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Interaction of Sperm Histone Variants and Linker DNA during Spermiogenesis in
the Sea Urchin'
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ABSTRACT: Several physical properties of sea urchin spermatid chromatin, which contains phosphorylated
Sp H1 and Sp H2B histone variants, and mature sperm chromatin, in which these histones are dephos-
phorylated, were compared. Density, thermal stability, average nucleosomal repeat length, and resistance
to micrococcal nuclease digestion are all increased in mature sperm relative to spermatid chromatin. Since
the chromatins are identical in histone variant subtypes, the altered physical properties are not a consequence
of changes in histone primary structure during spermiogenesis. The data are interpreted to mean that
dephosphorylation of the N-terminal regions of Sp H1 and Sp H2B in late spermatid nuclei permits strong
ionic binding of these highly basic regions to the extended linker, stabilizing the highly condensed structure

of sperm chromatin.

; ;hilc conservation of histone amino acid sequence and
structure is the general rule for eukaryotic chromosomes, many
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exceptions occur in sperm cells of animal and plant species
(Poccia, 1986). In extreme instances, such as protamine-
containing sperm of trout and mammals, nucleosomal structure
is abandoned, and histones are replaced by various highly basic
proteins. While such proteins are often assumed to be involved
in chromatin condensation or packing, in most cases little is
known about how their structural features contribute to the

© 1988 American Chemical Society
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special properties of sperm chromatin or how their interactions
with DNA are modulated during differentiation of the sper-
matid.

The chromatin of the sea urchin spermatozoon is strikingly
different from somatic chromatin in several respects. Sea
urchin sperm chromatin has the longest known average nu-
cleosomal repeat length, a consequence of its long linker
(Spadafora et al., 1976; Simpson & Bergman, 1980). The
chromatin is packed at nearly maximal density, approaching
or exceeding the DNA concentration of mitotic chromosomes
or 30-nm interphase fibers (Green & Poccia, 1985). It is
exceptionally stable toward thermal or ionic denaturation
(Ozaki, 1971; Simpson & Bergman, 1980). Although sea
urchin sperm chromatin contains histones rather than prot-
amines, two of these are “sperm-specific” histone variants (Sp
H1 and Sp H2B).! They are larger than their embryonic
counterparts, mostly by virtue of highly basic N-terminal
extensions (arms) which consist predominantly of simple re-
peating tetra- or pentapeptides (Strickland et al., 1978, 1980).
The tetra- and pentapeptides are related in sequence to one
another, possessing two basic amino acids adjacent to the
dipeptide serine-proline (Poccia, 1987). The arms have been
postulated to play a role in maintaining or stabilizing the
structure of the highly condensed sperm nucleus (Strickland
et al.,, 1978; Green & Poccia, 1985). Excluding the arms, the
remainder of each Sp histone has sequence features very
similar to those of somatic histones (Poccia, 1987).

The Sp histones are actually testis-specific rather than
sperm-specific. Their mRNAs are expressed exclusively in
the testis (Busslinger & Barberis, 1985; Lieber et al., 1986;
Lai & Childs, 1986). The proteins, in their phosphorylated
forms (designated N and O/P), appear in chromatin of the
male germ cell lineage prior to spermatid differentiation
(spermiogenesis); they are dephosphorylated late in sper-
miogenesis, forming Sp H1 and Sp H2B, the proteins found
in the mature sperm (Poccia et al., 1987). These observations
raise the question of whether the unusual features of sperm
chromatin structure are acquired when the Sp histone variants
replace somatic histones or when they become dephosphory-
lated.

Dephosphorylation of sperm nuclear proteins also occurs
during spermiogenesis in trout and winter flounder (Louie &
Dixon, 1972; Kennedy & Davies, 1982). However, these
events differ from those observed during sea urchin sper-
miogenesis in two important ways: (1) During trout and winter
flounder spermiogenesis, histones are replaced by protamines
or protamine-like proteins; histones are retained throughout
sea urchin spermatogenesis; (2) dephosphorylation of trout and
winter flounder nuclear proteins occurs in parallel with
chromatin condensation, whereas dephosphorylation of N and
O/P occurs after most chromatin condensation has occurred
(Poccia et al., 1987; Simpson & Poccia, 1987).

We have suggested that multiple phosphorylations of the
N-terminal arms of N and O/P decrease their affinities for
the DNA backbone and allow the histones to function as
typical histones throughout spermatogenesis. Dephosphory-
lation late in spermiogenesis would then allow the basic arms
to bind DNA in the linker region, cross-linking and stabilizing
the highly condensed sperm nucleus (Poccia et al., 1987). Sp

! Abbreviations: Sp H1, sperm histone H1 variant; Sp H2B, sperm
histone H2B variant; NB buffer, 0.15 M NaCl, 1 mM phenyl-
methylenesulfonyl fluoride, and 10 mM Tris-HCI, pH 8.0; TX-100,
Triton X-100; AUT, acid, urea, and TX-100; SDS, sodium dodecyl
sulfate; bp, base pair(s); Tris-HC, tris(hydroxymethyl)aminomethane
hydrochloride; EDTA, ethylenediaminetetraacetic acid; HMG, high
mobility group.
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H1 and Sp H2B are rephosphorylated immediately after
fertilization; we have proposed that this event helps to desta-
bilize the sperm nucleus, allowing the chromatin to decondense
during formation of the male pronucleus (Green & Poccia,
1985; Poccia, 1987).

In an attempt to understand the role of the terminal arms
of Sp histones in the structure of sperm chromatin, we have
isolated by density gradient centrifugation a population of male
germ line nuclei essentially free of mature sperm nuclei and
compared several physical properties of chromatin from these
nuclei with chromatin from shed sperm. The results demon-
strate a substantial increase in average nucleosomal repeat
length during spermiogenesis without change in histone variant
subtypes. This change is accompanied by increased linker
resistance to micrococcal nuclease digestion and increased
thermal stability of the chromatin and is interpreted to reflect
in large part the binding of dephosphorylated N-terminal arms
of Sp H1 and Sp H2B to the extra linker DNA.

MATERIALS AND METHODS

Preparation of Sperm and Spermatid Nuclei. Sea urchins
(Stronglyocentrotus purpuratus) obtained in late September
from Marinus, Inc. (Westchester, CA), were injected with 0.5
M KCI. A male was chosen which shed a small amount of
sperm and which, upon dissection, contained well-developed
gonads. Shed sperm were collected and stored on ice. All
subsequent steps were at 4 °C,

One gonad was immersed in 20 mL of NB buffer (0.15 M
NaCl, 1 mM phenylmethylenesulfonyl fluoride, and 10 mM
Tris-HCI, pH 8.0) and gently teased for 5 min to release
sperm. The gonad was then placed in 40 mL of NB buffer
containing 0.5% TX-100 and dispersed with a polypropylene
disposable transfer pipet. This procedure lysed the dispersed
cells, as judged by phase microscopy. The nuclear suspension
was passed through a 50-um Nitex screen to remove connective
tissue and then centrifuged at 3000g for 5 min to pellet the
nuclei. The nuclei were suspended in 25 mL of NB buffer,
layered over 15 mL of NB buffer made 10% in sucrose by
addition of dry sucrose, and centrifuged at 3000g for 5 min.

Purification of Sperm and Spermatid Nuclei by Centrifu-
gation in Percoll. Percoll gradients (25 mL) were generated
from 80% Percoll (Pharmacia) in NB buffer by centrifugation
in a Beckman Type 50.2 fixed-angle rotor at 20000 rpm for
30 min. Gradient densities were determined by inclusion of
latex marker beads (Pharmacia).

Gonadal nuclei were suspended in 5 mL of NB buffer using
a plastic transfer pipet. The suspension was filtered through
50-um Nitex, and 2.5-mL portions were layered onto two
25-mL Percoll gradients. Gradients were centrifuged at 15000
rpm for 20 min in an SW 28 rotor. Gradients were collected
from the top as 5-mL fractions while the turbidity of the
gradient was measured continuously at 540 nm using a
Beckman spectrophotometer equipped with a flow cell. Two
volumes of NB buffer were added to each fraction and the
nuclei collected by centrifugation at 3000g for 5 min. The
nuclei were suspended in 3 mL of NB buffer, repelleted, and
suspended in 200 uL of NB buffer. The fractions were ex-
amined by phase microscopy to identify those enriched in
spermatid nuclei and freed of sperm nuclei. Fractions III met
these criteria and were pooled and designated “spermatid
nuclei”.

Sperm nuclei were prepared from semen as above except
that, after suspending the sperm cells in NB buffer containing
0.5% TX-100, tails were removed by brief sonication in a small
bath sonicator (Poccia & Green, 1986). The sperm nuclei
banded tightly near the bottom of the gradients, and fractions
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V were collected from two gradients, pooled, and designated
“sperm nuclei”,

Characterization of Percoll-Purified Sperm and Spermatid
Nuclei. Nuclei obtained from Percoll gradients were stained
with acridine orange and photographed using fluorescence and
phase optics. The nuclei were categorized according to pre-
viously established criteria (Simpson & Poccia, 1987) and
counted. Photographs of 5 separate fields of each sample
{70-200 nuclei each) were counted for major nuclear types
and the means and standard deviations of the counts calcu-
lated. Samples of the nuclei were mixed with protamine ex-
traction buffer and analyzed by two-dimensional polyacryl-
amide gel electrophoresis as previously described (Poccia &
Green, 1986). The gels contained acetic acid, 6 M urea, and
TX-100 in the first dimension and SDS in the second di-
mension.

Micrococcal Nuclease Digestion. Nuclei were suspended
in 0.25 mM EDTA (pH 8.0) and placed on ice for 1 h. The
swollen chromatin was pelleted by centrifugation at 10000g
for 10 min, then resuspended in 0.25 mM EDTA, and incu-
bated on ice for 1 h. The chromatin was adjusted with 0.25
mM EDTA to approximately 10 mg of DNA/mL, determined
by dissolving an aliquot in 1% SDS and measuring the ab-
sorbance at 260 nm, assuming 1 absorbance unit at 260 nm
represented 40 ug of DNA. A sample of the chromatin,
containing approximately 100 ug of DNA, was removed for
thermal denaturation (see below). CaCl, was added to a final
concentration of 1 mM, and an undigested sample was re-
moved from the chromatin suspension. The suspension was
brought to 22 °C, micrococcal nuclease (Sigma Chemical Co.)
was added to a concentration of 5 ug/mL, and samples were
taken at 2-, 4-, 8-, and 16-min intervals. Immediately after
each sample was taken, EDTA and SDS were added to 5.0
mM and 1.0%, respectively, and the samples were placed on
ice.

DNA Purification, Acid Solubility, and Agarose Gel
Electrophoresis. DNA was purified and analyzed on 2%
agarose gels as previously described (Poccia et al., 1984).
Migration distances for dimers to pentamers were entered into
a computer program, and their sizes in base pairs were de-
termined from a calibration curve made from ¢X174 DNA
restricted with Haelll. Sizes of the multimer bands were
plotted vs multimer number, and the slope of the resulting line
was used to determine the nucleosome repeat. The degree of
DNA digestion was determined by mixing 5 uL of the digested
samples, after addition of SDS and EDTA, with 0.5 mL of
0.5 M HCIO, and placing the mixture on ice for 1 h to pre-
cipitate undigested DNA. The insoluble material was pelleted
by centrifugation at 10000g for 5 min, resuspended in 0.5 mL
of 0.5 M HCIO,, and centrifuged as above. The supernatants
were combined, and the amount of acid-soluble DNA was
determined by measuring the absorbance at 260 nm. The
acid-insoluble DNA was hydrolyzed in 1.0 mL of 1.5 M
HCIO, at 70 °C for 1 h, insoluble material was removed by
centrifugation, and the amount of acid-insoluble DNA was
determined by the absorbance at 260 nm. The percent of
DNA digested by micrococcal nuclease was expressed as
100[(HC1O4-soluble DNA)/(HCIO,-soluble + HCIO,-in-
soluble DNA)].

Thermal Denaturation. Samples of sperm and spermatid
chromatins, containing approximately 100 ug of DNA, were
suspended in 1 mL of 0.25 mM EDTA by drawing the sus-
pension through a 20-guage hypodermic syringe 10 times and
dialyzed overnight against 3 L of 0.25 mM EDTA. Insoluble
material was removed by centrifugation at 3000g, and the

vVOL. 27, NO. 2, 1988 621

Distance From Top (cm)
0.7 28 42 56

—

b 114

)

Gonadal
Nuclei

—_—
k 1
—_

Turbidity (As540 ,
N\

112

Sperm !
Nuclei ;

1110

Density (g/cm3 «——)

..........

| I 1] v v
Fraction Number

FIGURE 1: Purification of sperm and spermatid nuclei by centrifugation
in Percoll gradients. Sperm (--) and gonadal (—) nuclei were cen-
trifuged in Percoll gradients which were removed from the top, passed
through a flow cell to monitor turbidity at 540 nm, and collected as
5.0-mL fractions. Gradient densities (@) were determined by inclusicn
of latex marker beads. Fractions from two identical gradients con-
taining sperm nuclei and from two identical gradients containing
spermatid nuclei were pooled, and the nuclei were washed free of
Percoll and examined by phase-contrast microscopy. Fraction V from
the sperm gradient and fraction III from the gonadal gradient were
designated sperm and spermatid nuclei, respectively, and were used
in subsequent experiments.

samples were adjusted to absorbances of 0.5 at 260 nm. The
chromatin was denatured in a Gilford spectrophotometer
equipped with a thermally jacketed cuvette chamber and a
chart recorder with a sensitive slide wire, as previously de-
scribed (Green et al., 1981).

REsULTS

Isolation of Sperm and Spermatid Nuclei. Although an-
imals of differing degrees of maturity can be used to enrich
gonadal nuclear isolates for various stages, some mature sperm
nuclei are almost always present (Poccia et al., 1987). In this
study, we separated spermatid nuclei from sperm nuclei by
centrifugation of nuclear suspensions to equilibrium in Percoll
gradients (Figure 1). The method exploits the high density
of sperm nuclei, which band sharply with a peak at 1.142
g/cm’. When testicular nuclei were centrifuged in Percoll,
fractions III, IV, and V, with densities ranging from 1.095 to
1.145 g/cm?, contained spermatid nuclei which generally
decreased in diameter with increasing density (data not
shown). Since many sperm nuclei contaminated fractions IV
and V, fraction ITI, which contained few mature sperm nuclei,
was used (1.095-1.107 g/cm?). This fraction was designated
“spermatid nuclei”.

Characterization of Percoll-Purified Sperm and Spermatid
Nuclei. Gradient-purified nuclei were obtained from shed
sperm and consisted of >99% sperm nuclei (Figure 2a,b). Sp
H1 and Sp H2B histones from these nuclei were entirely in
the mature or unphosphorylated form (Figure 2e) [see Poccia
et al. (1987)]. Extremely low levels of non-histone proteins
were present in the overloaded gel.

Nuclei from the spermatid fraction are shown in Figure 2¢.d.
The nuclei were a mixed population of spermatid nuclei (ca.
85% early spermatid) with small numbers of spermatocyte and
sperm nuclei and others of undetermined origin. Mature sperm
nuclei contributed 4% =+ 2%, mid to late spermatid nuclei 5%
%+ 2%, and pre-spermatid, damaged, or unclassified nuctei 5%
+ 1%. Nuclei from the spermatid fraction contained, as
representatives of the H1 and H2B classes, almost entirely Sp
HI1 and Sp H2B histones in the phosphorylated forms, referred
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FIGURE 2: Characterization of nuclei and nuclear proteins from Percoll-purified sperm and spermatid nuclei. Samples of sperm and spermatid
nuclei were stained with acridine orange and photographed with phase (panels a and c, respectively) and fluorescence (panels b and d, respectively)
optics. Samples of Percoll-purified nuclei were mixed with protamine extraction buffer and analyzed by two-dimensional polyacrylamide gel
electrophoresis (panels e and f, respectively; acid—urea—Triton X-100 in the first dimension and sodium dodecyl sulfate in the second dimension).

The gels were stained with Coomassie Blue R-250.

to as N and O/P, respectively (Figure 2f; Green & Poccia,
1985; Poccia et al., 1987). Small amounts of Sp H1 and Sp
H2B in this fraction probably result from the low level of
contamination by mature sperm. Barely detectable levels of
somatic histone variants are seen.

In contrast to the sperm fraction, a number of proteins which
did not comigrate with core or H1 histones were present.
These proteins may be divided into two groups: a heteroge-
neous group of relatively large proteins, which appear in the
upper left diagonal of the gel, and a small number of prom-
inent, low molecular weight proteins, which migrate to the left
of the major histone species. From their positions in the gel,
the low molecular weight proteins may include ubiquitinated
forms of H2A, core histone dimers, HMG proteins, or other
non-histone proteins.

Micrococcal Nuclease Digestion. Micrococcal nuclease was
used as a probe of linker state in spermatid and sperm chro-
matin. Each chromatin was adjusted to 10 mg of DNA/mL
and digested with an equal amount of micrococcal nuclease.
The release of DNA soluble in 0.5 M HCIO, is shown in
Figure 3a, and the large DNA fragments produced, resolved
by agarose gel electrophoresis, are shown in Figure 3b.

These analyses provide two estimates of the relative rates
of digestion of the two chromatins with micrococcal nuclease.
At each time point, 1.5-2 times as much HCIO,-soluble DNA
was released in the spermatid chromatin compared to sperm
(Figure 3a). As evaluated by the production of equivalent
distributions of larger multimer sizes (Figure 3b), the sper-
matid digest at 4 min (lane 11) lies between sperm digests of
8 and 16 min (lanes 5 and 6); the 2-min digest (lane 10) lies
between the 4- and 8-min sperm digests (lanes 4 and 5). Thus,
for a single DNA duplex cut, spermatid linker is attacked 2—4

times as fast as sperm linker. The rate of digestion of sper-
matid chromatin with respect to sperm chromatin is similar
to rates determined for typical sea urchin embryo chromatins
(Arceci & Gross, 1980).

The nucleosomal repeat lengths for sperm and spermatid
chromatins were determined for different degrees of digestion
(Figure 3a). Nucleosomal repeat lengths for each chromatin
decreased slightly with increasing digestion, reaching plateaus
at higher times of digestion. The maximal difference in repeat
length for the two chromatins was ca. 20 bp. For chromatins
digested to approximately equal degrees (sperm, lane 5, and
spermatid, lane 11, in Figure 3b), the repeat lengths were 234
and 250 bp, respectively. The repeat length for spermatid
chromatin is similar to that of late embryos previously de-
termined (Keichline & Wasserman, 1977; Arceci & Gross,
1980; Savi et al., 1981).

The most highly digested chromatins produced monosomal
DNA fragments ranging from approximately 150 to 250 bp
for sperm and 150-236 bp for spermatid (Figure 3b, lanes 6
and 13), ranges extending from approximately core DNA
length to one complete repeat length in each case. For samples
digested to approximately the same degree (lanes 5 and 6 for
sperm vs lane 11 for spermatid chromatin), the distribution
of monomer DNA ranged evenly over the size range for sperm
monosomes, in contrast to spermatid monosomes, which were
predominantly of sizes approaching that of the core particle.
These data indicate that the linker DNA attached to monomer
fragments from sperm is more resistant to digestion than that
of spermatid chromatin. The size for the core fragment de-
termined here (150 bp) is larger than those of other eukaryotic
chromatins.

Puigdomenech et al. (1987) have described a 151 bp particle
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FIGURE 3: Digestion of sperm and spermatid chromatin with mi-
crococcal nuclease. Sperm (0O) and spermatid (©) chromatins,
prepared from nuclei purified by Percoll centrifugation, were digested
with micrococcal nuclease, and the amounts of DNA rendered soluble
in acid were determined (a). DNA from the digests was purified and
analyzed by electrophoresis on a 2% agarose gel, which was stained
with ethidium bromide (b). Nucleosomal repeat lengths [sperm ()
and spermatid (®)] were determined from this gel and are recorded
in (a). Lanes 1, 7, 8, and 14 contained $X174 DNA digested with
HindIII restriction endonuclease. Sizes of restriction fragments in
bp are indicated for lane 14. Lanes 2-6 contained sperm chromatin
digested for 2, 4, 8, and 16 min with micrococcal nuclease, and lanes
9-13 contained spermatid chromatin digested for 2, 4, 8, and 16 min
with micrococeal nuclease.

from extensively digested sea urchin sperm chromatin and
attributed its large size to protection of the DNA by the
globular domain of Sp H1 histone. Simpson and Bergman
(1980) have reported a typical core of 146 bp.

In summary, both repeat length and rate of micrococcal
nuclease digestion of spermatid chromatin are more like em-
bryonic (somatic) than sperm chromatin. In addition, the
unusual physical properties of sperm chromatin are acquired
well after sperm histones have completely replaced somatic
variants.

Thermal Denaturation. Spermatid and sperm chromatins
at equivalent concentrations were thermally denatured in 0.25
M EDTA. First-derivative plots of the thermal denaturation
curves are shown in Figure 4. Sperm chromatin melted almost
entirely in two steps with midpoints of 65 and 82 °C, repre-
senting approximately one-third and two-thirds of the chro-
matin, respectively (Figure 4a). Since 40% (100 of 250 bp)
of sperm DNA resides in the linker region of the chromatin,
at least some of the linker DNA resides in the most stable
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FIGURE 4: Thermal denaturation of sperm and spermatid chromatin.
Sperm (a) and spermatid (b) chromatins, prepared from nuclei purified
by Percoll centrifugation, were denatured by increasing the temperature
in a water-jacketed cuvetted chamber at 0.5 °C/min while monitoring
the absorbance at 260 nm. The starting absorbance of the samples
was 0.5 at 260 nm, and the hyperchromicities for sperm and spermatid
chromatin were 36% and 31%, respectively. Turbidity, measured at
320 nm, remained below 4% of the initial 260-nm absorbance of the
samples throughout the course of denaturation.

fraction. In spermatid chromatin (Figure 4b), a much smaller
fraction of the DNA (48%) melted at a high transition point
(T, = 78 °C, slightly lower than in sperm), and a significant
fraction of the DNA melted below the lowest sperm transition.

Therefore, during spermatid differentiation, at least 20%
of the DNA shifts to the highest melting fraction. The
spermatid denaturation curve more closely resembles an em-
bryonic than a sperm pattern (Ozaki, 1971). The elevated
thermal stability of sperm chromatin is not simply a conse-
quence of Sp histone variant substitution for somatic subtypes.

DiscussioN

Several distinctive features of sea urchin sperm chromatin
have long been recognized. Sea urchin sperm is thermally
stable (Ozaki, 1971), it has the longest known nucleosomal
repeat length (Spadafora et al., 1976), and two of its five
histones, Sp H1 and Sp H2B, are substantially larger than
their somatic counterparts primarily because of extensions at
their N-termini (Strickland et al., 1978, 1980).

After fertilization, Sp H1 and Sp H2B are specifically
phosphorylated (Poccia et al., 1981; Green & Poccia, 1985),
and the repeat length of the chromatin subsequently declines
to somatic levels within the first cell cycle (Savi€ et al., 1981).
Those observations led to a model for male pronuclear chro-
matin decondensation (Green & Poccia, 1985) incorporating
some features of previous models of echinoderm sperm chro-
matin structure (Zalenskaya et al., 1981; Von Holt et al.,
1984). The model has two central implications: strong ionic
binding of Sp H1 and Sp H2B arms to linker DNA in mature
sperm and decreased affinity of the arms for linker as a
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consequence of histone phosphorylation following fertilization
(Green & Poccia, 1985; Poccia, 1987).

It was more recently demonstrated that the phosphorylated
forms of Sp H1 and Sp H2B are present throughout sper-
matogenesis, until the transition from late spermatid to mature
sperm (Poccia et al., 1987). We proposed that sperm histone
variants function in the phosphorylated state as normal somatic
histones, when their arms are “neutralized” by phosphorylation.
If this is the case, the acquisition of the long repeat length
should occur late in spermatogenesis, and the resulting linker
should be expected to be thermally stable and more resistant
to digestion as a consequence of binding Sp N-terminal arms,
rather than due to substitution of Sp variants for somatic
variants.

In this study, we have used two probes of chromatin
structure, micrococcal nuclease digestion and thermal dena-
turation, to test the predicted interactions of the N-terminal
arms of Sp H1 and Sp H2B with linker DNA. Micrococcal
nuclease preferentially attacks linker DNA (Noll & Kornberg,
1977), and thermal denaturation profiles are dominated by
ionic binding between positive charges of histones and negative
charges of the DNA sugar—phosphate backbone (Ansevin,
1982). For example, H1-depleted chromatin shows increased
micrococcal nuclease sensitivity and decreased thermal stability
(Allan et al., 1980; Kaplan et al., 1984). Sea urchin sperm
chromatin is more resistant to micrococcal nuclease digestion
and thermal denaturation than embryonic chromatin, but these
chromatins differ substantially in histone variant composition
(Ozaki, 1971; Arceci & Gross, 1980; Simpson & Bergman,
1980).

The results presented in this paper show that, in comparison
with sperm chromatin linker DNA, spermatid linker is less
resistant to digestion with micrococcal nuclease. Second, in
spermatid chromatin, DNA is in a thermally less stable state,
suggesting that weaker interactions of the basic histones with
DNA occur. In these properties as well as repeat length,
spermatid chromatin resembles typical chromatin from dif-
ferentiated tissues of late embryo or adult. However, since
spermatid and sperm chromatins contain identical histone
variants, which differ in their phosphorylation state, rather
than different histone subtypes, and since linker DNA is in-
creased approximately 16 bp in sperm, we propose that de-
phosphorylation and subsequent interaction of Sp H1 and Sp
H2B arms with linker DNA account for the changes in linker
stability and sensitivity attained during spermiogenesis.

The simplest interpretation of the set of chromatin structural
transitions observed is the following. Sometime during
spermiogenesis, possibly in the late spermatid when sperm
histones are dephosphorylated (Poccia et al., 1987), nucleo-
somal spacing is readjusted. Extra linker DNA characteristic
of the mature sperm is then available for binding to the de-
phosphorylated highly basic arms of the Sp H1 and Sp H2B
histones. These bind by strong ionic interactions, creating
linker of high thermal stability and increased resistance to
micrococcal nuclease.

Why might these structural changes be restricted to the last
steps of spermiogenesis? Binding of the nonconserved portions
of the sperm histones might be incompatible with normal
chromatin function in the early proliferating cells of the male
germ cell lineage as previously suggested (Poccia et al., 1987).
We favor the idea that the arms are designed to function in
the mature sperm cell and that they function only when able
to strongly bind to DNA. The timing of the dephosphorylation
and structural transitions suggests a role in the dense packaging
of chromatin in the mature sperm cell. There are two ways
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that Sp histones might contribute to higner order chromatin
structure by binding to linker DNA. Links may occur within
chromatin fibers (short-range interactions) or between chro-
matin fibers (long-range interactions). Each has been sug-
gested (Von Holt et al., 1984; Green & Poccia, 1985). Since
the chromatin fibers in sea urchin sperm nuclei are essentially
close packed (Green & Poccia, 1985), long-range interactions
are feasible.

A long-range cross-linking function for the Sp H1 and H2B
histone arms remains to be established, as does a role in sta-
bilizing the extreme DNA compaction in the mature sperm
nucleus. It is of interest, however, that in a computer search
of the Protein Identification Resource data base (Georgetown
University) for the peptide sequence characteristic of the Sp
H1 and H2B histone arms (Ser-Pro adjacent to two basic
amino acids), the only non-H1 proteins which showed multiple
occurrences of the tetrapeptide were sea urchin Sp H2B,
galline (chicken sperm basic protein), nucleocapsid protein of
caronavirus, and core antigens of three hepatitus viruses
(Poccia, 1987). More recently, wheat germ H2A was reported
to contain three occurrences of the tetrapeptide (Rodriques
et al., 1985). Each of these proteins is a nucleic acid binding
protein associated with highly condensed nucleic acid which
presumably decondenses following fertilization, germination,
or infection. It is tempting to speculate that these proteins
undergo similar phosphorylation/dephosphorylation mecha-
nisms in control of chromatin packaging.

ACKNOWLEDGMENTS

We thank Dr. Dennis Searcy for assistance with the thermal
denaturation studies and Marcia Simpson for helpful dis-
cussions.

REFERENCES

Allan, J., Staynov, D. Z., & Gould, H. (1980) Proc. Natl.
Acad. Sci. US.A. 77, 885-889.

Ansevin, A. T. (1978) Methods Cell Biol. 28, 397-414.

Arceci, R., & Gross, P. (1980) Dev. Biol. 80, 186-209.

Busslinger, M., & Barberis, A. (1985) Proc. Natl. Acad. Sci.
US.A. 82, 5676-5680.

Green, G. R., & Poccia, D. L. (1985) Dev. Biol. 108, 235-245.

Green, G. R., Searcy, D. G., & Delange, R. J. (1983) Bio-
chim. Biophys. Acta 741, 251-257.

Kaplan, L., Bauer, R., Morrison, E., Langan, T., & Fasman,
G. (1984) J. Biol. Chem. 259, 8777-8785.

Keichline, D., & Wassarman, P. (1977) Biochim. Biophys.
Acta 475, 139-151.

Kennedy, B. P., & Davies, P. L. (1982) J. Biol. Chem. 257,
11160-11165.

Lai, Z.,, & Childs, G. (1986) Nucleic Acids Res. 14,
6845-6856.

Lieber, T., Weisser, K., & Childs, G. (1986) Mol. Cell. Biol.
6, 2602-2612.

Louie, A. J., & Dixon, G. H. (1972) J. Biol. Chem. 247,
7962-7968.

Noll, M., & Kornberg, R. (1977) J. Mol. Biol. 109, 393-404,

Ozaki, H. (1971) Dev. Biol. 26, 209-219.

Poccia, D. (1986) Int. Rev. Cytol. 109, 1-65.

Poccia, D. (1987) in Molecular Regulation of Nuclear Events
in Mitosis and Meiosis (Schlegel, R. A., Halleck, M. S.,
& Rao, P. N., Eds.) pp 149-177, Academic Press, New
York.

Poccia, D. L., & Green, G. R. (1986) Methods Cell Biol. 27,
153-174.

Poccia, D. L., Greenough, T., Green, G. R., Nash, L., &
Erickson, J. (1984) Dev. Biol. 104, 274-286.



Biochemistry 1988, 27, 625-633 625

Poccia, D. L., Simpson, M. V., & Green, G. R. (1987) Dev.
Biol. 121, 445-453.

Puigdomenech, P., Romero, M. C., Allan, J., Sautiere, P.,
Giancotti, V., & Crane-Robinson, C. (1987) Biochim.
Biophys. Acta 908, 70-80.

Rodrigues, J., Brandt, W., & Von Holt, C. (1985) Eur. J.
Biochem. 150, 499-506.

Savi¢, A., Richman, P., Williamson, P., & Poccia, D. (1981)
Dev. Biol. 78, 3706-3710.

Simpson, R. T., & Bergman, L. W. (1982) J. Biol. Chem. 255,
10702-10709.

Simpson, M. V., & Poccia, D. L. (1987) Gamete Res. 17,
131-144.

Spadafora, C., Bellard, M., Compton, J., & Chambon, P.
(1976) FEBS Lett. 69, 281-285.

Strickland, M., Strickland, W., Brandt, W., Von Holt, C.,
Wittman-Liebold, B., & Lehmann, A. (1978) Eur. J. Bio-
chem. 89, 443452,

Strickland, W. N., Strickland, M., Brandt, W. F., Von Holt,
C., Lehmann, A., & Wittmann-Liebold, B. (1980) Eur. J.
Biochem. 104, 567-578.

Von Holt, C., de Groot, P., Schwager, S., & Brandt, W. F.
(1984) in Histone Genes (Stein, G. S., Stein, J. L., &
Marzluff, W. F., Eds.) pp 65-104, Wiley, New York.

Zalenskaya, 1., Pospelov, V., Zalensky, A., & Vorob’ev, V.
(1981) Nucleic Acids Res. 9, 473-487.

Investigations of the Partial Reactions Catalyzed by Pyruvate Phosphate Dikinase’
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ABSTRACT: The kinetic mechanism of pyruvate phosphate dikinase (PPDK) from Bacteroides symbiosus
was investigated with several different kinetic diagnostics. Initial velocity patterns were intersecting for
AMP/PP; and ATP/P; substrate pairs and parallel for all other substrate pairs. PPDK was shown to catalyze
[**C]pyruvate = phosphoenolpyruvate (PEP) exchange in the absence of cosubstrates, ['“C]AMP = ATP
exchange in the presence of P;/PP; but not in their absence, and [3?P]P; = PP, exchange in the presence
of ATP/AMP but not in their absence. The enzyme was also shown, by using [«3-120,8,3-'%0,]ATP and
[8y-180,7,v,v-180;]ATP and 3'P NMR techniques, to catalyze exchange in ATP between the «f-bridge
oxygen and the a-P nonbridge oxygen and also between the S+-bridge oxygen and the 8-P nonbridge oxygen.
The exchanges were catalyzed by PPDK in the presence of P; but not in its absence. These results were
interpreted to support a bi(ATP,P;) bi(AMP,PP;) uni(pyruvate) uni(PEP) mechanism. AMP and P, binding
order was examined by carrying out dead-end inhibition studies. The dead-end inhibitor adenosine 5’-
monophosphorothioate (AMPS) was found to be competitive vs AMP, noncompetitive vs PP;, and uncom-
petitive vs PEP. The dead-end inhibitor imidodiphosphate (PNP) was found to be competitive vs PP;,
uncompetitive vs AMP, and uncompetitive vs PEP. These results showed that AMP binds before PP,. The
ATP and P; binding order was studied by carrying out inhibition, positional isotope exchange, and alternate
substrate studies. The dead-end inhibitor adenylyl imidodiphosphate (AMPPNP) was shown to be non-
competitive vs P;, which ruled out an ordered mechanism in which P; binds first. The positional isotope
exchange rates observed with [a3-20,8,8-1*0,]ATP as a function of P, concentration followed a normal
saturation curve, eliminating an ordered mechanism in which ATP binds first. The initial velocities of the
PPDK-catalyzed reaction of P; and of the two alternate substrates arsenate and thiophosphate were measured
as a function of ATP concentration. A Lineweaver-Burk plot of these data indicated a random mechanism.
Product inhibition studies were carried out by using initial velocity and equilibrium isotope exchange
techniques. The results from these studies indicate that the ATP/P; and AMP/PP; binding steps are at
steady state and that AMP forms an abortive complex. Two possible chemical mechanisms are described,
one of which involves the intermediacies of a covalent pyrophosphoryl-enzyme and a covalent phospho-
ryl-enzyme and the other of which involves the intermediacies of ADP and a covalent phosphoryl-enzyme.
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Pyruvate phosphate dikinase (PPDK)! catalyzes the rever-
sible phosphorylation of pyruvate and inorganic phosphate by
a single molecule of ATP: pyruvate + ATP + P, = PEP +
AMP + PP, The enzyme has been found in the amoeba
Entamoeba histolytica (Reeves, 1960), in the leaves of C,
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plants (Hatch & Slack, 1968), and in a variety of bacteria
(Evans & Wood, 1968; Reeves et al., 1968; Buchanan, 1974;

! Abbreviations: PPDK, pyruvate phosphate dikinase; PEP, phos-
phoenolpyruvate; NMR, nuclear magnetic resonance; HPLC, high-
pressure liquid chromatography; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; FPLC, fast protein liquid chroma-
tography; TLC, thin-layer chromatography; HEPES, N-(2-hydroxy-
ethyl)piperazine-N’-2-ethanesulfonic acid; PIPES, piperazine-N,N"bis-
(2-ethanesulfonic acid); EDTA, ethylenediaminetetraacetic acid; AMPS,
adenosine 5’-monophosphorothioate; PNP, imidodiphosphate; AMPPNP,
adenylyl imidodiphosphate; PIX, positional isotope exchange; Tris, tris-
(hydroxymethyl)aminomethane; TCA, trichloroacetic acid; AMPPCP,
adenylyl methylenediphosphate; AMPCPP, adenosine 5’-(e,8-
methylenetriphosphate).
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