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is thought to serve as mitotic clock and tumour sup-
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Telomeres in human sperm nucleus are clustered at
he nuclear periphery. Chromosomes in the sperm are
ighly condensed with protamines, however, a small
ortion of DNA remains associated with histones; the
ole of the nucleohistone is unknown. To examine
tructure of the telomeric chromatin, the sperm nuclei
ere treated with micrococcal nuclease. Chromatin

eleased by the digestion was free from protamines,
ut contained histones and revealed nucleosomal or-
anization. It was enriched with telomeric DNA orga-
ized into closely spaced nucleosomes with a period-

city of 148 6 bp. Thus, while the most of the sperm
enome is packed into extremely dense nucleoprota-
ine structure, at least a part of the telomeric DNA is

rranged into nucleosomes and can be released by the
uclease. We suggest that telomeres might be among
he first structures in the sperm nucleus that respond
o oocyte signals for male pronucleus development at
ertilization. © 2000 Academic Press

Key Words: telomere; chromatin; histones; sperm.

Telomeres are specialized nucleoprotein structures
ocated at the ends of eukaryotic chromosomes. In most
rganisms they are composed of variable numbers of
andem G-rich repeats (TTAGGG in vertebrates) in the
trand that points 59 3 39 towards the chromosomal
nd. They carry a number of diverse functions that are
ssential for eukaryotic cell maintenance. Telomeres
reserve chromosome integrity (1, 2), they conduct
hromosome arrangement and proper segregation in
eiosis and mitosis (3, 4). In normal somatic cells,

elomeres shorten with each cell division due to inabil-
ty of conventional DNA polymerase machinery to rep-
icate 39 end of the template DNA. Telomere shortening

1 To whom correspondence should be addressed at Department of
iological Chemistry, School of Medicine, University of California,
avis, Tupper Hall, Davis, CA 95616. Fax: (530) 752-3516. E-mail:

azalenskaya@ucdavis.edu.
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ressor mechanism.
It has been shown that in mammalian somatic cells
ajority of the telomere DNA is organized into closely

paced nucleosomes (5, 6). Nothing is known about
hromatin structure of sperm telomeres. At the same
ime, a number of features clearly distinguish sperm
nd somatic telomeres from each other. First, unlike
omatic telomeres, telomeres in sperm do not shorten
ith age and are preserved for transmission of intact

hromosomes over generations. The length of telomeric
NA in human sperm is 10–20 kb while in somatic

ells, it is 5–10 kb (7–9). Second, proteins TRF1/2 and
u, associated with telomeres in somatic cells are not
resent in human sperm. Instead, novel sperm-specific
elomere binding proteins were found (10, 11). Third,
elomeres during spermatogenesis migrate towards
uclear membrane and form telomere associations (10,
2–14). This feature of sperm nuclear architecture has
een proposed to be important for fertilization and
arly development (12, 15–17).
In the process of spermatogenesis, dramatic chroma-

in reorganization takes place concomitant with spatial
earrangement of chromosomes. Testis-specific vari-
nts of histones, transitional proteins, and finally pro-
amines replace somatic histones, which results in a
ighly condensed state of sperm chromatin (18). Im-
ortantly, in human sperm, unlike sperm of other
ammals studied, a small portion of residual core his-

ones (10–15%) remains associated with the chroma-
in (19–21). Linker histone H1 was not detected (21,
2) and nucleosomes were found to be closely spaced
ith a periodicity of about 150 kb (23). A suggestion
as been made that the residual histones in human
perm may mark genes for early expression in the
mbryo (24, 25). However, no specified DNA sequence
as been viewed as a nucleosomal ladder.
In this study, we have analyzed human sperm telo-
eric chromatin using micrococcal nuclease digestion

nd demonstrated that at least a part of telomeric DNA
s organized in nucleosomes. Less compact structural
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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lose proximity of telomeres to the sperm nuclear sur-
ace can be related to specific functions of telomeres in
permatozoa. We suggest that telomeres can be the
hromosomal domains that participate in initiation of
perm nucleus reorganization after fertilization.

ATERIALS AND METHODS

Preparation of sperm nuclei, nuclease digestion and chromatin
ractionation. Human semen was obtained from healthy donors
nd kept frozen until used. To prepare crude nuclei, the semen was
hawed, filtered through cheesecloth, centrifuged for 10 min at 3500
pm; pelleted sperm cells were washed twice with PBS-1 mM PMSF.
o lyse the cells, they were incubated on ice for 10 min in the above
uffer supplemented with 0.5% Triton X-100. The nuclei were pel-
eted by centrifugation at 2000 rpm for 10 min, washed two times
ith PBS-1 mM PMSF, suspended at a concentration of 3–5 mg of
NA per ml in PBS-1 mM PMSF supplemented with 10 mM DTT,
nd incubated at 37°C for 30 min. Following incubation, CaCl2 and
icrococcal nuclease (Worthington) to a concentration of 0.6 mM and

0 U per 1 mg of DNA, correspondingly, were added, and digestion
as performed at 37°C for time indicated. Digestion was stopped by
dding EDTA to a concentration of 5 mM. The digested nuclei were
entrifuged at 10,000 rpm for 3 min to separate released chromatin
ragments (S fraction) from the pelleted fraction (P).

Analysis of micrococcal nuclease digestion products. To prepare
NA for separation on agarose gel, SDS and proteinase K were
dded to each chromatin fraction and DNA was isolated by phenol-
hloroform extraction followed by ethanol precipitation. Purified
NA was resolved in 2% agarose gel in TAE buffer. Alternatively, 63
NA loading buffer containing 6% SDS was added to the chromatin
hich was loaded directly onto the gel; in this case, TAE buffer was
ade 0.1% in SDS. Our previous data showed that the DNA electro-

horetic pattern did not change with the method of sample prepara-
ion. After electrophoresis, DNA was stained with ethidium bromide
nd gels were photographed using UV transilluminator. When SDS
as present during electrophoresis, it was washed out with 50%
thanol before staining with ethidium bromide. The gels were incu-
ated in 0.25 N HCl for 15 min, soaked in transfer buffer (0.4 N
aOH, 0.6 N NaCl) and DNA was blotted onto nylon membrane
ybond N1 (Amersham) by capillary transfer.

DNA probes and antibodies. Plasmids pTH12 and pTH2D with
nserts corresponding to human telomere DNA and sequence of hu-

an subtelomere subset respectively, were kindly provided by Dr. T.
e Lange (Rockefeller University). Microdissected DNA correspond-
ng to the region q22B of chromosome 6 was kindly provided by Dr.

. Bittner (NIH). Rabbit polyclonal antibodies against purified calf
hymus histone fractions were a gift from Dr. E. Bers (St. Petersburg
niversity).

Southern hybridization, estimation of percentage of telomeric DNA
eleased by micrococcal nuclease. DNA inserts were cut out, gel-
urified and labeled with [a-32P] as described in (9). Hybridization
as performed according to Church and Gilbert (26) in 7% SDS, 0.5
sodium phosphate buffer (pH 7.2), 1 mM EDTA at 65°C for 8 h.

fter hybridization, membranes were washed four times for 20 min
t 65°C in 13 SSPE-0.5% SDS. Hybridization signals on Southern
lots were quantified on phosphoimager (GS-525 Molecular Imager
ystem, Bio-Rad). The integral intensities of the signals on electro-
horetic lanes were determined using Molecular Analyst (Bio-Rad)
oftware.

Determination of nucleosomal DNA repeat length. Values of nu-
leosomal DNA repeat lengths were obtained from the slope of the
egression line constructed as a plot of fragment size versus band
214
sed as a standard.

Protein analysis. Two polyacrylamide gel electrophoretic systems
ere used. Histones were analyzed in the presence of SDS (27),
rotamines (insoluble in SDS) were separated in acetic acid-urea
AU) system (28) with a modified preparation of the samples. To
inimize the loss of the material, proteins were not extracted from

hromatin; instead, electrophoretic samples were prepared by add-
ng an equal volume of the corresponding sample buffer to the whole
uclei or chromatin fractions. For SDS electrophoresis, the samples
ere boiled for 3 min in the standard Laemmli sample buffer to
enature DNA. For AU gels, the sample buffer consisted of 0.9 N
cetic acid, 8 M urea, supplemented with 2% CTAB (cetyl trimethyl
mmonium bromide, a cationic detergent that precipitates DNA
rom the nucleoprotein complex) was added.

ESULTS AND DISCUSSION

ucleosomal Organization of Human Sperm
Telomeric Chromatin Released by Micrococcal
Nuclease

Human sperm nuclei were treated with micrococcal
uclease (MNase) for various length of time. Chroma-
in fraction released by the digestion was separated
rom the rest of the nucleus by centrifugation. DNA
rom the soluble chromatin in supernatant (S fraction)
nd from the chromatin remaining in the pellet (P)
raction was fractionated on agarose gel, stained with
thidium bromide, followed by transfer to a nylon
embrane. Micrococcal digest of HeLa nuclei was

aken as a reference. Detection of telomeric DNA on
he membrane was performed using labeled telomeric
equence as a probe. Figure 1 shows MNase products
t four successive steps of the digestion. Telomeric
NA is present in both chromatin fractions, S and P

Fig. 1B). The major portion of the telomeric DNA
emains in the pellet and appears on the membrane as
smear. As estimated by quantification of hybridiza-

ion signals on the blot (see Materials and Methods),
bout 5–8% of total telomeric DNA is released by mi-
rococcal nuclease. At the very early stage of the diges-
ion released telomeric DNA appears on the blot as a
mear that has the strongest intensity in the region of
mononucleosome and extends up to a fragment size

orresponding to a 10-mer of HeLa nucleosomes. The
ands are almost indiscernible due to the strong back-
round. As the digestion proceeds, the background di-
inishes and electrophoretic pattern of the telomeric
NA acquires a character of nucleosomal ladder with
-mer being the longest MNase product in this exper-
ment. The amount of released chromatin did not in-
rease with increase of digestion time, as judged by
outhern hybridization. Instead, when digestion was
rolonged beyond 30–40 min, only mononucleosomal
NA band, which was becoming weaker with digestion

ime, could be detected on a blot (data not shown). The
eneral character of digestion kinetics was essentially
he same in different experiments. However, the tim-
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ng and extent of cleavage varied, presumably due to
ariation in response of different sperm samples to the
reatment with reducing agents. The latter was neces-
ary to make sperm chromatin accessible to MNase. In
ifferent experiments, the size of the largest telomeric
NA nucleosomal fragments observed on a blot varied

rom a 3–4 mer to an octamer.
Nucleosomal repeat length of 148 6 6 bp was esti-
ated for sperm telomeric DNA using 123 bp repeat as
standard. In HeLa cells, nucleosomal repeat of telo-
eric DNA was estimated as 155 6 5 bp (Fig. 1B, right

ane), which is in a good correlation with data of other
uthors (5, 6). Nucleosomal repeat of telomeric DNA in
ost cells examined so far is significantly smaller than

hat of the bulk DNA (5, 6); compare also mobility of
ulk and telomeric HeLa DNA in Figs. 1A and 1B. In
ontrast, in human sperm, bands of the bulk DNA
ucleosomal ladder revealed by ethidium bromide co-

ncide in their position with those detected by the te-
omeric probe on the Southern blot. At the same time,
t can be seen, that on the blot the ladder is much more
ronounced, indicating that the released nucleosomes
ontain significant amount of telomeric DNA. This
nding was corroborated by comparing intensities of
he electrophoretic bands using HeLa nucleosomal
NA as a reference. The amount of human sperm DNA

rom the chromatin released by micrococcal nuclease
pplied on the gel is much (more than an order) less

FIG. 1. Time-course of human sperm nuclei digestion with mi-
rococcal nuclease. (A) Bulk DNA separated on 2% agarose gel and
tained with ethidium bromide. (B) Southern hybridization. DNA
rom the gel shown in (A) was transferred onto a membrane and
ybridized with 32P-labeled telomeric DNA. S and P, DNA from the
upernatant and pellet fractions, correspondingly. DNA pattern of P
raction did not noticeably change with time of digestion. HeLa DNA
s taken as a reference.
215
romide staining (Fig. 1A). At the same time, the hy-
ridization signal is of the similar intensity suggesting
hat in human sperm, the soluble chromatin fraction is
nriched with telomeric DNA.
It has been shown earlier that in HeLa cells, espe-

ially in those with short telomeres, subtelomeric chro-
atin can contribute to a nucleosomal ladder pattern

bserved with telomeric probe (6). Although telomeres
re elongated in human sperm (7, 9), subtelomeric
ontribution cannot be excluded. Therefore, subtelo-
eric chromatin was examined using pTH2D probe

hat corresponds to a subtelomeric repeat which is at
east 4 kb long and located directly adjacent to the
elomeric repeat region at several chromosome ends in
uman cells. The same membrane was successively
robed with subtelomere-specific sequence and then
ith the telomeric probe (Figs. 2A and 2B). Subtelo-
eric probe revealed some periodicity in the DNA from

he S fraction (Fig. 2A), however, somewhat less pro-
ounced than when using telomeric probe (Fig. 2B). In
he beginning, at the stage of digestion, when telomeric
NA reveals nucleosomal character, subtelomeric
NA appears as a smear. Therefore, it is likely that
nly nonperiodically cut (if any) sub-telomeric DNA
ould contribute to telomeric DNA electrophoretic pat-
ern. Although this has not been quantified, rough
stimation, made using HeLa DNA as a reference,
ndicates that telomeric DNA is more abundant in the
eleased chromatin than adjacent to it subtelomeric
equences.
Earlier we have shown, that in human sperm, chro-
osomes are arranged in a very specific manner with

heir centromeres buried clustered inside the nucleus,
nd telomeres located close and possibly anchored to
he nuclear membrane (10, 12). The proximity of the
elomeres to the nuclear surface, presumably being
elated to their specialized function(s) in sperm (not
et fully determined), can be reflected in the specific
tructural features of the telomeric chromatin revealed
y MNase. If the suggestion is true, response to MNase
reatment in the chromatin located at a distance from
he chromosomal ends would be different.

To examine this possibility, we used microdissected
NA probe q622B corresponding to the region of the

hromosome 6 located closer to its centromeric part.
nly very weak hybridization was detected in the S

raction released from sperm while HeLa digest dem-
nstrated a strong signal with pronounced nucleoso-
al pattern (Fig. 2C).
Analysis of three chromosomal regions using MNase

howed that telomeric DNA prevailed in the chromatin
raction released by the digestion and that telomeric
hromatin in the released fraction had the most dis-
inct (among three examined) periodic organization.
he major portion of the telomeric chromatin, although
ccessible to MNase (as evidenced by the extended
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mear pattern of its DNA), remained unreleased. The
iffuse electrophoretic pattern might suggest that this
hromatin does not contain nucleosomes. However,
nalysis of the nuclear proteins distribution between
he chromatin fractions presented below evidences
hat other possibilities may as well be considered.

istribution of Protamines and Histones between
Human Sperm Chromatin Fractions

The major protein component (85–90%) of the hu-
an sperm chromatin is protamine (18, 20). Figure 3

hows that protamines are present in the P fraction,
ut they are completely absent from the S fraction,
hich can account for differential solubility of the frac-

ions. While analyzing histones from human sperm, we
bserved that major electrophoretic bands in the his-
one area on a gel do not always coincide with the
ands detected by anti-histone antibodies. Presence of
ther major proteins in the histone electrophoretic area
as been demonstrated before (29). Therefore, to en-
ure reliable histone detection in the human sperm
hromatin, we used anti-histone antibodies. Figure 4
hows that histones H2A, H2B, H3, and H4 are asso-
iated with the both, released and retained chromatin
ractions. Antibodies against H1 histones from a num-
er of sources did not react with human sperm proteins
data not shown). Presence of the histones was ex-
ected in the MNase released fraction since it con-
ained nucleosomal DNA. Occurrence of histones in the
hromatin remained in the pellet after MNase diges-
ion indicates that P chromatin may contain nucleo-

FIG. 2. Micrococcal nuclease digests of three chromosomal dom
embrane was stripped and hybridized with the telomeric probe;
chematic presentation of the chromosomal areas corresponding to t
esignations are as in Fig. 1.
216
omes. However, the periodical structure can be con-
ealed by the presence of protamines.
Telomeres in human sperm are arranged in a specific
anner: they are clustered and reside at the nuclear

eriphery (10, 12, 14). Data presented here demon-
trates another feature that distinguishes telomeres
rom the rest of the sperm chromatin. While the most of
he sperm genome is packed into extremely dense

s. Southern hybridization. (A) Subtelomeric probe; (B) The same
) Identical blot was hybridized with 6q22B microdissected probe.
origin of the hybridization probes is shown below each panel. Lane

FIG. 3. Protamines are present in the pellet, but not in the
upernatant fraction. Acetic acid-Urea-CTAB electrophoresis, Coo-
assie staining.
ain
(C
he
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ucleoprotamine structure, at least a part of the telo-
eric DNA is organized into nucleosomes and can be

eleased by MNase. The specific telomere organization
s likely to be functional. What this specific organiza-
ion could bring to a chromosomal domain? (i) Sperm
uclear periphery is the area that is most accessible to
he egg’s environment at fertilization. (ii) Nucleosomal
rganization may be advantageous for the chromo-
omal domain whose function is required at the initial
tage of the male pronucleus development since the
ong and complex process of protamine removal is not
eeded here. We suggest that telomeres might be
mong the first structures in the sperm nucleus that
espond to oocyte signals and start male pronucleus
evelopment at fertilization.
Although there is no data about telomere behaviour

t fertilization, in our attempt to get insight into it, we
nd the following information could be taken into con-
ideration: (i) Telomere–microtubule relationship (di-
ect or mediated by nuclear envelope) has been shown
r suggested in some cells (30–32). (ii) Telomere-led
uclear movement mediated by astral microtubules
as been demonstrated in fission yeast (31–35). (iii)
ale pronucleus development starts with sperm chro-
atin decondensation and microtubule-guided move-
ent towards female pronucleus (36). We speculate

hat at fertilization, male pronucleus development and
ts microtubule-guided movement may be led by the
elomeres.
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