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Potentiation is the transition from higher-order, transcriptionally
silent chromatin to a less condensed state requisite to accommo-
dating the molecular elements required for transcription. To ex-
amine the underlying mechanism of potentiation an �13.7-kb
mouse protamine domain of increased nuclease sensitivity flanked
by 5� and 3� nuclear matrix attachment regions was defined. The
potentiated DNase I-sensitive region is formed at the pachytene
spermatocyte stage with the recruitment to the nuclear matrix of
a large �9.6-kb region just upstream of the domain. Attachment is
then specified in the transcribing round spermatid, recapitulating
the organization of the human cluster. In comparison to other
modifiers that have no effect, i.e., histone methylation, HP1, and
SATB1, topoisomerase engages nuclear matrix binding as minor
marks of histone acetylation appear. Reorganization is marked by
specific sites of topoisomerase II activity that are initially detected
in leptotene–zygotene spermatocytes just preceding the formation
of the DNase I-sensitive domain. This has provided a likely model
of the events initiating potentiation, i.e., the opening of a chro-
matin domain.

chromatin � nuclear matrix � spermatogenesis � topoisomerase �
potentiation

Chromatin loop domains typically range in size from 50 to 200
kb in length in somatic cells and partition the genome into

discrete loci of coordinately regulated genes. This organization is a
function of interactions with structural elements of a dynamic
network of proteins termed the nuclear matrix (reviewed in ref. 1).
As a cell differentiates, the demands on its genome change,
requiring a mechanism that can selectively ‘‘potentiate,’’ i.e., open,
regions of the genome as needed through development. Potentia-
tion is the transition from higher-order structures to those more
amenable to transcription, providing access to loci that are simul-
taneously active like the protamine cluster (2) or to genes that
function in succession through development like the various mem-
bers of the Hoxb cluster (3, 4). These transitions were first exper-
imentally observed as an increased susceptibility to nuclease diges-
tion in the vicinity of coordinately expressed genes (5–7).
Potentiative changes in chromatin domains must occur before
transcription of constituent elements can begin (8–10). Indeed,
although a more relaxed chromatin conformation provides the
requisite access for the transcriptional machinery, it will not drive
transcription by itself. This is exemplified by the human �-globin
cluster whose expression is constrained by histone modifications
and several transcription factor complexes (11) as it shares a
constitutively potentiated domain with MPG, a housekeeping gene
that is active in DNA-damage repair (12). To date, the molecular
components of potentiation are not well understood.

The nuclear matrix is rich in factors that organize and recruit
complexes of proteins that modify chromatin structure (13–15).
One of the best characterized examples of a structural nuclear
matrix protein is special AT-rich binding protein 1. SATB1 is a
phosphorylation-dependent (16) transcriptional regulator that has
been associated with T cell (17) and erythroid (18) differentiation.
This factor targets histone deacetylases and ATP-dependent nu-
cleosome remodeling complexes (14) to specific base-unpairing
regions containing matrix attachment regions (MARs), thereby
regulating a number of factors involved in T cell differentiation.

Nuclear matrix proteins (19, 20) that have also been implicated
in modifying DNA topology in chromatin are the topoisomerases.
Type II topoisomerases, Top2, are ATP-dependent and catalyze
transient single- or double-stranded breaks in DNA. This activity
can pass one duplex of DNA through another, catenate and
decatenate DNA, and is essential for the relief of torsional stress
due to supercoiling (21, 22). Well studied examples of Top2
function include chromosome condensation and segregation during
mitosis (23–26) as well as recombination and segregation in meiosis
(27–31). Mammalian Top2 has two isoforms (�, Top2a; �, Top2b)
that are somewhat functionally redundant (32), sharing a large
degree of conservation in their N-terminal (ATPase) and catalytic
domains.

Author contributions: R.P.M. and S.A.K. designed research, performed research, contrib-
uted new reagents/analytic tools, analyzed data, and wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Abbreviations: MAR, matrix attachment region; CNS, conserved noncoding sequence.

‡To whom correspondence should be addressed at: 253 C. S. Mott Center, 275 East Hancock
Avenue, Detroit, MI 48201. E-mail: steve@compbio.med.wayne.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0700076104/DC1.

© 2007 by The National Academy of Sciences of the USA

Fig. 1. Definition of the DNase I-sensitive region encompassing the mouse
protamine gene cluster. (a) DNase I sensitivity was initially assayed in round
spermatid nuclei at 12 sites throughout a 90-kb region of mouse chromosome
16qA1 encompassing the protamine cluster using real-time PCR (upper row of
small red boxes; see supporting information (SI) Table 1 for oligonucleotide
sequences). A second, higher-resolution analysis of a subregion included an
additional 21 amplicons (lower row of small red boxes). (b) Data from 21
amplicons (red boxes) immediately encompassing the gene cluster from four
independent experiments is shown as a function of genomic position (open
circles). A running average of the median of the four points is plotted in blue,
identifying an �11.6-kb DNase I-sensitive domain encompassing coordinates
10,700,711–10,712,326 (National Center for Biotechnology Information pub-
lic mouse genome assembly Build 36.1). DNase I-hypersensitive sites within the
region assayed are shown as peaks and are marked by arrows.
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Top2a is the predominant form in proliferating tissues, exhibiting
peak expression in the late S phase and G2/M transition (24, 33) and
its association with metaphase chromosomes (34, 35). Top2b ac-
tivity has recently been shown to play a key role in transcription by
creating transient double-stranded DNA breaks in the promoter
regions of a number of genes (36). For example, estrogen-bound
ER� directs an activating complex that includes Top2b, polyADP-
ribose polymerase 1, and other factors typically associated with
DNA repair to a promoter containing an estrogen response ele-
ment, the pS2 promoter. Moreover, Top2b-null mouse embryos
show a marked change in the expression of almost one-third of its
developmentally regulated genes (37). Given its association with the
nuclear matrix, catalytic activity (21, 22), association with several
chromatin-modifying elements (15, 38, 39), and a new direct link to
transcriptional regulation, Top2b presents an excellent chromatin
potentiation candidate.

In humans, the three constituent genes, Protamine 1 (PRM1),
Protamine 2 (PRM2), and Transition protein 2 (TNP2), reside in a
single 28.6-kb DNase I-sensitive domain (2) on chromosome
16p13.2 (40). They are transcribed at the postmeiotic round sper-
matid stage of spermatogenesis and translated in elongating sper-
matids. These messages are bound as cytoplasmic messenger ribo-
nuclear protein particles until histone replacement is initiated with
the transition proteins in late elongating spermatids. At this time the
mRNPs are activated and then translated into the peptides that will
repackage and compact the male genome in terminally differenti-
ated spermatozoa. In humans and mice the genes first acquire a
DNase I-sensitive conformation in pachytene spermatocytes (41)
that is even maintained in human spermatozoa. The analogous
region in mice has thus far not been identified. Nuclear matrix

associations have been observed at the human cluster as the two
sperm-specific MARs that flank the DNase I-sensitive domain. The
genes are subject to position effect when the arrangement and
exclusion of the MARs flanking the human protamine domain
were altered in transgenic mice, suggesting that these MARs confer
an insulative role on the domain (42). Thus far, nuclear matrix
association at the mouse cluster has not been investigated. It could
provide the mechanism or staging ground for potentiation because
it is involved in the recruitment of factors that mediate alterations
in chromatin structure.

To address these issues, the endogenous mouse Prm13
Prm23Tnp2 DNase I-sensitive domain was mapped and the de-
velopmental role of MARs throughout this region was assessed.
ChIP revealed predictable patterns of histone acetylation among a
high steady-state level of histone methylation. Neither SATB1 nor
heterochromatin protein 1 (HP1) appeared to be associated with
the domain throughout spermatogenesis. However, examination of
Top2a and Top2b association throughout the region showed that
they are a key factor in a novel topoisomerase II-based potentiative
mechanism. The results of these studies are described here.

Results and Discussion
Whereas the 28.6-kb DNase I-sensitive human PRM13
PRM23TNP2 domain is well characterized (2, 43) the analogous
mouse domain thus far has not been delineated, although the
mouse protamine cluster resides in a syntenic region of chromo-
some 16. To fill this void, nuclei from round spermatids were
subjected to DNase I-sensitivity mapping by real-time PCR. Ini-
tially 12 amplicons within an �90-kb region (National Center for
Biotechnology Information mouse genomic Build v.36.1; coordi-

Fig. 2. Nuclear matrix associations encompassing the mouse protamine domain. (a) Long-range nuclear matrix association of an �142-kb region encompassing the
mouse protamine domain was assayed in pachytene primary spermatocytes (potentiated domain) and round spermatids (potentiated and transcribed domain). Nuclei
were treated with 2 M NaCl, then restricted with EcoRI and BglII to release nonmatrix-associated, i.e., loop DNA. DNA was fractionated and then purified, and degree
of nuclear matrix association for 32 restriction fragments was assayed by real-time PCR. Nuclear matrix binding potentials were calculated for the interrogated regions.
Fragments that were highly enriched in the nuclear matrix-associated fraction (�70% matrix/�30% loop), termed matrix-attached, are shown in orange. Fragments
that were highly enriched in the loop fraction (�70% loop/�30% matrix) are shown in cyan. All other regions, termed matrix-associated, are shown as gray boxes. A
large �9.6-kb MAR upstream of the domain binds in pachytene spermatocytes. A considerable increase in the number of MARs was observed in round spermatids. (b)
EcoRI and BstXI were used to resolve the round spermatid nuclear MARs. Nuclear matrix binding potentials for the 13 restriction fragments interrogated about the
protamine domain are shown in the table (error displayed is one standard deviation of the mean for two independent experiments). Two restriction fragments, one
upstream of Prm1 (coordinates 10,712,076–10,713,321) and another downstream of Tnp2 (10,699,598–10,700,491) demarcated the 5� MAR and 3� MAR, respectively.
Genes of the protamine domain are indicated by green arrows, the neighboring Socs1 gene is indicated in yellow, restriction fragments are shown as alternating white
and dark blue boxes, and PCR amplicons are indicated as red boxes within restriction maps.
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nates, 10,664,900–10,755,440) that encompasses the mouse prota-
mine cluster were assayed as summarized in Fig. 1a and SI Table
1. This highlighted a central �16-kb region surrounding the mouse
protamine cluster that was subjected to higher-resolution 21-
amplicon analysis as shown in Fig. 1b and SI Table 1. High-
resolution mapping identified an �11.6-kb DNase I-sensitive region
extending from �1.2 kb upstream of Prm1 to �1.4 kb downstream
of Tnp2, encompassing coordinates 10,700,711–10,712,326. Three
sites of hypersensitivity within the protamine domain were also
identified. The first was within the Prm1 promoter (�10,711,006–
10,711,161), the second just upstream of Tnp2 (�10,703,079–
10,703,454), and a third downstream of the Tnp2 gene
(�10,701,955–10,702,263) (Fig. 1b). A fourth hypersensitive site
was also identified within a CpG island between Tnp2 and the
neighboring Socs1 gene (�10,700,311–10,700,559). This had been
previously identified in somatic cells (44).

Nuclear matrix associations have been observed at the human
cluster as the two sperm-specific MARs that flank the DNase
I-sensitive domain. When the arrangement of the flanking MARs
was experimentally altered in transgenic mice, the genes were
subject to position effect. This has suggested that the MARs confer
an insulative role on the domain (42, 45). To date, nuclear matrix
association and the epigenetic modification of the mouse cluster
have not been resolved. Accordingly, the nuclear matrix binding
potential was assessed for 32 restriction fragments across an
�142-kb region of mouse chromosome 16 encompassing the pro-
tamine domain as summarized in Fig. 2. Enriched populations of
spermatogenic cells were treated with 2 M NaCl in the presence of
DTT to extract nonnuclear matrix proteins. The resulting DNA
loops were then cleaved with EcoRI and BglII, and then the matrix
and loop DNAs were purified. The veracity of fractionation was
confirmed by real-time PCR at four sites throughout the genome
(SI Tables 1 and 2). An initial survey of earlier meiotic cell types did
not show any significant nuclear matrix associations within this
region (SI Table 3). However, seven restriction fragment-defined

regions were attached to the pachytene spermatocyte nuclear
matrix. Three were closely spaced indicating a large, �9.7-kb
attachment, �2.6 kb upstream of Prm1 (Fig. 2a). Interestingly, a
significant recruitment to the round spermatid nuclear matrix, both
upstream and downstream of the protamine domain was observed,
with 14 regions in total binding. The protamine domain itself
remains within a small DNA loop between the bound regions.
Mammalian sperm DNA loop sizes are in the range of 20–50 kb
(46), and the data presented in Fig. 2 may suggest a periodicity. To
address this issue, the periodicity of the observed strength of
nuclear matrix association was modeled. Although a periodicity
could be defined, the relatively small region of chromosome 16
examined (0.006%), when compared with whole-genome and its
poor statistical confidence (r2 � 0.36), cautions our interpretation.
This issue will likely be resolved upon whole chromosome analysis.

To map the protamine domain nuclear matrix boundaries, DNA
loops from round spermatid nuclear matrix preparations were
cleaved with EcoRI and BstXI. Thirteen restriction fragments were
interrogated across an �26-kb segment, spanning the protamine
domain (SI Table 1), revealing four strong sites of nuclear matrix
interaction. An �1.3-kb MAR (�10,712,076–10,713,321) adjacent
to the 5� end of the DNase I-sensitive domain was identified as a
single BstXI–BstXI fragment as shown in Fig. 2b. Similarly, a
second BstXI–BstXI fragment �900 bp in size was present imme-
diately 3� of the domain (�10,699,598–10,700,491). Thus, as de-
fined by MAR and DNase I mapping, the mouse protamine domain
exists as an �13.7-kb region of chromosome 16, spanning coordi-
nates 10,699,598–10,713,321. Although more compact, the 5�-
MAR3Prm13Prm23Tnp233�-MAR organization of the do-
main is identical to its human counterpart. Thus, recruitment of a
large region several kilobases upstream of the domain that is
detected in the pachytene spermatocytes is coincident with, but
does not precede, potentiation. This supports the view that poten-
tiation, i.e., the formation of an open chromatin structure that is

Fig. 3. Epigenetic modification of the mouse protamine domain during spermatogenesis. Histone acetylation (acH3K9/14 and acH4K16), association of HP1 and
SATB1, and histone methylation (me2H3K9) of the protamine domain were assessed by ChIP at 13 sites (A–M) in preleptotene (black; PL), leptotene–zygotene (red; LZ),
and pachytene (green; PS) primary spermatocytes, as well as round spermatids (blue; RS). These included gene promoters (PROM: regions D, F, and I), coding sequences
(CDS: regions E, G, and J), experimentally confirmed MARs (regions B, C, and K), CNS (regions H, and L). Regions A and M are upstream and downstream of the domain,
respectively. Shaded boxes are those regions yielding a signal that was significantly greater than the preceding cell type in the spermatogenic pathway. Shaded stars
represent a �4-fold increase compared with the preceding cell type. Open circles indicate regions with no significant association.
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requisite for expression, may engage but does not explicitly require
nuclear matrix association.

Epigenetic changes, together with key protein associations that
mark both active and inactive chromatin, were assessed throughout
meiotic and early spermiogenic stages of differentiation by using
ChIP. ChIP-enriched templates from populations of preleptotene,
leptotene–zygotene, and pachytene primary spermatocytes, as well
as round spermatids, from two independent ChIP assays were
isolated. A total of 13 regions encompassing the protamine domain
(SI Table 1) were assessed in triplicate by real-time PCR (Fig. 3).
These included two regions outside the domain (Fig. 3, regions A
and M), the upstream pachytene MAR and the round spermatid 5�
MAR (regions B and C), the Prm1, Prm2, and Tnp2 genes
(promoter and coding sequences, regions D and E, F and G, and
I and J, respectively), as well as two conserved noncoding sequences
(regions H and L) and the 3� MAR (region K).

Acetylated histones H3 and H4 are epigenetic marks associated
with active chromatin (47) that inhibit the formation of higher-

order chromatin structures (48). Acetylation status of H3 at K9 and
K14 and H4 at K16 were assessed throughout the protamine
domain as summarized in Fig. 3. Low levels of H3 acetylation were
established in the promoter regions at various meiotic stages (Fig.
3, regions D, F, and I). Coincident with transcription, levels of H3
acetylation increased in the promoter and coding regions in round
spermatids (Fig. 3, regions D–G, I, and J). Similarly, several other
regions, including the 5� MAR (region C) as well as two conserved
noncoding regions (region H, just downstream of Prm2, and region
L, immediately downstream of the 3� MAR), show a slight increase
in H3 acetylation, indicating that, with transcription, the entire
domain contains acetylated H3. In contrast, only marginal induc-
tion of H4 acetylation was noted at the promoter regions at various
meiotic stages (Fig. 3, regions D, F, and I). The coding regions of
Prm2 and Tnp2 showed a higher level of induction of H4 acetylation
by the round spermatid stage (Fig. 3, regions G and J).

Coincident with transcription, acetylation of H3 and H4 in-
creased in postmeiotic round spermatids at both promoter and
coding sequences. This is consistent with many reports of hyper-
acetylated H3 localizing to transcriptionally active chromatin (re-
viewed in ref. 1). Curiously, one of the sites within the 5� MAR
showed H3 acetylation in round spermatids (Fig. 3), concomitant
with nuclear matrix binding and transcription. The decondensed
state marked by hyperacetylated chromatin may facilitate the
interaction with the nuclear matrix that is known to harbor factors
capable of modifying histones (49, 50). With the major changes in
acetylation occurring in round spermatids, it follows that these
modifications do not play a role in potentiating the protamine
domain in pachytene spermatocytes.

The above modifications are positively associated with open, i.e.,
potentiated, chromatin. It is possible that the potentiation may be
mediated by the termination of a negative signal (51, 52), as
exemplified by the HP1 pathway, of which dimethyl (me2) H3K9 is
an intermediate. Curiously, me2H3K9 was present, although highly
variable, throughout most of this region of chromosome 16 during
both expressing and nonexpressing stages of spermatogenic differ-
entiation (Fig. 3). Regions G, J, and K within the domain, which
were methylated in the meiotic stages, showed a decrease by the
round spermatid stage. However, as shown in Fig. 3, the domain was
not bound by HP1 �, �, or �. Only region A and the promoter region
of Tnp2 (region I), together with region M, exhibited transient
associations with HP1, in the preleptotene and leptotene–zygotene
spermatocyte stages, respectively.

Two well studied examples of MAR-binding proteins are SATB1
and Top2. SATB1 is a phosphorylation state-dependent regulator
(16) of T cell and erythrocyte differentiation. It associates with
MARs of several loci active in those pathways and then targets
chromatin modifiers to them (14). Interestingly, Satb1-null mice
exhibit spermatogenic arrest. As shown in Fig. 3, SATB1 was not
associated with the protamine domain in any cell type. However,
region A, �13 kb upstream of the domain, and region L, a
conserved noncoding sequence (CNS), immediately downstream of
the 3� MAR, were associated in round spermatids. It is unlikely that
it regulates the protamine domain because SAT proteins are more
closely associated with the genes they regulate (16, 17, 53, 54).
Perhaps SATB1 plays a role in suppressing germ cell expression of
Socs1.

Another group of nuclear matrix proteins (19, 55) that have been
implicated in modifying DNA topology in chromatin are the
topoisomerases. Examples of topoisomerase II function include
their involvement in histone-to-protamine exchange during sper-
miogenesis (56, 57), postfertilization genomic restructuring (58, 59),
and chemotherapeutically induced DNA-damage repair mecha-
nisms (60, 61). Two recent reports have implicated Top2b in
transcription. The first shows direct involvement of Top2b in
creating transient double-stranded DNA breaks in the promoter
regions of several hormone-responsive genes (36). Top2b becomes
part of an activating complex that includes polyADP-ribose poly-

Fig. 4. Association of topoisomerase II with the mouse protamine domain
duringspermatogenesis.Thebindingoftopoisomerase II� (Top2a)and� (Top2b)
to the mouse protamine domain was assessed by ChIP at 12 sites (1–7, regions A,
B, K, and L) in preleptotene, leptotene–zygotene, and pachytene primary sper-
matocytes as well as round spermatids. Sites included predicted Top2 binding
sites (TOPB: 1, 3, and 5–7), predicted Top2 MARs (TOPM: 2 and 4), and experi-
mentally confirmed MARs (regions B, C, and K), as well as sites flanking the
domain that showed association with SATB1 in round spermatids (regions A and
L).Theregionencompassingthe5�MARexhibitsdifferentialTop2a(a)andTop2b
(b) associations throughout spermatogenesis. Values presented are means, and
error bars represent the 95% confidence intervals. Asterisks denote a significant
increase (P � 0.05) in that modification compared with the preceding cell types
in the spermatogenic pathway. Below each panel, the data are summarized with
shaded boxes representing those regions yielding a signal that was significantly
greater than the preceding cell type in the spermatogenic pathway. Shaded stars
represent a �4-fold increase compared with the preceding cell type. Open circles
indicate regions with no significant association.
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merase 1 and other factors typically associated with DNA repair
that targets hormone response elements within gene promoters.
Ultimately this complex exchanges histone H1 for a high-mobility
group protein on the nucleosome associating with that promoter,
thus permitting transcription. In the second, Top2b-null mouse
embryos show a marked change in the expression of almost
one-third of developmentally regulated genes, mediated through
the promoter (37). This suggested that Top2b regulation is involved
in the alteration of the local chromatin structure during the
initiation or elongation phases of transcription. Given its association
to the nuclear matrix (19, 55), catalytic activity (21, 22), association
with several chromatin-modifying elements (15), and a new direct
link to transcriptional regulation, Top2b presents itself as an
excellent chromatin potentiation candidate.

Five Top2–DNA consensus binding sites were identified in silico
within a 100-kb region centered on the mouse protamine cluster as
summarized in Fig. 4. Two additional clusters of Top2–DNA
binding sites were identified by MAR-WIZ. The association of
Top2 with the protamine domain throughout spermatogenesis was
assessed by using ChIP. These sites were labeled sequentially 1–7
(Fig. 4 and SI Table 1). Site 1 is located �39 kb upstream of the
domain, and site 7 is within the proximal end of the 5� MAR. In
addition, MARs (regions B, C, and K) and SATB1-associated
regions (A and L) were examined. As shown in Fig. 4, Top2 was not
associated with in silico-predicted sites 1, 3, and 4, as well as region
A, in any cell type. In contrast, Top2a was strongly associated with
site 6 in preleptotene spermatocytes, site 5 and regions B and C in
leptotene–zygotene spermatocytes, site 7 in pachytene spermato-
cytes, and site 6 and region K in round spermatids. Similarly, Top2b
was strongly associated with site L in preleptotene spermatocytes,
site 2 and regions B and C in leptotene–zygotene spermatocytes,
and site 7 in round spermatids. Interestingly, site 7 and regions B
and C all interrogate the 5� MAR. Together, these sites represent
the highest concentration of topoisomerase II activity within the
protamine domain.

Acting as the more proficient ‘‘relaxase’’ of nucleosomal DNA
(62), Top2b has been shown to directly interact with numerous gene
promoters (37, 63). Of the various predicted topoisomerase II

binding sites, MARs, and CNSs interrogated, the 5� MAR showed
the greatest level of association. Beginning with strong and perva-
sive interactions as early as leptotene–zygotene spermatocytes,
transient interactions persist through the pachytene stage to cul-
minate in a marked increase in round spermatids (Fig. 4). The
significant associations detected in prepachytene meiotic stages
suggest that modifiers of DNA topology are part of a potentiative
mechanism marking the locus for decondensation to a DNase
I-sensitive, open chromatin conformation.

The results reported in this article underscore the elegant mo-
lecular event, potentiation, i.e., the opening of a chromatin domain,
that underlies transcription. As summarized and presented in the
model illustrated in Fig. 5, this is clearly referenced by a dynamic
nuclear matrix network. Transient Top2a activity is first detected at
site 6, �10 kb from the protamine domain in preleptotene sper-
matocytes. The function of this mark, if it is associated with this
mechanism, is not clear. This is followed by a rather significant burst
of Top2a and Top2b activity in leptotene–zygotene spermatocytes
at regions B and C, marking region B for nuclear matrix attachment.
Curiously, even though the domain still exists in a nuclease-
insensitive state (41), the promoter regions of Prm2 and Tnp2 show
low levels of histone H3K9/K14 acetylation. As the cell differenti-
ates to the pachytene spermatocyte, when the potentiated confor-
mation is adopted, a large region upstream of B is recruited to the
nuclear matrix and its 3� end is marked by Top2a. This is consistent
with the view that cleavage by Top2a and Top2b marks the region
for both matrix attachment and potentiation. Upon potentiation,
acetylation of the constituent promoter elements and CNS (Fig. 5,
CNS1) elements takes place and the preceding Top2a and Top2b
marks at B and C are lost. Curiously, this mechanism repeats: Top2a
activity is lost, and Top2b repositions the 5� MAR upstream to
demarcate the round spermatid domain along with the utilization
of site 6 Top2a. This occurs coincidentally with the binding of the
3� MAR in round spermatids immediately downstream of the
DNase I-sensitive domain. Large inductions of acetylation through-
out the domain are evident in the round spermatid. It is tempting
to speculate that a mechanism similar to that reported for promoter
cleavage by Top2b (36) is functional at the domain level. In this case

Fig. 5. The molecular events that precede transcription of the protamine domain. Before acquiring a potentiated conformation in the pachytene spermatocyte,
the mouse protamine domain is marked at upstream sites B and C by Top2a and Top2b in leptotene and zygotene spermatocytes. The promoters of Prm2 and
Tnp2 are marked by histone (H3K9/14) acetylation. Coincident with the potentiation of the domain, a large region immediately upstream of the Top2 cleavage
sites of the gene cluster is recruited to the nuclear matrix. The promoters of all three genes and CNS1 within the domain are acetylated. A single site (site 7) of
Top2a activity was detected toward the proximal end of this �9.6-kb MAR in pachytene spermatocytes. The genes of the protamine domain are transcribed
postmeiotically in round spermatids. At this time, two MARs that flank the domain bind the nuclear matrix in conjunction with extensive histone acetylation
throughout the domain and a single upstream CNS2. Significant induction of Top2a site 6 and Top2b site 7 activity were detected upstream of the domain. Top2
functions in concert with other nuclear matrix factors to mark this multigenic domain for potentiation and eventual transcription.
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the 5� MAR region serves as a site of activity that mediates the
decondensation of the adjacent chromatin domain.

While the relationship among nuclear matrix association, Top2
activity, and potentiation is evolving, MAR deletions encompassing
the Top2 sites significantly down-regulate protamine expression
(42, 45). The data presented here suggest that midmeiotic associ-
ations of Top2a and Top2b in regions that localize near the mouse
5� MAR constitute part of a topoisomerase–nuclear matrix asso-
ciation-dependent potentiative mechanism that results in a DNase
I-sensitive protamine domain by the pachytene spermatocyte stage
in preparation for postmeiotic transcription. It is tempting to
analogize these interactions acting over a multigene domain to the
topoisomerase-based rearrangements reported at a number of
promoter regions (37, 63). The model outlined likely represents part
of a larger mechanism that reorganizes chromatin in a manner that
would guide cell fate.

Methods
Prediction of Top2–DNA consensus binding sites was carried out by
using DS Gene (Accelrys, San Diego, CA) and MAR-WIZ (64).
Pachytene stage primary spermatocytes and round and elongating
spermatids were isolated from adult C57BL/6 males, whereas

preleptotene, a mixed pool of leptotene and zygotene, and early
pachytene spermatocytes were isolated from 18-day-old juveniles
by unit gravity sedimentation (65, 66). After separation, cells were
either immediately cross-linked for ChIP or stabilized in FSB (67)
and then stored in liquid nitrogen.

Nuclease sensitivity was assayed as detailed in SI Text. PCR was
carried out by using the HotStarTaq polymerase system (Qiagen,
Valencia, CA) together with the Chromo4 real-time PCR detection
system (Bio-Rad, Hercules, CA). Nuclear matrix association was
assessed by using 2 M NaCl extraction (68) along with restriction
digestion. ChIP was carried out with EZ-ChIP essentially as de-
scribed by the manufacturer, using normal mouse IgG (background
control), anti-acetyl-H3K9/K14, anti-acetyl-H4K16, anti-HP1 (rec-
ognizes �, �, and � isoforms), anti-SatB1, anti-dimethyl H3K9,
anti-Top2a, and anti-Top2b antibodies. Detailed methods and
reagent information are available in SI Text.
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