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Origins of Sperm Chromatin Research

The first research conducted on sperm chromatin,
which dates back almost 150 years, began with
the discovery of its two primary molecular
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Abstract

The dramatic changes in the structure and function of sperm chromatin
that occur during spermatogenesis have continued to intrigue researchers
for more than a century. In addition to wanting to understand how these
changes in chromatin organization affect genome function, many of the
studies conducted in placental mammals have been driven by a desire to
understand the relationship between sperm chromatin organization and
sperm function (fertility) or dysfunction (subfertility or infertility). While
we have learned a great deal, many important questions still remain unan-
swered. Major technological advances in imaging techniques, transgenic
animal production, gene function disruption, molecular and compositional
analysis at the single cell and subcellular level as well as the development
of many new molecular probes now make it possible to design and carry out
studies that examine structure and function at the level of the individual
cell in ways that have not been previously possible.
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components — DNA and protamine. Only a year
after Gregor Mendel reported his work on the
laws of heredity in 1865 [1], Ernst Haeckel sug-
gested that the nuclei of cells must contain the
material responsible for the transmission of
genetic traits [2]. Friedrich Miescher, working in
Felix Hoppe Seyler’s laboratory in Germany, had
become intrigued by cells and began conducting
experiments to determine their chemical com-
CA, USA position. Working initially with lymphocytes
obtained from blood and later enriched populations
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of leukocytes he obtained from hospital bandages,
Miescher noticed a precipitate that formed when
he added acid to extracts of cells he was using to
isolate proteins [3]. While he and the rest of the
scientific community were unaware that this
material, which he called nuclein, was the genetic
material Mendel and Haeckel had referred to, he
became fascinated by and continued to study its
properties [4]. Walther Flemming’s work over
the next decade introduced the scientific commu-
nity to the cellular substructures called chromo-
somes and the concept of mitosis, and Flemming
was the first to introduce the term chromatin [5].
It took the next 30 years, however, before cellular
biologists began to realize the importance of
individual chromosomes as the carriers of genetic
information.

Miescher, who began his research career
isolating and characterizing proteins, spent the
majority of his time investigating nuclein (DNA).
When he discovered he could not obtain enough
of the nuclein from human cells to properly
examine its properties, he turned to working with
fish sperm. Salmon provided an abundance of
sperm, and the sperm cells were considered ideal
because they had almost no cytoplasm to con-
taminate his nuclear preparations with protein.
In addition to being the first to isolate DNA,
Miescher was also the first to isolate protamine,
which he called protamin, and to discover its
highly basic nature [6]. He discovered that
nuclein and protamin made up the majority of the
mass of the sperm head, and he also provided the
first insight into the fundamental interaction that
bound these two components together inside the
sperm nucleus — that nuclein was bound in a salt-
like state to protamin. As the interest in DNA
and protamine grew, other researchers began to
examine the molecules present in sperm. The
majority of the initial work characterizing the
composition of protamine molecules was car-
ried out by Kossel and his group, not Miescher,
over several decades spanning from about
1890-1920 [7-10]. The proteins bound to DNA
in sperm were distinguished from those found in
other cells very early on, but the real signifi-
cance of this difference was not appreciated
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until almost half a century later when more
detailed studies of spermatogenesis and sper-
miogenesis revealed significant differences in
DNA packaging and sperm chromatin compac-
tion. Up until this time, sperm chromatin was
considered by many to be similar to the chromatin
found in somatic cells.

Spermatogenesis: A Special Form
of Terminal Differentiation

In species that reproduce sexually, testicular cells
undergo a radical transformation as they progress
through a process of differentiation called sper-
matogenesis. Diploid somatic cells that contain
two complements of the genome divide in meio-
sis to produce haploid cells containing only a
single copy of each chromosome. The nuclei and
chromatin inside these haploid cells also undergo
a series of structural and functional changes. In
mammals, specific genes within the male genome
are imprinted to identify their “parent of origin”
[11, 12], and the chromatin is transformed from a
highly functional, genetically active state charac-
teristic of the somatic testis cell it was derived
from to a quiescent or completely inactive state
found in the fully mature sperm cell.

One might think of this transformation as the
testicular cell embarking on a path of terminal
differentiation similar to the differentiation of a
stem cell into a liver, kidney or brain cell. The
final cell not only differs structurally from the
stem cell but also performs very different func-
tions. Unlike the genome in most stem cells,
however, the genome of most maturing vertebrate
spermatids undergo an additional step in the
process, a transient stage in which the entire
genome is deprogrammed and shut down. This
genome-wide inactivation bears some similarity
to processes of heterochromatinization that have
been observed to occur with one X-chromosome
in vertebrates [13, 14], the entire genome in avian
erythrocytes [15], and one set of chromosomes
in mealy bugs [16]. These changes, which are
induced by modifying or replacing the proteins
that bind to and package DNA, enable the male
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genome of the sperm to be deprogrammed and
maintained in a quiescent state until it enters the
oocyte and is ready to be combined with the
genome of the female to create a diploid embry-
onic cell. The process provides a mechanism by
which the genes contributed by the male can be
reactivated in the proper combinations to ensure
the first cells function as embryonic stem cells,
subpopulations of which later redifferentiate into
the other types of cells that are required for the
development of a fully functional organism.

Variability in the Composition
of Sperm Chromatin

Both Miescher’s and Kossel’s studies of sperm
focused on the morphological and compositional
differences they observed between sperm and other
cells. Kossel examined the proteins found in the
sperm head, using the properties and composition
of the proteins as indicators of the differences or
similarities that might distinguish these cells in dif-
ferent species. The majority of the fish protamines
analyzed by Kossel and others were found to be
small proteins with unusually high contents of the
two amino acids arginine and lysine. While these
two amino acids were known to be present in all
proteins at alow level (typically ~5%), the arginine-
rich fish protamines were found to contain 50-90%
arginine and the lysine-rich fish protamines con-
tained as much as 28% lysine. Because the fish
protamines appeared to be comprised mostly of
arginine and lysine, Kossel proposed that the
protamines might be one of the simplest proteins.
As researchers began examining the sperm
chromatin proteins of other species, it became
clear that there was a great deal of variability in
the types of proteins used to package DNA in
sperm. Sea urchins also proved to be an easy
source from which sperm could be obtained in
large numbers, and analyses of sea urchin sperm
revealed that protamines were not present in the
sperm chromatin of this organism. Instead, the
DNA was found to be packaged by histones
[17, 18]. Each of the five histones is larger (by a
factor of two) than protamines and significantly

less basic. In contrast to the protamines, the his-
tones contain a great deal less arginine (2—10% of
the total amino acids) and more lysine (13-28%).
Subsequent analyses of sperm chromatin proteins
isolated from the sperm of other invertebrates
and vertebrates have shown that the size and
amino acid sequences of the proteins used to
package sperm DNA vary considerably [19].
Many of these proteins are smaller and substan-
tially more basic than the histones and larger and
less basic than protamines.

Amphibian and fish sperm provide one of the
best examples of this variability. Sperm produced
by frogs in the genus Rana, for example, have
their DNA packaged entirely by histones [20].
Both histones and protamine-like intermediate
proteins are found in the sperm chromatin of the
clawed African frog (Xenopus) [21], while
histones and protamines package the DNA in
toad (Bufo) sperm [22]. Similar observations
have been made in studies of fish sperm. Different
species of fish, even within the same order, have
been shown to use histones, protamine-like
proteins, or protamines to condense their sperm
chromatin, demonstrating that these differences
do not correspond strictly with phylogeny. In
addition, the particular type of protein used to
package sperm DNA does not appear to be linked
to mode of fertilization, as had been suggested
based on the studies conducted with amphibian
sperm. While several internally fertilizing fish such
as Xiphophorus helleri guentheri (swordtail),
Xiphophorus maculatus (platyfish), Poecilia
reticulata (guppy), Poecilia picta (guppy), and
Cymatogaster aggregata (shiner perch) all pro-
duce sperm containing protamines [23], several
externally fertilizing species such as the grass
carp (Ctenopharyngodon idella) [24], tub gurnard
(Trigla lucerna) [25], and sea bream (Sparus
aurata) [26] produce sperm containing DNA
packaged by histones. However, this relationship
between the mode of fertilization and type of
protein used to package DNA in sperm does not
extend to all species of fish. The sperm produced
by salmon, herring, and many other species of
fish that spawn and fertilize externally contain
DNA that is packaged by protamines.



What these studies and those of chromatin in
the sperm of other vertebrates and invertebrates
have demonstrated is an evolutionary pattern in
which the sperm chromatin proteins transition
from histones to protamine-like proteins to
protamines [27]. The variation observed in
amphibians show that sporadic reversions are
possible [28], and the fish studies [29] are
consistent with this idea and provide additional
examples that show the change from protamine
to histone (or alternatively histone to protamine)
has occurred independently several times during
evolution.

Spermatid Differentiation
and Chromatin Remodeling

Prior to meiosis, the chromatin in the spermato-
cyte nucleus is diffusely organized and appears
structurally similar to that found in the nuclei of
all other somatic cells. The predominant chro-
matin proteins are the somatic histones and a
wide variety of other proteins that interact with
DNA to regulate gene activity, anchor the
genome to the nuclear matrix, and contribute to
chromatin function. As the cell proceeds through
meiosis and enters the early stages of spermio-
genesis, several new DNA-binding proteins are
synthesized that bind to DNA and initiate a
series of subtle transformations in the organiza-
tion and activity of the spermatid’s chromatin.
The nature of these proteins and their impact on
chromatin organization and function differ
widely among species.

The changes that have been characterized in
the greatest detail are those that occur in placen-
tal mammals. The first new proteins to appear are
four histone variants that replace some or the
majority of their somatic H2B, H3, H2A, and H1
histone counterparts [30]. These proteins were
originally referred to as testis specific histones
with a “T” designation being added to the his-
tone’s name. More recently, the same histone
variants have been referred to as sperm-specific
histones because they are frequently retained at
some level in mature sperm. TH3 histone appears
very early in spermatogenesis in spermatogonia.
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TH2B and TH2A histone variants are synthesized
and integrated into the chromatin of pachytene
spermatocytes just prior to meiosis, and a new H1
histone variant, H1t or TH1, appears near the end
of meiotic prophase. Up to 90% of H2B is
replaced by TH2B. The proportion of replace-
ment for H3 and H2A is unknown. Seven H1
variants or subtypes have been identified in mice
and men. In the case of the spermatid H1 variant,
HIt, it replaces approximately half of the other
H1 subtypes. However, some of these subtypes,
such as Hla, actually increase in abundance and
are not replaced. While these sperm histone
variants are thought to play some role in altering
the functionality of the chromatin, the basic
structural subunit of chromatin organization, the
nucleosome, is retained.

Electron microscopy studies have shown that
the first noticeable change in chromatin structure
occurs when the sperm specific histone HIt
variant is deposited in spermatid chromatin. Prior
to HIt deposition, the chromatin appears more
diffuse and contains regions that are more
clumped than others. When HIt appears, the
chromatin is transformed into a more uniform
and granular state. H1t remains bound to DNA
for a relatively short period of time and then
begins to disappear in elongating spermatids.
Following its loss, the chromatin takes on a more
filamentous organization [31].

In mammals, the majority of the histones are
replaced after meiosis by three smaller, more basic
proteins that have been designated “transition
proteins” because they only remain associated
with DNA for a relatively short period of time.
The mammalian transition proteins TP1, TP2,
and TP4 appear in the chromatin of mid-stage
spermatids at the same time the majority of the
histones are removed from the chromatin. Studies
in human and rat spermatids have shown that TP2
synthesis and deposition in spermatid chromatin
precedes that of TP1 [32, 33]. With the appear-
ance of TP1 and TP2, the chromatin begins to
condense somewhat with condensation progress-
ing in the nucleus from an apical to caudal direc-
tion [31, 34]. Very little is currently known about
TP4. While a great deal remains to be learned
about the function of these proteins, it is clear
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that they play important roles in replacing histones
(TP1 has beenreported to destabilize nucleosomes
by preventing DNA bending [35]), initiating the
termination of gene transcription by TP2 binding
to CpG sites [35], enabling or facilitating the
repair of DNA strand breaks [36], and contrib-
uting to chromatin condensation. By the time
TP1, TP2, and TP4 deposition are completed, the
chromatin becomes uniformly condensed and no
longer appears to retain the subunit structure
characteristic of nucleosomes. A fourth protein,
TP3, was also considered to be a member of this
group when it was first observed in spermatid
chromatin. Once the protein was sequenced,
however, TP3 was identified to be the precursor
form of protamine 2 [37]. Instead of being
displaced from late-spermatid DNA, the protein is
simply processed to a smaller form (protamine 2)
that remains bound to DNA throughout the
remainder of spermiogenesis.

These transition proteins are replaced by a set
of positively charged proteins called protamine
in late-step spermatids as the chromatin is reorga-
nized one final time before the sperm becomes
fully mature. The mammalian protamines are
small proteins rich in cysteine and the basic
amino acids arginine, lysine, and histidine.
Considerable variation in amino acid sequence
has been observed within the protamines of
mammals [38—41], but all the proteins examined
fall into one of two protamine families, protamine
P1 or protamine P2. The nature of protamine
binding to DNA and the consequences of the syn-
thesis and incorporation of the protamines into
spermatid chromatin suggest that these proteins
may perform a number of functions. These
include protecting the DNA from physical and
chemical damage while the chromatin is in a state
in which it cannot repair DNA damage and com-
pacting the genomic material to produce a smaller,
more hydrodynamically shaped cell. The com-
paction of the genome that occurs when protamine
binds to DNA also ensures the entire genome is
retained in a genetically inactive state until fertil-
ization, and it may even aid in the shaping of the
sperm head by generating the forces needed to
shape the nucleus from within [42].

Higher Ordered Organization
of Chromatin in Mature Sperm

In contrast to the variability that has been
observed in the composition of sperm chromatin
in many vertebrates and invertebrates, there
appears to be remarkably little variation in the
final modes of DNA packaging that have been
observed in sperm produced by different species
of mammals. The sperm of all mammals exam-
ined to date, including monotremes, marsupials,
and placental mammals, use protamines to pack-
age the majority of their DNA into the sperm
head. In several mammalian species, a small
fraction of the sperm genome has been observed
to retain its histone packaging. This histone-
containing fraction, which is currently thought to
be present in all mammalian sperm, is small,
comprising not more than a fraction to 1% of the
genome. In human sperm, however, the fraction
of DNA bound by histones is significantly larger,
possibly as high as 10-15% [43-47].

Recent studies have identified a number of
DNA sequences or genes that remain associated
with histones in mammalian sperm. These include
telomeric DNA [48], genes for epsilon and
gamma globin [49], a paternally imprinted IGF-2
gene [50], microRNA clusters, the promoters of a
number of genes expressing signaling proteins
important for early embryonic development, and
genes that produce transcription factors such as
those in the Hox family [51]. Based on the types
of genes that have been identified in histone asso-
ciated sperm chromatin, it has been suggested
that one function for the retention of these
histones may be to maintain a subset of genes
contributed by the male in a quiescent but acces-
sible state so they can be activated immediately
after fertilization and prior to the removal of the
protamines. The histone-associated genes were
also found to be highly enriched in a variety of
imprinted genes, indicating another function of
these histones may also be to play a role in epige-
netic programming.

The chromatin in monotreme and marsupial
spermatids is condensed during spermiogenesis
in a fashion similar to that observed in other



species that use only protamines to package their
DNA, but the nature of the nuclear protein—-DNA
interactions that lead to this condensation in
monotreme sperm have not yet been character-
ized. Chromatin condensation in platypus sperm
is initiated by the formation of a layer of electron
dense chromatin granules under the nucleolemma
[52]. As the spermatids continue to mature, foci
of condensing chromatin are observed through-
out the nucleus. These studies have not, however,
provided much information about either the
organization or subunit structure of mature sperm
chromatin in monotremes. A combination of EM
and AFM studies of sperm chromatin in two
marsupials, the fat tailed dunnart (Sminthopsis
crassicaudata) and  brush-tailed  possum
(Trichosurus vulpecula), has indicated the DNA
is organized in nodular subunits [53]. Those
regions of the chromatin that appear to be pack-
aged by protamines have nodules with diameters
of 50-80 nm, while other regions believed to
contain histones bound to DNA contained much
larger clusters (120-160 nm) of smaller nodules.

Chromatin reorganization and compaction
occurs in a similar manner in placental mam-
mals. The chromatin is transformed from the
diffuse, genetically active state to a highly elec-
tron dense, compact form of chromatin that is
completely inactive. Both electron and atomic
force microscopy studies of spermatid chromatin
and partially decondensed sperm chromatin have
provided insight into the higher ordered struc-
ture of sperm chromatin in placental mammals.
EM images of the chromatin in differentiating
late-step spermatids have shown that the DNA
starts off organized with features characteristic
of somatic chromatin (~11 nm nodules and
30 nm fibers [54]), which are subsequently
transformed into nodular structures or fibers with
diameters (50-100 nm) much larger than indi-
vidual nucleosomes. As chromatin condensation
progresses, these nodules coalesce into increas-
ingly larger masses or fibers that eventually
become so electron dense and tightly packed that
they can no longer be distinguished.

Similar structural information has been derived
from high resolution microscopy studies of sperm
chromatin that has been partially decondensed by
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treatment with polyanions, reducing agents, or
high ionic strength or by partial digestion by
nucleases [55-62]. Analyses of partially decon-
densed sperm chromatin by electron microscopy
have shown that at least two different sized struc-
tural units are present, small nodules similar in
size to nucleosomes and much larger globular
structures. Atomic force microscopy images of
decondensed human sperm also revealed the
presence of two types of structures: small sub-
units similar in diameter (~10 nm) and thickness
(~5 nm) to somatic nucleosomes and lifesaver
shaped  larger  structures  approximately
60—100 nm in diameter and 20 nm thick with a
hole or depression in the center [56]. Toroids with
lifesaver-like features and similar dimensions
have also been generated in vitro when protamine
or other polycations were added to dilute solu-
tions of DNA or to individual DNA molecules
[63—-65]. These toroids, which contain approxi-
mately 50,000 bp of DNA complexed with
protamine, are spontaneously generated when
protamine binds to and neutralize the phosphodi-
ester backbone of double-stranded DNA [56, 66].
Closely packed beads with diameters similar to
these toroids were found by Koehler to comprise
the lamellar sheets of chromatin packed inside
rat, rabbit, bull, and human sperm [59, 60, 67].

Mammalian Protamines

While the unusually high arginine content of
protamine was recognized by both Miescher and
Kossel to be a unique feature of fish sperm nuclear
proteins more than 100 years ago, it took more
than 50 years for researchers to begin to under-
stand and appreciate the structural and functional
differences between the protamines and histones.
Structurally, the two families of DNA-binding
proteins are very different. The four core histones
interact with each other to form a well-defined
octamer core of protein around which almost two
turns of DNA are wrapped [68]. The DNA bound
to the histones remains accessible to polymerases
and other proteins and the genes packaged by
histone remain active or can be readily activated.
By marked contrast, the protamines contain so
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many positively charged amino-acid side chains
that when protamine binds to DNA, it wraps
around the DNA helix, neutralizing the nega-
tively charged phosphodiester backbone of DNA
and creating a maximally compact form of chro-
matin [56]. This prevents the genes packaged by
protamines from being accessed by other proteins
and modified, transcribed or repaired.

Two different types of protamines package
DNA in mammalian sperm, P1 and P2. The
smaller protein, protamine P1, is found in the
sperm of all mammals [69]. The P1 protamine of
placental mammals is a single peptide chain con-
taining only 50 amino acids [70]. The one known
exception is stallion P1, which contains 51 amino
acids. The P1 protamines in marsupials and
monotremes are larger (57-70 residues). The
platypus and echidna protamines also differ from
the P1 protamines of placental mammals in that
they do not contain any cysteine residues [71].
This is also the case for most marsupial
protamines [41]. One exception has been
reported, however, in the family of Dasyuridae.
Shrew-like marsupials in the genus Planigales
produce protamines that containing 5—6 cysteines
[72], a number similar to the number of cysteines
that are typically found in the P1 protamines of
placental mammals.

The P1 protamine of placental mammals is
unstructured in solution and only adopts a specific
conformation when bound to DNA [73]. Protamine
P1 sequences are typically divided into three
small domains, a central DNA-binding domain
comprised of a series of (Arg) DNA-binding
domains interspersed with one or two uncharged
amino acids and two short N- and C-terminal
peptide domains that do not bind to DNA [70,
74]. Only the DNA-binding domain appears to be
present in monotreme and marsupial P1 mole-
cules [41, 71]. The two short terminal peptide
domains in placental mammal P1 molecules
contain serine and threonine residues that are
phosphorylated shortly after the protein is synthe-
sized, and this modification is thought to facilitate
the protein’s binding correctly to DNA. Similar
phosphorylatable residues appear to be distrib-
uted throughout the monotreme and marsupial P1
sequences. These domains in placental mammal

P1 molecules also contain multiple cysteine
residues that form inter- and intraprotamine disul-
fide bonds and link each protamine molecule to
its neighbor when the maturing spermatid passes
through the epididymis [74].

Protamine P2, which is slightly larger than P1
(63 amino acids in mouse) is only expressed in
the differentiating spermatids of a subset of
placental mammals. These include primates,
most rodents, lagomorphs, and perissodactyls
[69]. Unlike protamine P1, P2 is synthesized as a
larger precursor protein (106 residues in mouse)
that is deposited onto DNA and subsequently
shortened over a period of several days [75].
This processing of the precursor protein occurs
by progressive and sequential cleavage of short
peptide fragments from the amino terminus of
the precursor [76-78]. The function of this
processing remains unknown. P2 also appears to
be phosphorylated transiently. How the final
processed form of P2 interacts with DNA has not
yet been determined, but studies of P1 and P2 in
several species suggest the majority of the length
of the P2 molecule binds to DNA. The “foot-
print” of P1 when bound to DNA is 10-11 base
pairs, or one full turn of DNA, while the “foot-
print” of P2 appears to be larger (15 bp) [43].
The final processed form of P2 also appears to
use a series of (Arg) anchoring peptide seg-
ments to bind to DNA. These segments are
shorter and less well defined than those found in
the DNA-binding domain of P1, and they are
distributed throughout the entire length of the P2
sequence. P2 also contains multiple cysteine resi-
dues that participate in the formation of the disul-
fide bonds that interconnect all the protamines
late in spermiogenesis.

Structure of the DNA-Protamine
Complex

While the relative proportion of the two
protamines in sperm chromatin varies widely
between mammalian genera, the proportion
appears to be conserved among the species within
a genus [69]. P2 is believed to bind to DNA in a
manner similar to P1, but the evidence for this is
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limited and primarily circumstantial. Beyond the
knowledge that both protamines P1 and P2 bind
along the DNA in some manner that allows the
two proteins to be cross-linked together by
disulfide bridges during the final stage of sperm
maturation, very little is known about the details
of P2 binding to DNA or the distribution of the
two protamines along a segment of DNA.

Because it has not been possible to determine
the structure of a native or artificial protamine—
DNA complex by X-ray crystallography or NMR
spectroscopy, most of the information that has
been learned about how the protamines interact
with DNA has been determined using lower res-
olution techniques. Low-angle X-ray scattering
experiments performed on intact sperm heads
confirmed the close packing of the DNA within
sperm chromatin, showing the center to center
distance between adjacent DNA molecules is
approximately 2.7 nm [79]. To achieve this tight
packing, the molecules must be organized in a
hexagonal arrangement with only 7A distance
of separation between the surfaces of adjacent
molecules. High-resolution EM studies of
individual toroidal subunits [80] have shown that
the individual DNA molecules coiled into the
toroid are tightly packed in a hexagonal arrange-
ment, consistent with what has been observed by
low-angle X-ray scattering. Such a packing
arrangement for DNA is also consistent with the
microscopy data obtained from stallion sperm
heads [81], particularly if the toroidal structures
are stacked tightly together as lifesavers and
organized in layers similar to the lamellae
reported by Koehler [59, 60, 67].

At the molecular level, the protamines bind to
duplex DNA in a manner that is independent of
base sequence [66, 82]. The primary interactions
are electrostatic and involve the binding of the
positively charged guanidinium groups in the
arginine residues present in the DNA anchoring
domains of protamine to the negatively charged
phosphates that comprise the DNA phosphodi-
ester backbone. The high affinity of binding is
derived from two aspects of these interactions, the
formation of a salt bridge and hydrogen bond
between the guanidinium group and the phosphate
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and the binding of every arginine residue in the
DNA-binding domain of protamine to every phos-
phate group in one turn of DNA. Both computer
modeling and X-ray scattering and other experi-
mental studies [73, 83-85] have shown that the
DNA-binding domain of protamine P1 wraps in
an extended conformation around the DNA helix,
partially filling the major groove. By interacting
in this way, adjacent arginine residues in the
(Arg), anchoring domains would be expected to
bind to phosphates on opposite strands of the
duplex DNA molecule, interlocking the relative
positions of the bases together and preventing
strand separation or changes in DNA conforma-
tion throughout the period that the protamines
remain bound to DNA. This would result in the
production of a neutral, highly insoluble complex
that allows the DNA strands to be packed tightly
together without charge repulsion.

Chromosome Territories, Loop
Domains, and Matrix Attachment
Regions

Three important structural features of somatic
chromatin organization appear to be retained by
mammalian sperm chromatin even after all the
nuclear protein transitions and condensation have
been completed. Confocal microscopy of somatic
cells hybridized to fluorochrome-tagged DNA
probes have shown that the DNA of individual
chromosomes are not randomly distributed
throughout the nucleus, but each is confined to a
specific domain or territory inside the interphase
nucleus [86-90]. Not only is there evidence that
the chromosomal DNA molecules occupy a
reproducible position, but there is also evidence
that the domains are folded into shapes charac-
teristic of a particular chromosome [91]. Similar
observations have been made regarding the
distribution of chromosomal DNA in mammalian
sperm nuclei. Fluorescence in situ hybridization
has been used to demonstrate that the DNA of
individual chromosomes are also localized to
specific domains inside the heads of human, bull,
mouse, echidna, and platypus sperm [48, 91-94].
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While these studies have not provided strong
evidence that the chromosomes are arranged in
any particular order relative to each other in the
sperm heads of placental mammals, there is some
evidence for a particular arrangement in echidna
and platypus sperm.

Two other organizational features that are
retained in sperm cell nuclei are the chromatin
loop domains and the attachment of the chroma-
tin to a nuclear protein scaffold or nuclear matrix
[95-98]. The protein content of the nuclear matrix
changes as the spermatid differentiates [95], but
the DNA remains bound to the matrix at a very
large number of sites (~50,000). This matrix
appears by EM to be a network of dense protein
filaments filling the interior of the head of the
spermatid and sperm bounded by a peripheral
structure, the lamina. The DNA in between the
sites of attachment to the matrix appears to retain
the loop organization present in somatic cells
[99, 100]. These loops, which contain 40,000—
50,000 bp of DNA in both the somatic and sperm
nucleus, are anchored to a matrix through spe-
cific chromatin domains, called nuclear scaffold/
matrix attachment regions (SARs/MARs). The
retention of the matrix and its associations with
DNA in sperm are important to maintain because
their presence would facilitate and speed up the
process of genome reactivation following fertil-
ization and the initiation of the first cycle of DNA
replication in the male pronucleus [101, 102].
The loop domains are believed to play an essen-
tial role in transcriptional regulation, DNA repli-
cation, and chromosome organization both prior
to spermiogenesis and after fertilization. In
sperm, these loops may also aid in the packing of
the DNA by protamines into toroids, which also
contain ~50,000 bp of DNA.

The retention of these particular features of
chromosome and chromatin organization appears
to preserve important genome organizational
information critical to both germinal and somatic
cell function. Clearly, the primary function of
spermiogenesis is to produce a package of
genomic information, the sperm cell, that will
facilitate the transport of one complement of the
male’s chromosomes to and into the oocyte for

n

the purpose of generating an embryo containing
genomic contributions from both the male and
female of the species. Once this is accomplished,
the genome must be quickly reactivated so that it
can begin functioning as a somatic cell, with
subsets of genes being turned on and off as the
cells are transformed from embryonic stem cells
into the cells of the various tissues and organs.

Reorganization of Sperm Chromatin
Following Fertilization

The formation of the male pronucleus and other
processes associated with early embryonic devel-
opment that occur immediately after fertilization
have been well characterized by light micros-
copy. However, remarkably little is known at the
molecular level about the early events that con-
tribute to the unpackaging of sperm chromatin
following fertilization. The current hypothesis is
that the protamines are actively removed from the
DNA by a histone chaperone similar to the
nucleoplasmin first identified in frogs [103—105].
This protein chaperone has been shown to bind
and carry core histones and, in the presence of
DNA, is able to load the histones onto the DNA
and generate nucleosomes. Sequence analyses of
the frog and related mammalian proteins have
shown that these proteins contain a series of poly-
glutamic acid sequences. Experiments conducted
with sperm chromatin have also shown that the
protein is able to remove protamine from the
DNA prior to loading it with histones [106]. One
possible mechanism of protamine removal may
involve these segments of polyglutamic acid. The
polyglutamic acid regions in nucleoplasmin-like
proteins could form a series of salt bridges
with the (Arg) DNA-binding domains of the
protamines and remove the protamines from
DNA intact prior to depositing the histones and
reestablishing the nucleosomal organization
required to reactivate the new embryo’s genome.

Another early event associated with the
unpacking of the sperm chromatin that occurs
almostimmediately after removing the protamines
is the initiation of a period of DNA synthesis
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associated with DNA damage repair [107-110].
This repair synthesis is required to repair DNA
strand breaks and remove DNA adducts or other
damage that is acquired during spermiogenesis
and epididymal transit and storage when repair
activities could not be performed due to the pack-
aging of the genome by protamines. Studies have
shown that the majority of the damage brought
into the oocyte by the sperm is repaired during
this period of DNA synthesis, and this process is
considered to be critical for maintaining the
integrity of the male genome and for ensuring
normal embryonic development.

Consequences of Disrupting
Sperm Chromatin Remodeling

Several changes associated with the reorganiza-
tion of spermatid chromatin have been shown to
be important for male fertility. One involves the
removal of the majority of the histones and their
replacement by protamines. Numerous studies
have suggested that there is a positive correlation
between male subfertility or infertility and
elevated levels of histone in mature human sperm
[77,111-117]. It is not known, however, whether
the problems encountered relate to the lack of
removal of somatic histones from genes that
need to be packaged by protamines, deficiencies
in expression and incorporation of the sperm
specific histone variants into subsets of
nucleosomes, or errors in imprinting that may
involve histone packaging.

Alterations in the expression and/or transla-
tion of the protamine genes have also been linked
to infertility. Changes in the proportion of the P1
or P2 proteins present in sperm chromatin have
been shown to not only be linked to infertility
[118-124] but also adversely impact in vitro
fertilization outcome and early embryonic devel-
opment [125-129]. The observed differences in
protamine content ranged from having very little
protamine, to having too little protamine P1 or
too little protamine P2. By contrast, analyses of
sperm obtained from fertile human males have
shown repeatedly that the sperm contain a specific
proportion (1:1) of P1 and P2 [118-120, 130].

R. Balhorn

The primary cause for the observed changes in
sperm protamine content appears to involve
errors in gene expression, although incomplete
processing of the P2 precursor may also con-
tribute to decreased levels of the mature P2
protein.

Other studies have shown that the timely for-
mation of the protamine disulfide cross-links that
occur during the final stages of sperm maturation
are important. In mammals, both protamines P1
and P2 contain multiple cysteine residues. The
thiol groups of these cysteines are in the reduced
form (free thiols) when the protamines are
synthesized and deposited onto DNA, and they
remain reduced until the final stage of spermio-
genesis when they participate in the formation of
both inter-and intramolecular protamine disul-
fides as the sperm pass through the epididymis
[74, 131-134]. Cases of human, stallion, and bull
infertility have been correlated with what appear
to be errors in disulfide cross-linking among the
protamines. What role these disulfide bonds play
is still not known, but one theory is that the
formation of interprotamine disulfide bonding
stabilizes the chromatin and protects it from
physical damage. An equally feasible possibility
is that these disulfide bonds not only stabilize the
chromatin but also prevent the thiol groups from
being oxidized or alkylated during the long period
of time required for spermatid maturation and
sperm storage prior to fertilization. This might be
important if the cysteine residues in mammalian
protamine also play some other role in sperm
chromatin, such as participating in protamine
removal from DNA after fertilization. If the thiols
were required for efficient protamine removal,
the oxidation or alkylation of even a few cysteines
could potentially complicate or prevent the
efficient removal of the modified protamine from
the male genome, and its retention would block
the gene it was bound to from being transcribed
or replicated later in development. Mice exposed
to alkylating agents such as methyl methanesul-
fonate and ethylene oxide at a time prior to
protamine disulfide bond formation have been
shown to produce sperm with alkylated protamine
thiols [135-137]. Matings conducted with the
treated males resulted in the production of
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embryos that died early in development from
dominant lethal mutations [136]. The sperm con-
taining the protamines with alkylated cysteines
succeeded in fertilizing oocytes and inducing
embryonic development, but at some point after
fertilization the embryo died when a key gene
could not be turned on.

Male infertility has also been linked to defi-
ciencies in sperm chromatin-associated zinc.
Zinc is known to be essential for several aspects
of sperm development, ranging from contribu-
tions to structural elements in the tail to roles in
chromatin organization and protamine structure
and function [138]. A deficiency in zinc can
affect the developing sperm directly, or it can
impact the function of other testicular cells that
contribute to or play a role in spermatid matura-
tion, such as sertoli cells. Because zinc plays
multiple roles in spermatogenesis and testicular
function, it has been difficult to decipher how
sperm chromatin bound zinc impacts the func-
tionality of the sperm cell. Chromatin associated
zinc is almost exclusively bound to protamine
P2 in mammals [139]. In human, bull, mouse,
and hamster sperm, a single zinc atom is bound
to each P2 molecule. Zinc does not appear to
bind to protamine P1. Zinc ion coordination by
P2 occurs sometime after the synthesis of P2
and its deposition onto DNA, long before the
sperm cell enters the seminal fluid and the sperm
chromatin can be impacted by seminal fluid
zinc. Where the zinc binds in P2 has not been
determined, but the amino acids in protamine P2
that coordinate the zinc appear to change during
sperm maturation. In sonication resistant
spermatids, the zinc is coordinated only by
cysteines, while in mature sperm, both histidine
and cysteine residues participate in the coordi-
nation (unpublished results). The function of
this P2 bound zinc is not known, but it has been
suggested that the coordination of the zinc by
protamine may influence the binding of the
protamine to DNA [140, 141] or to other
protamines [138]. An alternative possibility is
that zinc coordination by cysteine residues in
protamine might also protect the thiol groups
and prevent their oxidation until it is time for
the cysteines to form inter- and intramolecular
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disulfide bonds. Several studies have also
suggested that exposures to other metals, such
as copper and lead, may result in these metals
binding to the cysteines in protamine in place of
zinc (or prior to disulfide bond formation) and
their being transported into the oocyte upon
fertilization [133, 142, 143]. In addition to
potentially disrupting the function of sperm by
altering chromatin decondensation or protamine
P2 function, the delivery of these and other toxic
metals into the oocyte would also be expected to
have an adverse impact on early embryonic
development.

Future Research and Practical
Applications

The dramatic changes in the structure and function
of sperm chromatin that occur during spermato-
genesis have continued to intrigue researchers for
more than a century. In addition to wanting to
understand how these changes in chromatin orga-
nization affect genome function, many of the stud-
ies conducted in placental mammals have been
driven by a desire to understand the relationship
between sperm chromatin organization and sperm
function (fertility) or dysfunction (subfertility or
infertility). While we have learned a great deal,
many important questions still remain unan-
swered. Major technological advances in imag-
ing techniques, transgenic animal production,
gene function disruption, molecular and compo-
sitional analysis at the single cell and sub-cellular
level as well as the development of many new
molecular probes now make it possible to design
and carry out studies that examine structure and
function at the level of the individual cell in ways
that have not been previously possible. Studies to
be conducted in the next decade using these tools
should advance our understanding of sperm
chromatin structure and function quickly while
providing new information that can be used to
diagnose and treat male infertility, develop new
male contraceptives, and contribute to other
unrelated areas of research such as improving the
efficiency of creating transgenic animals or
targeted genome silencing for cancer therapy.
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