa 488 was expected: first one, close to 4ns
corresponded to non-interacting fraction of Alexa 488 while the
second one characterized by shorter lifetime of Alexa 488 represents
interacting molecules. Application of three-component fitting model
did not reduce y-square (x*) parameter and calculated amplitude for
third component was very low (5-7%). FRET-FLIM efficiency was
calculated as a ratio of fluorechromes’ lifetimes.

STATISTICAL ANALYSIS

The density of western blot bands was analyzed using Imagel
software (http://imagej.en.softonic.com), and regression analysis
was performed using Sigma Plot software, version 13.0 (Systat, San
Jose, CA). The 95% confidence intervals are shown in the relevant
graphs, and the Pearson’s correlation coefficient (r or rY) was
calculated using Sigma Plot software. Critical values for r and N
(number of samples) were evaluated according to statistical tables
[Rohlf and Sokal, 1993].

NUCLEAR LOCALIZATION PATTERNS OF PROTAMINES AND
SELECTED POST-TRANSLATIONALLY MODIFIED HISTONES IN
HUMAN SPERM

During sperm development, 85-95% of the histones are removed
from chromatin and are substituted with protamines (reviewed in
[Jenkins and Carrell, 2012]). Notably, protamines do not replace
histones directly. Rather, histones are replaced on spermatid

chromatin by so-called transition proteins (T1/T2), which are in
turn replaced by protamines (reviewed in [Balhorn, 2007]). In this
study, we analyzed the localization patterns of the protamine P2 in
parallel with those of the residual histones H3 and H4 in human
sperm (Figs. 1 and 2). Immunofluorescence analyses revealed a high
level of P2 at the periphery of the sperm nuclei (Fig. 1A, B). However,
the sperm nuclei were not decorated with a-tubulin, which was only
present in the sperm tails (Fig. 1C, D). Our analyses indicated that the
nuclear distribution pattern of P2 is variable in the sperm samples
from different individuals and also varied among the sperm from a
single individual (Fig. 1A, B). Similar trends were found for histone
H3 (Figs. 1B, D, see later in Fig. 2Aa, Ba).

We also studied the nuclear patterns of fundamental PTMs of
histones (Fig. 1E-G and Fig. 2). We observed variable levels of
H3K9me1l in sperm heads; an example of very low H3K9mel levels
are seen in Figure 1E. Human sperm were also positive for
H3K36me3 and H3K79mel (Fig. 1F, G). From a morphological
point of view, we found that H3K4me1 accumulated in a wide strip in
the central region of the sperm heads (Fig. 2Aa, Ab, red arrows). In
contrast, in other sperm heads from the same individual, two
H3K4mel-positive discs were present (Fig. 2Aa, Ab, yellow arrows).

Notably, the localization patterns of H3K27me3 in sperm heads
were variable, as indicated by the following: (1) some sperm heads
were characterized by a high level of evenly distributed H3K27me3;
(2) in some individuals, H3K27me3 was barely detected in large
sperm heads (Fig. 2Ba, Bb, asterisk); and (3) the sperm heads of some
samples were characterized by an H3K27me3-positive strip (Fig.
2Ba, Bb, yellow arrow). H3K27me3 positivity was also observed at
the mid-piece and in the remainder of intact sperm tails, as shown by
the immunofluorescence analysis (Fig. 2Ba, Bb, frames show the
mid-piece).

H4ac was located in the inner region of sperm heads and at the
mid-piece (Fig. 2Ca, Cb, frames). Negative control samples for
immunofluorescence are presented in Supplementary Figure 1A, B.
The percentages of sperm heads that were positive for selected PTMs
of histones in individual donors are shown in Supplementary Table
1.

In this study, we also tested interactions between P2 protamines
and DNA and between acetylated histones H4 and DNA using a
FLIM-FRET experimental approach (Fig. 3A-D). Very high FLIM-
FRET efficiencies were found for P2 and DNA at both (A) the sperm
head interior and (B) the sperm head periphery (64.5% and 59.5%,
respectively). The FLIM-FRET efficiency is mentioned for the sperm
nucleus depicted in Figure 3A, B (the efficiency data are shown for
the region labeled with red asterisks in panels Ab, Bb). A lower FLIM-
FRET efficiency (39.6%) was found for H4ac and DNA in the internal
part of the sperm head (C). However, as seen in (D), the FLIM-FRET
efficiency for peripherally positioned acetylated H4 was 65.3% in the
depicted image (Fig. 3D; the efficiency measurement is for the region
labeled by red asterisks in panel Db). Together, the FLIM-FRET data
revealed that a substantial fraction of acetylated histones H4 is
integrated into the sperm chromatin. Therefore, these histones likely
represent potentially functional epigenetic elements. However, a
fraction of the H4ac might be so-called “inactive” remainders of an
incomplete histone degradation process. These remainders could
appear after the replacement of histones by protamines during
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Fig. 1.

A protamine P2/ DNA

stone H3 / a~tubulin
DNA DNA

E F

Localization of P2 and histones in sperm. A: The highest level of P2 (green) was at the periphery of the sperm heads. A 3D reconstruction of confocal images of protamine

P2 (green) is shown. B: Morphology of protamine P2 (red) and histone H3 (green) in human sperm. C: Morphology of protamine P2 (green) and a~tubulin (red) in human sperm.
D: Morphology of histone H3 (green) and a~tubulin (red) in human sperm. Nuclear patterns of E: H3K9me1, F: H3K36me3, and G: H3K79me1 (all in green). Nuclei (DNA) were
counterstained with DAPI (blue).

spermatogenesis (see the non-integrated fraction in the blue region
of the graphs in panels Cc and Dc).

The results obtained via immunofluorescence that demonstrated
the presence of post-translationally modified histones in the sperm
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tail fraction we also verified by mass spectrometry (Fig. 4A-C). For
detection of PTMs of histones H3 and H4 we used LC-MS/MS
analysis (Fig. 4A) and MALDI-TOF MS (Fig. 4B, C). LC-MS/MS
analysis indicated that head/tail peptide area ratio for R.
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Fig. 2. Variability in post-translationally modified histones in human sperm.
Immunofluorescence analyses of A: H3K4me1 (green), B: H3K27me3 (green),
and C: H4ac (red) in human sperm. Panels Aa, Ba, and Ca show fluorescence in
the green or red regions of the spectra. Panels Ab, Bb, and Cb show green-blue
or red-blue overlays. Nuclei were counterstained with DAPI (blue). Panel A: A
strip-like pattern (red arrows) or the accumulation into two symmetrically
located disk-like structures (yellow arrows) was observed for H3K4me1. Panel
B: H3K27me3 was present in sperm heads. A robust H3K27me3-positive strip
was observed in some sperm heads (B, yellow arrow). In some samples,
H3K27me3 was absent from the sperm (B, asterisk shows only
autofluorescence). In other individual samples, some sperm heads were
strongly positive for H3K27me3. Panel C: H4 acetylation (red) was observed in
sperm heads (blue). The localization patterns of post-translationally modified
histones were variable among the sperm heads (nuclei) and among samples
from different individuals. Fluorescence signals for H3K27me3 and H4ac were
observed in the mid-piece (white frames in panels B and C).

K9me2STGGK14acAPR.K and R.KQLATK24acAAR.K is significantly
lower on histone H3 of sperm heads when compared with sperm tail
fraction (Fig. 4Aa, head to tail ratios are shown). In case of all forms
of peptide R.K9 meXSTGGK14acAPRK (X=2-3) we always
detected both modification sites together and it is not possible to
assign changes in peptide level to particular modification. In
contrast, quantitatively higher multiple-acetylated forms R.
GKGGKGLGKGGAKR.H were found on H4 in sperm head fraction
(Fig. 4Ab, asterisks). Di-, tri-, and tetra-acetylated forms of histone
H4 in sperm tail fraction were detected only by LC-MS/MS due to
lower sensitivity of MALDI-TOF MS.

MALDI-TOF-MS analysis of three independent biological repli-
cates revealed differences in H4 acetylation (compare Fig. 4Ca, Cb).
In the case of H4, highly modified N-terminal peptides represented
the dominant forms of H4 in the sperm heads and a different
acetylation pattern of H4 was observed in two separated fractions
(compare peaks in Fig. 4Ca, Cb). In addition, indication of changes in
histone H3 methylation and acetylation states in the sperm tail and
head fractions were observed (Fig. 4Ba, Bb).

To disprove or confirm the infiltration of somatic cells, such as
lymphocytes, (characterized by a high level of histone PTMs) into the
sperm tail fraction, we performed a western blot analysis with an
antibody directed against CD45, a marker of nucleated hemato-
poietic cells, as described previously [Tunc and Tremellen, 2009]. In
this test, both sperm fractions were negative (Fig. 5A). Therefore, we
believe that the PTM of histones occurs not only in sperm heads but
also in the tail fractions, and these samples were not contaminated
by somatic cells due to methodological imperfections (Figs. 5A, B
and 6B-E).

DIFFERENCES IN POST-TRANSLATIONALLY MODIFIED HISTONES IN
SPERM SAMPLES FROM DIFFERENT INDIVIDUALS

We used western blotting to analyze the levels of P2 in spermatozoa from
four normospermic donors, as specified by renowned IVF clinics. The
same analysis was also performed for H3K4mel, H3K9mel/me2,
H3K27me3, H3K36me3, H3K79me 1, H4ac, and total histone H3 (Fig. 5B).
We compared the levels of selected proteins in human sperm, hESCs,
NTERA, and IMR90 cells. The levels of H3K4me1 and H4ac were identical
in hESCs and the sperm head fractions of three normospermic individuals
(samples labeled donors D2-D4). However, the H3K4me1 level was lower
in sample D1. In addition, the levels of H3K9me 1 were lower in the sperm
heads of individuals D2-D4 compared to those in hESCs or NTERA or
IMR90 cells (Fig. 5B). Sample D1 was characterized by the absence or
very low levels of H3K9me1 and H3K9me?2 (Fig. 5B, asterisks). Notably,
levels of the heterochromatin marker H3K27me3 were higher in the
sperm head fractions of the normospermic donors (D 1-D4) than in hESCs
and NTERA and IMR90 cells (Fig. 5B). The presence of H3K27me3 may be
linked to high chromatin compaction in the sperm. This heterochroma-
tinization might signify a defense mechanism in response to potential
sperm DNA damage [Aoki et al., 2006].

We also investigated whether the PTMs of histones can occur in
sperm tail fractions. We found by western blots that sperm tails are
very highly positive for H3K27me3 and H4ac. However, no
H3K4mel, H3K9me1l/me2, H3K36me3 or H3K79me1 was observed
in the tail fractions of any of the samples analyzed (Fig. 5B). Total
histone H3 was barely detected in the tail fractions of samples D1,
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Fig. 3. Degree of integration of protamine P2 or acetylated histone H4 into sperm chromatin. For the FLIM-FRET experiments, Alexa-488 was used to stain protamine P2
(or histone H4ac). The DNA was visualized using propidium iodide. The lifetime of Alexa 488 is 4,100 ps. If proteins interact, the lifetime decreases to 2,000-3,000 ps.
Studies were performed to assess the following interactions: Panels A-B, protamine P2 and DNA, and C-D, histone H4ac and DNA. Panels (a) indicate the visualization
(confocal image) of sperm heads using the ZEN software (Zeiss). Panels (b) and (c) show the quantification of the protein-DNA interactions using the SPCM software. A:
Measurement of the P2-DNA interaction in the internal part (red asterisks) of the sperm head (nucleus). B: Measurement of the P2-DNA interaction at the periphery (red
asterisk) of the sperm head. C: Measurement of the H4ac-DNA interaction in the internal part (red asterisks) of sperm head. D: Measurement of the interaction between
H4ac and DNA at the periphery (red asterisk) of sperm head. Red asterisks indicate selected pixels where the FLIM-FRET efficiency was calculated. Pictures in panels (c)
represent single image measurements, and the histograms showing the mean fluorescence lifetime distribution (average of lifetimes of the components of the multi-
exponential decay weighted by their amplitude coefficients [corresponding to the amount of molecules] are enclosed). In the charts, the peaks in the red areas of the spectra

represent interacting molecules.

D2, and D4, but sample D3 was characterized by H3 positivity in the
tails, which fits well with H3K27me3 positivity; also high in sample
D3 (Fig. 5B).

With respect to histone modification patterns, the clinically
normospermic sample D1, in particular, differed from samples D2-
D4 (Fig. 5B, asterisks). Sperm from the D1 individual were
characterized by a high level of P2, similar to the P2 levels found
in samples D2-D4, whereas the levels of H3K4me1, H3K36me3, and
H3K79mel were lower and H3K9mel and H3K9me2 were barely
detectable in the D1 sample compared with samples D2-D4 (Fig. 5B,
asterisks). These results demonstrate that it is important to analyze
not only the protamine levels but also the histone profiles when
evaluating normospermia.

Next, we examined the sperm samples of 13 volunteers in detail
(Fig. 6A). In these samples, we first tested the cellularity of the
ejaculate (cell number/ml), total cell count, and sperm viability.
These parameters were highly variable among individuals (Fig. 6A).
In these samples, we separated the sperm head and tail fractions and
performed additional western blot analyses (Fig. 6B-E). These
analyses demonstrated again variability in the levels of H3K4mel,
H3K9ac, H3K9me1/me2, H3K27me3, and to a lesser extent H4ac in
the sperm heads of the 13 donor samples when normalized to the
total histone H3 levels (Fig. 6B, D). Among the samples from different
individuals, pronounced variability in the level of H3K9mel was
found in the sperm head fractions: some samples were characterized
by very high level of H3K9me1, but some samples were absent of
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A a Histone H3 quantification by LC-MS/MS b Histone H4 quantification by LC-MS/MS
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Fig. 4. LC-MS/MS analysis and MALDI-TOF MS analysis of histone H3 and H4 N-terminal peptides in human sperm head and tail fractions. A: Quantification of post-
translationally modified histones (a) H3 and (b) H4, analyzed by LC-MS/MS. B: Representative MALDI-TOF MS spectra for histone H3 N-terminal peptides documenting different
statuses of histone H3 modifications in the sperm (a) head and (b) tail fractions. C: MALDI-TOF MS spectra for histone H4 N-terminal peptides showing different acetylation
statuses of histone H4 in the sperm (a) head and (b) tail fractions. Significant changes of peptide abundance are indicated by asterisks.
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Fig. 5. Levels of protamines and post-translationally modified histones in
sperm head and tail fractions. Western blot analysis was performed with lysates
of human sperm head and tail fractions from four normospermic volunteers
(samples D1-D4). For comparison, protein lysates from hESCs and NTERA,
U20S, IMR90, and K562 cells, and human lymphocytes were analyzed. A: Levels
of CD45 (155 kDa) and histone H3 in sperm head and tail fractions. Fractions
were analyzed for the presence of CD45 to detect possible somatic cell
contamination. B: Levels of P2 (detected band of 15kDa) and levels of post-
translationally modified histones were normalized to those of total protein and
histone H3 in the sperm head and tail fractions. The following post-
translationally modified histones were studied: H3K4me1 (17 kDa), H3K9me1
(17 kDa), H3K9me2 (17 kDa), H3K27me3 (17 kDa), H3K36me3 (17 kDa),
H3K79me1 (17 kDa), and H4ac (15 kDa). Asterisks show lower protein levels.

H3K9mel (Fig. 6B). Similar to the four normospermic donors (Fig.
5B), both H4ac and H3K27me3 were present in the tail fraction of the
sperm from the volunteers (Fig. 6C). To exclude the possibility of
somatic cell infiltration into the tail fraction, we tested these samples
for the presence of CD45 via western blot analysis (Fig. 6D, E). CD45
positivity was detected in human peripheral blood lymphocytes, and
a faint band was detected in K562 leukemia cells (Fig. 6D, E), whereas
the sperm head and tail fractions were CD45 negative. In addition, we
studied the levels of H3K36me3 or H3K79me1 and heterogeneity in

the levels of these histone markers in sperm head fractions was also
observed among individuals (Figs. 5B, 6D).

CORRELATION BETWEEN P2 LEVELS AND POST-TRANSLATIONALLY
MODIFIED HISTONES IN HUMAN SPERM
Using a regression analysis of the densities of western blot bands, we
investigated whether a correlation exists between the levels of P2
and selected PTMs of histones (Fig. 7). Intriguingly, the level of P2 in
sperm heads was positively correlated with the levels of H3K9mel,
H3K9me2, H3K9ac, and H3K27me3 (Fig. 7A-D). All the histone level
data reported in Figure 7 were normalized to the levels of total
proteins and histone H3. More precisely, in the sperm head fraction,
the regression analysis indicated that the highest correlation was
between the levels of P2 and H3K9me2 (r* =0.7426, n = 13) (Fig.
7A). The P2 level was also correlated with the levels of H3K9me1l
(r*=0.6999), H3K9ac (r*=0.6683), and H2K27me3 (r*=0.5780)
(Fig. 7B-D). As other groups [Rybar et al., 2011] have done, we also
investigated the effect of donor age on sperm properties. We found
no correlation between donor age and the level of P2 (r>=0.0155;
Fig. 7E) or between age and the level of H3K9me2 (r* = 0.0709; Fig.
7F). We further investigated possible correlations between the level
of H3K9me2 and ejaculate volume, cellularity, and sperm viability;
no correlations were found in any of the cases tested (Fig. 7G-I).
In summary, a high level of protamine P2 was observed at the
periphery of human sperm heads. Both P2 protamines and a
substantial percentage of acetylated H4 histones bind to DNA and
thus represent functional parts of the sperm genome (Fig. 3A-D). The
post-translationally modified histones studied had specific mor-
phologies (the histones appeared to be concentrated into dense strips
or disk-like structures). Moreover, H3K27me3 and H4ac were present
not only in sperm heads but also in sperm tails. Our additional
analyses indicated that the strongest correlation exists between the
levels of P2 and H3K9me2; such measurements might serve as an
interesting diagnostic specification when evaluating normospermia
in humans.

Interactions between protamines and sperm DNA facilitate the
highest level of chromatin condensation. Protamine-bound DNA in
sperm is 6-20-fold more condensed than chromatin consisting only
of nucleosomes, which are formed by histones and DNA (reviewed in
[Jenkins and Carrell, 2012]). Moreover, post-translationally modi-
fied residual histones in sperm chromatin serve as an epigenetic
template, which may be a source of epigenetic memory for
subsequent generations. In this study, we observed high levels of
H3K4mel, H3K9mel, H3K9me2, H3K27me3, and H4ac in human
sperm, and these observations are consistent with a MS analysis of
post-translationally modified histones in mouse sperm [Brunner
et al., 2014]. The presence of H3K4me1l in human sperm and the
variable localization of post-translationally modified histones in
sperm heads indicate that epigenomic variability exists not only
among the sperm within a single sample but also among samples
from different individuals. Furthermore, lifestyle-induced epige-
nomic instability in sperm may be an underlying cause of increasing
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Fig. 6. Sperm characteristics and variability in the levels of protamine P2 and post-translationally modified histones. A: Cellularity, total cell count, and sperm viability were
analyzed in the sperm from 13 volunteers. B-C: Levels of P2 (15 kDa) and selected modified histones (H4ac, H3K4me1, H3K9me1, H3K9me2, H3K9ac, and H3K27me3; all 17 kDa
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male infertility. We also observed in our investigation that at least
H4ac and H3K27me3 may appear in the mid-piece and remainder of
tails in human sperm, which is an unexpected finding (Figs. 2, 4A-C,
5B and 6C). We found occurrence of residual histones in the
mitochondria-containing mid-piece, which may explain this
phenomenon, even though mitochondrial DNA is histone-free
[Jansen, 2000]. The sperm mid-piece contains 17 kDa mitochondrial
capsule selenoproteins [Brown and Arthur, 2001]; therefore, the
occurrence of histones in the mid-piece and in the remainder of the
sperm tails is remarkable. We verified this phenomenon using four
independent approaches. (1) An immunofluorescence analysis
revealed modified histones (H3K27me3 and H4ac) in sperm tails
(Fig. 2Ba, Bb, Ca, Ch); however, this finding could have been due to
the nonspecific binding of antibodies or the autofluorescence of
cellular structures. Therefore, we used an additional experimental
approach. (2) Western blot analyses were positive for H3K27me3 and

H4ac in the sperm tail fractions (Figs. 5B and 6C). If fraction leakage
had occurred, all of the modified histones that were analyzed,
including H3K4me1, H3K9me1/me2, H3K36me3 and H3K79mel,
would have been detected in the sperm tails, but this was not the case
(Figs. 5B and 6C, E). (3) We also performed LS-MS/MS and MALDI-
TOF MS analysis of PTMs of histones H3 and H4 (Fig. 4A-C), which
confirmed the presence of histones in the sperm tail fraction. (4) The
possible infiltration of somatic cells (e.g., lymphocytes) into the
sperm head and tail fractions during the separation procedure was
tested using western blot analysis of CD45 positivity. The tail
fraction was negative for this marker (Figs. 5A and 6E). Together, our
analyses demonstrated that the sperm tail fraction contains residual
histones with specific PTMs. Our data indicating that H4ac and
H3K27me3 exist not only in the nuclear pool but also in sperm tails
(Figs. 5B, and 6C) fits well with the results of Pinheiro et al. [2012],
who found H3K9me1 in the cytoplasmic pool of immortalized mouse
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embryonic fibroblasts. Histones, as detected in Figure 6C, must be
non-integrated, residual, and likely useless sperm components that
cannot participate in paternal epigenetic memory. However, because
the whole sperm enters the oocyte, it is not possible to completely
exude that post-translationally modified histones of sperm tails
cannot serve as a template for the chromatin of the zygote. If this is
not the case, the question remains how these residual histones are
eliminated from the cytoplasm of gametes or zygotes. Mechanisms
may be similar to those described for the elimination of paternal
mitochondrial DNA, which occurs after fertilization, such as
degradation by a specific nuclease-dependent system, a ubiquitin-
proteasome system or autophagy (summarized by Sato and Sato
[2012]).

While paternal epigenetic memory and the subsequent epigenetic
reprogramming of the zygote can be mediated by residual, post-
translationally modified histones in the sperm head fraction, the
status of protamines, including protamine phosphorylation and
acetylation, may also contribute to this process, as described by
Brunner et al. [2014]. As we found, there is a strong correlation
between the levels of P2 and H3K9me2 (Fig. 7A). Therefore, we
believe that our experimental approach demonstrates the impor-
tance of analyzing not only protamines but also histones with PTMs
in sperm. This finding could be of potential interest to clinical
laboratories because histone PTMs appear to be important markers of
the physiological conditions of the sperm (Figs. 6A-E, 7A-D).
Equally important conclusions were drawn by Benchaib et al. [2005]
with respect to sperm DNA methylation. These authors demonstrated
that nonstandard levels of sperm DNA methylation did not influence
in vitro fertilization but significantly influenced embryonic
development. It is well known that DNA of infertile men is
characterized by disordered DNA methylation. Notably, a negative
correlation was found between sperm DNA methylation and the DNA
damage caused by oxidative stress [Tunc and Tremellen, 2009]. A
positive correlation was found between DNA integrity in sperm and
DNA integrity in the leukocytes of identical donors [Babazadeh et al.,
2010]. Thus, one of the etiologies underlying male infertility is sperm
DNA damage [Tunc and Tremellen, 2009; Babazadeh et al., 2010].
Based on the results of the aforementioned experiments, it is evident
that studies of genomic and epigenomic stability/instability in sperm
are required to understand the molecular underpinnings of male
infertility.

Protamines and PTMs of histones represent important epigenetic
features that could serve as markers of male fertility. Thus,
correlation analyses of the levels of protamines and post-transla-
tionally modified histones might represent additional diagnostic
criteria in clinical laboratories. An important question in the field of
chromatin biology is whether specifically modified sperm histones
(in comparison to protamines) associate with specific DNA sequences
or are distributed randomly in the sperm nucleus [Gatewood et al.,
1987; Ward, 2010]. For example, Arpanahi et al. [2009] demon-
strated that sperm histones are primarily associated with gene
promoters. Similarly, Hammoud et al. [2011] reported that histones
are distributed non-randomly in sperm chromatin and associate only
with specific genes. This observation is in accord with the
nonrandom positioning of histone markers on non-randomly
located chromosomes in sperm heads [Manvelyan et al., 2008]. In

this study, we demonstrated that considerable variability exists in
post-translationally modified histones in individual sperm, and
unique localization patterns were observed, in particular for
H3K4me1l and H3K27me3 (Fig. 2Aa, Ab and Ba, Bb, yellow arrows).
In some sperm heads, modified histones H3 and H4 were
homogeneously distributed, but in other sperm heads, these modified
histones accumulated in discrete regions (Fig. 2). Similarly, both
focal and diffuse immunofluorescence signals for histone H2B were
observed in human sperm by Zini et al. [2008]. In our investigation,
we found strips or disk-like localization patterns for modified
histones and high concentrations of protamines very close to the
periphery of the sperm nucleus (Figs. 1A, B). These results indicate
that the compartmentalization of epigenetic markers occurs in
human sperm.

Advanced proteomics methods, including MS and western blot
analysis, have the potential to reveal novel PTMs on histone tails
and protamines. These methods can also be applied to the analysis
of the sperm proteome and, in particular, the precise character-
ization of protamines and histones, the disrupted function of
which must be taken into account in the context of human
infertility [Brunner et al., 2014]. In this report, we demonstrated
that H3K9 methylation and acetylation levels can be important
markers of human sperm quality, especially when a correlation
analysis is performed with respect to the protamine P2 levels.
Therefore, attention should also be paid to the modulation of the
epigenetic status of histones, protamines, and sperm DNA. From
this point of view, dietary factors represent an interesting aspect of
epigenetics. For example, the application of natural products (e.g.,
curcumin, resveratrol, or butyrate) and their synthetic analogs as
“epi-drugs” that act as small molecule inhibitors of histone acetyl
transferases (HATs) or histone deacetylases (HDACs) may have the
potential to change the sperm epigenome and impact male fertility
[Choi and Friso, 2010]. A similar suggestion has been made
previously [Balhorn, 2007] regarding antioxidant supplementa-
tion, which may have the potential to reduce DNA damage in
sperm and normalize the level of sperm DNA methylation, the
disorder of which unambiguously affects sperm quality [Benchaib
et al., 2005; Tunc and Tremellen, 2009].
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