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ABSTRACT

The chromatin of spermaogenic cells undergoes sireciural rearrangemenis wpon differentiation [rom spermatogonia 1o
makure spermatozes, During the haplodd stages of mammalian spermatogenesis, histones are gradually replaced first by
transition proteins and then by protamines. The histone fraction in chromatin of spermatogenic cells is composed of
testis specific subtypes as well as such histone isoforms, which are also found in somatic lssues. The sublype pattemns of
all hislone classes except H4 change in a slage speciiic manner during mammalian spermatogencsis. This implies that
contrel mechanisms exist which regulate the cell fype specific expression of the individual histone subtype genes. This
control may be exerted at the transeriptional level as exemplified by functional studies at the Hlt promoter. Regulation
also may take place posttransiationally as demonsirated by the polyadenylation of part of the mRNA of spermatogenic
cells.

RESUME

Expression des geénes des histones pendant la  spermatogengése des Mammiféres: aspects
structuraux et fonclionnels

La chromatine des cellules spermatogénéiiques subit des ré-arrangements structuraux pendant la différenciation
progressant de la spermatogonic au spermatozoide mir. Pendant les stades haploides de la spermatogenése des
Mammiferes, les histones somt remplacées graduellement d'abard par des protéines de transition puis par des protamines,
La fraction des histomes dans la chromatine des cellules spermatogénéliques eil composée de sous-types spécifiques du
testicule ainst que d isoformes des histones qui som sussi rencontrdes dans les tissus somatigques, Les sous-types de woules
les classes d'histones sauf H4 changent spcifiquement en fonction des étapes de la spermatogendse des Mammiferes. Ceci
impligue qu'il existe un mécanisme de contrdle, qui régule 1'expression spcifique 3 chaque type cellulaire des génes
individuels de chaque sous-type &' histone. Ce contrdle peat &tre exercd au niveaw transcriptionnel comme 1'ond montré les
études fonctionnelles sur le promoteur des HIt La régulation peut aussi étre post-traductionnelle ainsi que le monire la
polyadénylation d'ume partie des ARNm des cellules spermalogénétiques.

Histones are the basic chromosomal proteins of eukaryotic organisms. The histone protein
familiy is composed of five protein species which have been classified on the basis of size and
function. First, five different classes were defined by elecirophoretic means and were termed H1,
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H2A, H2B, H3 and H4 (for reviews, see [93, 95]). Two copies of each of the four histones
H21A, H2B, H3 and H4 form the nucleosomal core. Therefore, they are summarily described as
core histones in contrast to the HI class proteins, which interact with the linker DNA connecting
nucleosomal cores and are termed linker histones. Core and linker histones have been detected in
nearly all eukaryotes [95]. The yeast Saccharomyces cerevisiae is an exception in having no linker
histone [18], but its chromatin forms core nucleosomes and shows a subunit pattern with a
regular spacing [90].

Histone protein patterns have been monitored during spermatogenesis in a broad spectrum
of lower and higher eukaryotes [6, 7, 13, 16, 54, 62, 66, 67, 83, 85, 87]. Our group has
concentrated on mammalian systems and has studied the structure and expression of somatic and
testis-specific histone genes from man and mouse [2-4, 31, 32, 34-38]. In this contribution,
structural and functional features of testicularly expressed histone genes and gene products will be
discussed in relation to different stages of spermatogenesis (see Table 1),

TABLE 1. =— Mammalian spermatogenic histone gene expression. Compilation of histone subtype proteins detectable at
specific stages of sperm differentiasion before replacement by transition proteins and finally by protamines (dala
from rat, mowse and man or rom one or two only of thesel. Asterisks indicate expression dala obained using gene

probes.

Histone subtype  Cellular stage of histone detection Reference

Hla-¢ any slage (predominantly Hla* Hic) 12, 13, 15, 33*, 62, B3, 85
in part replaced by H1t (in pachylene spermatocytes)
no HI left in late spermatids

Hio spermatogonia® (then decreasing) 42

HIt pachytene spermatocytes® 35*, 30°, 59, 60, 67
replacing main type HI (a, ¢)

H2A any stage (H2A 1>H2A.2), in pam replaced by TH2ZA 12, &7
H2A sublype encoded by polylA) -mRNA in spermatids® T1*

H2A X spermalogonia® 645, 67

HIAZ spermatogonia (low), slight increase in pachytens spermatocytes 53, 67

THZA pachylene spermatocytes® 56%, 63, 67, 69
panly replacing H2A

HIn any stage, major pan replaced by TH2B 12, &7
specific sublype in spermatids® (extended C-terminus) 0%

THIR pachylene spermatocytes® (and later stages) 12, 57, 58

H3 any stage (H3.2=H3.1) 12, 67

TH3 spermatogonia, absent duning later stages BG

H3.3 any stage until spermatids, predominantly in spermatogonia 9, 67, %]

H4 any stage 12. 67, 68
HIt associated H4* gene transcribed in pachytene Spermatocyles G4
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ORSERVATIONS AND DISCLUSSIOMN
Testicular histone subtypes

The HI linker histone family of mammals comprises several variant isoforms. The most
detailed analysis of the H1 complement has been done in human and murine chromatin in several
cell and tissue types. In humans, five main type H1 histone genes have been described [3] in
addition to the gene encoding H10 [31], which is a histone confined to highly differentiated cell
types, and the highly conserved HIt gene [34], which is only expressed in testicular cells. Hlt
protein sequences are known from man [34], other primates [59], mouse [35], rat [22] and boar
[21). The H1t protein 1s confined (o male germ cells and 15 not a general meiosis specific variant
[65]. As in humans, five different mouse H1 proteins (or genes) [3, 33, 62, 38, 89, 97] plus H1v
[4] and H1t [35] were described. As yet, only one rat main type H1 gene [23, 36], the Hlt gene
[22] and a partial Hle cDNA sequence [17] have been described. The rat HIt gene and gene
promoter structures have been intensely studied [49-51] and will be discussed below. The Hlt
fraction of the overall testicular H1 complement amounts (o about 25% [T8], and somatic type
1soforms [62] and the H12 fraction [84, 7] constitute the remaining part of the H1 histone moiety
in testicular chromatin. In pachytene spermatocytes and later stages Hlt may comprise a much
higher fraction [13, 67].

Core histone isoforms, which are restricted to testicular cells, have been described in several
bpﬂl:ltb A pair of testicularly expressed genes consisting of an H2ZA and an HIB gene was
described by HUH et al. [55]. These genes appear to code for the previously described testicular
subtypes TH2A and TH2B, respectively [10, 58, 92, 98]. In addition to main type H2A and H2B
isoforms, two H2A subtypes, which are replication independent, 1.e. H2A Z and H2A X |53,
4], have been described. H2A. X is enriched in testicular chromatin, whereas H2AZ 15
uniformly found in most somatic tissues [53]. A testicular subtype of H3 (TH3) has been isolated
from rat testis [91]. Its unique amino acid composition (including three cysteine residues)
indicates structural differences compared with all other known H3 subtypes, but as yet no TH3
gene has been identified in any mammalian genome. The replication independent H3 sublype
H3.3 is also expressed during spermatogenesis. For example, H3.3 has been observed in
spermatid stages of spermiogenesis [69], but it is also present at carlier stages of spermatogenesis
[67, 91]. H4 is the most conserved of all histone classes. Its 102 amino acid sequence is strictly
maintained in all mammalian species. This even applies to H4 genes which are differentially
expressed. For example, the human, rat or mouse HIt genes are located near testicularly

expressed H4 genes which code for the same H4 amino acid sequences as other Hd4 genes from
the same species.

Cirganization of mammalian histone gene clusters

The majority of histone genes in the murine and human genomes is clustered at specific
chromosomal sites. Except the H1o gene, all known human HI1 genes and surrounding core
histone genes are located on chromosome 6 [3]. A nunor portion of core histone genes maps to
chromosome 1 [46], and the solitary H1© gene is located on the long arm of chromosome 22 [3].
The situation in the murine genome appears to be similar, since a major histone gene cluster
including the HIt gene has been mapped to chromosome 13 [26, 75], and the murine H1° gene 15
on chromosome 15 in a region which is syntenic with the region on the human chromosome 22,
where the human H1¢ gene is located [3, 11].

The human H1t gene, which is expressed in pachytene spermatocytes (see below) forms
part of the major gene cluster on chromosome 6, which also contains the other H1 genes [3].
Thus, the generation of H1 histone patterns, which are characteristic for cells of specific stages of
spermatogenesis, must depend on a differential regulation of the genes within that major cluster,
In addition, the expression of the H1o gene, which appears to be developmentally regulated
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during differentiation of several cell types [99]., must undergo tissue-specific control. It is
preferentially expressed during early stages of spermatogenesis [42] and in somatic cells it manly
appears upon terminal differentiation [99].

The genes coding for the testicularly expressed histones TH2A, TH2B and TH3 have not
yet been mapped to specific chromosomal sites. They also may form part of the major histone
gene cluster. GRIMES er al. [49] have shown that an H4 gene, which 15 located near the rat HI
gene, is testicularly expressed. It has the same pnmary structure as other mammalian H4 proteins.
On the basis of its variant nucleotide sequence and testicular expression, this gene may be termed
H4t [49, 94]. Its association with the HIt gene, which is located within the major cluster of
somatically expressed histone genes, implies that it is not a solitary gene. In contrast to the HIt
gene, expression of this neighbouring H4 (H4t) gene is not confined to spermatogenic cells, bul
its mEMA also has been detected in a rat myeloma cell line.

Cell rype specific histone patierns at different stages of spermatogenesis

The H1 patterns of different somatic cell types or germ cells are not uniform, but vary in
their H1 subtype composition. In several mammalian species, five main type HI protein species
(termed Hla-Hle) were described [62]. In rat testes, the subtypes Hla-Hle can be detected (Hla
and Hle¢ predominating) during all stages of spermatogenesis until the primary spermatocyle stage
[12, 62]. Similarly, the subtypes Hla and Hlc predominate in mouse germ cells until the meiotic
prophase [62]. Immunocytochemical analysis of murine twbuli semuniferi showed the greatest
level of reactivity in primary spermatocyte nuclei using antibodies against Hla [79].
Developmental studies showed that the first expression of the Hla gene occurs in 7 day old mice
at a stage when intermediate and B type spermatogonia appear [79]. In situ hybridizations with
human testis detected the mRNA coding for human H1.1 (equals Hla according to [76]) until the
stage of round spermatids [14, 15]. Thus, the subtype Hla appears to be a major constituent in
the chromatin of mammalian germ cells [13, 67]. In addition, the subtypes Hlb, ¢ and d
conftribute to the germ cell chromatin [62, 67, 78],

The H1 subtype Hl® has been described in unfractionated mammalian testis cell
preparations [83, 85, 86]. The predominant expression of the H1o gene in spermatogonia was
suggested by promoter studies of GARCIA-IGLESIAS er al. [42]. In that work, the H1o promoter
was ligated upstream of a B-galactosidase gene and the expression of this construct was monitored
in transgenic mice. The analysis showed that the promoter was used in several tissues, such as
specific cell types in kidney, brain and testis. Testicular mRNA synthesis was mostly confined to
spermatogonia, but immunofluorescence studies with Hle antibodies indicated expression in
Serteli cells, too. Thus, expression of the Hle gene may be confined to early stages of
spermatogenesis, but somatic cells in the testis also express the Hlo gene.

The Hlt protein is absent from spermatogonia and is first detected in pachytene
spermatocytes [35, 60, 69). This has been demonstrated at the protein level in chromatin from
mouse and rat cells fractionated by elutriation centrifugation [44]. After the cloning of the genes
coding for the human, murine and rat Hit proteins [22, 34, 35], Northern blot and in situ
hybridization analysis has confirmed these protein data showing that the mRNA is only found in
pachytene spermatocytes [60] whereas the proteins are preserved in the subsequent stages until
histone replacement by transition proteins [69].

The major change in chromatin structure during the meiotic prophase is also evident in the
H2A/H2B class of histones. The subtypes TH2A and TH2B bath become first detectable in
pachytene spermatocytes of rat and mouse [20, 67, 78, 92]. The subtype H2A.X, which, like
H1o, is a non replication-dependent histone [72, 96], has been detected in type A spermatogonia
[64]. Expression of a modified H2B protein has been found during mouse spermiogenesis [70].
In a cDNA library constructed from spermatid RNA, an H2B ¢cDNA sequence was observed
which was extremely similar to other mouse H2B gene sequences, but the C-terminus coded for
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12 additional amino acids, 7 of which were hydrophobic. Northern blots with RNA from other
tissues indicated that this transcript was testis-specific [70]. Similarly, a polyadenylated H2A
mRNA was detected in mouse round spermatids [71].

The histone to protamine transition during human spermiogenesis does not result in a
complete removal of all histones [43, 52]. About 15% of the human sperm DNA appears to
remain associated with core histones, i.e. mainly with H2A (H2AX and trace amounts of
H2A.Z), several H2B isotypes, H3.1, H3.3 and highly acetylated H4 [43]. In contrast to these
remaining core histones, no association of any H1 subtype with mature sperm chromatin has been
observed.

The gradual changes of the core and linker histone moieties during the development of male
germ cells and the changes in chromatin morphology and gene activity suggest a functional role

or the individual histone subtypes. However, correlations between specific structural features of
histones and functional differences have not yet been established in any somatic or germ cell
system. H19, which appears to be confined to early stages of spermatogenesis, is correlated with
terminal differentiation in several cell types (for review, see [99]). Its avian countertpart HS is
confined to the condensed, transcriptionally inactive nuclei of avian red blood cells [5]. The high
arginine content [30, 31] of the H5 histone is considered as one of the reasons for its condensing
capacity. Compared with the other H1 subtypes, HIt is also enriched in arginine, but DE LUCIA er
al. [29] have shown by circular dichroism analysis that H1t has a lower condensing capacity than
the other H1 subtypes. Thus, HIt may even contribute to activating effects in the chromatin of
developing germ cells rather than repressing nuclear activity. It may thus help to decondense the
chromatin structure for the specific needs of the meiotic and haploid stages of germ cell
development.

Postsynthetic histone modifications

Posttranslational modifications of histone proteins have been primarily observed at
spermatid stages of spermatogenic cell development. Recently, the phosphorylation of HIt in
elongating spermatids has been described [69]. In the same study, which used vitamin A as a
means to synchronize rat seminiferous epithelia into few stages of spermiogenesis, additional
bands of H2A.1, H2A.2 and TH2A were observed and were interpreted as postsynthetic
modifications. A complex pattern of phosphorylation of the H2AX subtype has been observed in
murine testicular cells [45]. Another type of histone modification is the conjugation with
ubiquitin. This has been described for H2ZA histones during rooster spermatogenesis [1].

The most impressive modification of hisiones during spermatogenesis is their
hyperacetylation. This modification of the H4 histone structure is correlated with a broad
spectrum of cellular processes, including transcriptional control and chromatin assembly (for
review, see [95]). H4 hyperacetylation occurs in elongating spermatids [47, 48, 68]. This is the
stage when displacement of histones by transition proteins begins [69, 73]. Thus, the association
of highly acetylated H4 with the stage of histone displacement in rat spermatids is in agreement
with the idea that reducing the positive charge of specific lysine residues may help to displace
histones from chromatin during spermiogenesis.

Regulation of testicular histone gene expression

The location of spermatogenesis related histone genes within clusters of somatic histone
subtype genes implies that control steps discriminate between the different member genes of the
gene cluster. This control may take place at the transcriptional level, but also posttranscriptionally,
1.e. during processing of the primary transcript or by influencing the stability of specific histone
mRNAs (for review, see [74]). At the transcriptional level, promoter structures of specilic histone
genes may contain sequence motifs where interaction with germ cell-specific transcription factors
controls the specific expression of the respective genes,
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The mechanism of H1 histone gene regulation in sematic cells is not yet fully understood.
Sequence analysis of H1 gene promoters in all vertebrate systems studied revealed that the
heptanucleotide AAACACA is conserved at a position 100 nucleotides upsiream of the
ranscription start site [25, 27, 28). Functional studies indicated the involvement of this H1-box in
the S-phase-dependent expression of HI genes [27, 28, 61], but variants of this sequence motif
have been observed [38]. A second sequence element, which is involved in the regulation of H1
genes, i1s the CCAAT box, which is the binding site for an H1-specific regulatory factor [41]. The
sequence analysis of the rat, human and murine H1t promoters revealed that their sequences
contained all main features of S-phase-dependent H1 genes: TATA-box, GC-rich element,
CCAAT-motif and HI-box [22, 34, 35, 50, 51]. Thus, the known regulatory elements within
HIt promoter structures apparently do not reflect the fact that the HIt gene is not transcribed
during DNA replication, but at the pachytene stage of the meiotic prophase. GRIMES and
coworkers [30, 31] searched for a testis-specific element and defined the palindromic
hexanucleotide CCTAGG, which is located between the GC-rich element and the CCAAT-box of
the rat H1t promoter as the testis-specific promoter element [50, 51). This element was identified
as the site of interaction of testis-specific DNA-binding |lJruuntn::ilm at the promoter in pachytene
spermatocytes [31]. Further support for a functional role of this sequence ¢lement may be derived
from the human H1t promoter, where this sequence motif is conserved at the same site [32, 34].
The palindromic arrangement, however, may not be mandatory, since the mouse H1t promoter
shows a varied element, CCTGGG, at the same location [35].

The rat TH2A and TH2B genes are grouped together, and they are divergently transcribed
from a joint promoter region of about 240 nucleotides in between the two genes [56-58]. In both
directions, TATA- and CCAAT-boxes are located upstream of the two genes. In addition, the
THIEB gene promoter contains the Octl element ATTTGCAT, which is a characteristic regulatory
element in all H2B gene promoters [40] but also in control regions of several other genes. For
example, variant Oct factors binding to such elements have been detected during mouse
embryogenesis and are specifically expressed in germline cells [81]. In conclusion, the promoter
arrangement of the TH2B gene does not vary from consensus H2B promoter structures and it
does not reflect the replication-independent, testis-specific expression of this histone gene,
Functional studies with the TH2B promoter in fibroblast cells revealed that the CCAAT- and
octamer elements of this promoter are involved in the S-phase dependent expression of the TH2B
gene when transfected mto these somaric cells [56-58]. Subsequent studies showed that
differential methylation at specific sites of the TH2B promoter contributes to the tissue-specific
transcription of this TH2B gene [20] and that a repressor protein specific for the rat TH2B gene
was present during early stages of spermatogenesis [63].

The gene coding for TH3, which has been described as a testis-specific H3 subtype in rat
spermatogonia [21], has not yet been detected. Thus, no data on cell specific regulation of
testicular H3 histones exist. As mentioned above, GRIMES et al. [49] have shown that an H4 gene
is closely associated with the rat H1t gene. S1 nuclease analysis has shown that this particular H4
gene 1s transcribed in the testis predominantly during the pachytene stage, but it is also expressed
in a tumor cell line. This is in contrast to the neighbouring Hit gene, which is solely transcribed
in pachytene spermatocytes [50, 94).

~ The control of histone gene expression is not restricted to transcriptional regulation (for
review, see [74]). Processing of the primary transcript and mRNA stability of replication
dependent histone gene products depend on the presence of a dyad symmetry element at the 3’
end of the mRNA, which is not polyadenylated [8, 82]. The only exceptions from this rule are the
5 phase-independent replacement histone variants, such as Hie, H3.3, H2A.Z or H2A.X. which
are all encoded by polyadenylated histone mRNAs. Remarkably, the Hit genes of rat, mouse and

man show the same dyad symmetry elements as replication dependent histone genes and the
mRNAs are non polyadenylated.
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Postiranscriptional regulation of testicular hisione gene expression

As mentioned above, main type, 5 phase-dependent histone mENAs in somatic cells are
pely(A)- in contrast to the mRNAs encoding the replacement histone subtype mENAs. [n addition
to these specific subtype mRNAs, polyadenylated testicular histone mRNAs have been described
[39]. These are at least in part derived from genes which are transcribed 1o poly(A)--mENA in
somatic cells. A poly(A)* histone H2B mRMNA with an extended reading frame and a consensus
AAUAAA polyadenylation signal has been detected in mouse spermatids [70]. Recently, a
polyadenylated H2ZA gene transeript was found in murine round spermatds. In this case, the
poly(A) tail was not preceded by the somatic AAUAAA signal sequence [71]. In a detailed
analysis of histone mRNAs in chicken spermatids, CHALLONER ef al. [19] detected an H2B
mENA subpopulation, which was polvadenvlated despate the fact that the lnstone mENA was
derived from a gene which is transcribed as a poly(A)--mRNA in somatic cells. The transcript
from this same gene was elongated by 26 or 28 nucleotides beyond the histone mRNA consensus
termination site, and a poly(A) tail was added to this elongated mENA.

A major step in histone gene regulation is the control of mRMNA degradation [74]. This has
not been specifically studied in testicular histone gene expression, but the addition of poly(A) tails
to part of the histone mENA population during spermatogenesis suggests that it is a means to
increase the stability of this mRNA, which is either synthesized at post-meiotic stages or is
synthesized at carly spermatogenesis and is preserved for later stages of development, when a
certain pool of mRNAs for histone replacement may be needed.

Conclusions

Modulation of the chromatin structure during spermatogenesis requires changed patterns of
histone proteins and histone modifications which contribute to restructuring of chromatin and to
the transition towards the inactivation of the genome in generating the condensed genome of
mature sperm. Specific histone subtypes, which differ from their somatic counterparts have been
described for all histone classes except H4. The most drastic changes in histone gene expression
and chromatin restructuring occur during the meiotic prophase, when specific subtypes of H1,
H2A and H2B, i.e. H1t, TH2A and TH2B, are synthesized. These testus specilic isoforms remam
associated with the chromatin of cells during the haploid stages of sperm cell differentiation. At
this sp-en'nmg::ntm period, remodelling of chromatin before the final deposition of protamines
may require a specific chromatin structure which is accessible for regulatory factors such as non-
histone proteins and for transition proteins replacing the histone moiety. This specific chromatin
structure may be established by specific subsets of core and linker histones and by their
postiranslational modification.

ACKNOWLEDGEMENTS

Work performed im the laboratory of the awthors was suppoerted by a granst from the Dewtsche
Forschungsgemeinschafl.

REFERENCES
I AGELL, M., CHiva, M. & Mezguuta, C., 1983, — Changes in nuclear content of protein conjugate bistone H2A-
ubiguitin during rooster spermatogenesis, FEBS Letrers, 155; 209-212,
2. ALmG, W, KaroaLisou, E., DrapinT, B., ZiMMER. A, & DoOERECRE, D, 1991, — lsolation and charactenization of
paso buman HI histone gemes within clusters of cone histone penes. Gemamies, 100 940-04%8.

3, ALEID, 'W., DEABENT, B.. KUNZ, 1., KALFF-5USKE, M., GRZESCHIE, K.H. & DOENECKE, [, 1993, — All Enovsmn human
histone HI gemes cxcept the H1? gene are clustered on chromosome 6, Gemomics, 16 649-654,

i, SLOMNSD, A, BREUEE, H., BOUTERFA, H. & IDMDOENECKE, [D,, 1988, — E.arl'!.l increase in histone HI1® mENA dunng
differemiation of FY cells 1o parietal endoderm. The EMBO Journal, T: 3003- 32008,

L APPELS, R, & WELLs, I. R, E., 1972, — Synmthesis and tumover of DNA-bound histone during maturation of avian ned
blioad cells. Jouwrmal of Molecular Biology, TO: 425-434,

Cauro - A Parns



332

12.
13.
14,
15.
16.
17.

8.

20.
21.
22,
21,
24,
5.
26.
27.
28,

29.

30,

D ENECKE & B, DREABENT : FSTONE GENE EXPRESSION (MAMMALIA )

Ausid, ). & K.E vax HoLgeE, 1987, — A dual chromatin ofganization in the sperm of the bivalve molluse Sprsala
solidiisinia. Enropean fowrnal of Bfochemistry, 165: 363-371.

AU, 1, 1988, — An unusual cysteine-containing histone Hl-like protein and two profamine-like proteins are the
major nuclear profeins of the sperm of the bivalve molluse Macoma nasune, Jowrmal of Blelogical Chemisiry,
263: 10141-10150,

BirnsTieL, M. L., BussLixcer, M. & Strum, K., 1985, — Transcription termination and 3" processing: the end is in
site! Cell, 41: 349-359,

BHATNAGAR, Y. M. & BELLVE. A. K., 1978, — Two-dimensional electrophoretic analysis of major histone specics
and their variams from somatic and germ-line tissue, Amalytical Biochemistry, B6: 754-760.

BHATHAGAR, Y. M., FAULENER, R. . & McCuLLar, M. K. 1985 — Biochemical and immunological
characterization of an H2A variant of the mouse testis. Brochimica ef Brophysica Acta, BET: 14-22,

Branuax, C. L, Gueert, D L, CeCl, L D, MATSUDA, Y., CHAPMAR, V. M., MERCER, J. A.. Eisen. H., JouxNsToN,
LA, CorELanD, N. G, JENKINE, N. A, 1992, — An interspecific linkage map of mouse chromosome 15
positioned with respect 1o the centromene. Gernonrfes, 13: 10735-1081.

Brock, W. A, TrosTLE, P. K. & MeisTricH, M. L., 1980, — Meiotic synthesis of testis histenes in the rat
Proceedings of the Nanional Academy of Sciences USA, TT; 371-375.

Buccr, L. B, Brock, W, A, & MEISTRICH, M. L., 1982, — Distribution and synthesis of histone Hl subfractions
during spermatogenssis in the rd. Experimental Cell Research, 140: 111-118.

BURFEND, P.. HOYER-FENDER, 5., DOENECKE, D, TSAGUSIOL, 5. & ENGEL, W, 1992 — Expression of a histone H)
gene (H1.1) in human testis and Hassall's corpuscles of the thymus. Thymus, 19: 245.25]1,

BURFEIND, P., HOYER-FENDER, 5., DOENECKE, D, HOCHHUTH, C. & ENGEL, W., 1994, — Expression and
chromosomal mapping of the gene encoding the human histone HI.1. Himan Genenics, 94: 633.639.

CARLOS, 5., JUTGLAR. L., BORRELL, L., HUnT, D. F. & Ausio, I, 1993, — Sequence and characterization of a sperm
specific histone Hl-like protein of Mytilus californianus. Jowrnal of Biological Chemistry, 268: 185-194.
CASTIGLIA, D, GrISTINA, R, SCATURRO, M. & Dy Ligceo, 1., 1993, — Cloning and analysis of cDNA for rat histone

Hi®. Nucleic Acids Research, 21 1674,

CERTA, U., CoLAVITO-SHEPANSKL M. & GRUNSTERN, M., 1984, — Yeast may not contain histone HI: the only known
;T;I;l;ﬂ;f-‘g;l;llkt protein” in Soccharomyces cerevisiae is a mitochondrial protein, Nucleic Acids Research, 12:

CHALLONER, P. B., M0ss, 5. B. & GRouniNE. M.. 1989. — Expression of replication dependent histone genes in
;:Jﬂygslp;muuds involves an alternate pathway of mRNA 3'-end formation. Malecidlar and Cellular Biology, 9

CHot, Y. C. & CHAE, C. B, 1991. — DNA hypermethylation and germ cell specific expression of testis-specific
HIB histone gene. Jowrnal of Biclogical Chemistry, 266: 20504-20511.

CoLE, K. I, YoRK, R. G. & KisTLER, W. 5.. 1984, — The amino acid sequence of boar HIt, a testis-specific HI
histone variant, Journal of Biological Chemistry, 289; 13695-13702.

CoLEg, K. D, KANDALA, 1. C. & KISTLER, W. 5., 1986. — Isolation of the gene for the testis-specific H1 histone
vanant Hit Jowrnal of Biclogical Chemisiry, 261: 7178.7183

CoLE, K. D, KanpaLa, ). C., KREMER, E. & KISTLER, W. 5. 1990, — Isolation of a genomic clone encoding the rat
histone variant H1d. Gene, 89: 265.269,

CoLE, R. D, 1987. — Microheterogeneity in HI histones and its consequences. Inrernational Journal of Pepride and
Protein Research, 3: 433449,

CoLEs, L. 5. & WELLS, ). R. E., 1985. — An Hi-histone gene-specific 5 element and evolution of H1 and HS
Muclete Actds Research, 13 5R5-504. g i =" e

Cox, |-'-'-_ R.. Gropel, V. E., Biser, D., Srrmax, D. B, CorFing, P, AND MarzLusr, W. F., 1984, — Assignment of
murine histone genes 1o mouse chromosome 13. Cywtogenetics and Cell Genetics, 37: 443,

DaLTox, 5. & WELLS, J. R. E.. 1988, — A gene specific promoter element is required for optimal expression of the
higtone H1 gene in S-phase, EMBO Journal, T: 49.56,

DaLTon, 5. & _"-"-’FJ.l-'e‘-._J. R. E.. 1988. — Maximal binding levels of an HI histone gene-specific factor in S-phase
commelale with maximal H1 gene transcription. Molecular and Cellular Brodoey, 8 4576-45T8,

DEI:'LH:HL. F., FARAONE-MENNELLA, M. R.. I'ErME, M., QUESADA, P.. CAIAFA, P. & FARINA, B.. 1994, — Histone
induced condensation of ral testis chromatin: testis-specific Hlt versus somatic H1 variants. Biochemical and
Biophysical Research Communications, 198: 32.10.

DOENECKE, D. & TomEs, R., 1984, — Conserved dyad symmetry structures at the ¥ ends of H3 histone genes.
Analysis of the duck HS gene. Jownal of Molecilar Biology, 178: 121-135,

Canror - AN Pans



31.

3.

a3,

34,

]

36,

37,

38,

19,

i,

41.

42,

43,

.

45,

46,

d7.

49,

50.

5l

52

53

5d,

ADVANCES IN SPERMATOZOAL PHYLOGENY AND TAXCONOMY 333

DOERECKE, D, & Tonies, K., 1986, — Differential distribation of lysine and arginine ressdues in the closely related
histomes H1® and HS. Analysis of a homan H1® gene. Jowrmal of Melecwlar Bislogy, 1RT: 46]-464,

DoERECKE, D ALmc, W., BouTerea, H. & DrapesT, D, 1994, — Ovganization and expression of HI histone and
H1 replacement histone genes, fowrmal of Cellufar Biochemuisiry, 54: 423431,

DoMG, Y., SIROTEN. A, M., YANG, Y. 5. BrRows, [0 T., SITTMan, [, B, & SEOULTCHE A L. 1994, — Tsolation and
characterization of twa replication-dependent mouse HI histone pens. Nucleie Acids Researcl, 22 1421-1428.

DRABENT, B., KARDALINOU, E. & DOENECKE. ., 19%]. — Strecture and expression of the human gene encading
testicular HI hisione (Hltk Gene, 103:; 263-268.

DRARENT, B, Bone, C. & DMENECKE, D., 1993, — Structure and expression of the mouse testicalar H1 histone gene
(HIt), Biochimice ¢ Biophysice Acrg, 1216; 311-313

DrapeNT, B, Kunz, C. & DoeNecKE. Do, 1993, — A rat histone HIB pseudogene is closely associated with the
hisiome Hid geme. Biochumica ef Blophvsiea Acta, 1172 193- 1946,

EiCK, 5., Micoval, M., MusmeeRG, D, 1989, — Human H1 histenes: conserved amd vaned sequence elements in two
HI subtype genes. Ewropean Jowrsel of Cell Biology, 49 110-115.

EILERS, AL, BOUTERFA. H., TRIEBE, 5. & DoeExeckE, [, 1904, — Role of & disial promoter elemsent in the S-phase
control of the human HI.2 histone gene imanscription. European Jowrnal of Biochemistry, 213: 567-574,

FAULENER, R. D, WHISENART, E C. & BHATRAGAR, Y. M., 1986, — Histone mEMAs of the mouse testis,
Biocheniical dand Blophysical Research Comimiunicaiions, 136: 11161123,

FLETCHER, C.. HEINTZ, M. & Roeper, B, G., 1987, — Punficalion and characlierization of OTF:1, a transcriplion
factor regulating cell cycle expression of o human histone H2ZB gene. Cell, 51: T73-TE1.

GalLLiari, P, LaBeELLa, F. & Hevre, M., 1989, — Characlerization and purification of HITF2, a novel CCAAT-
hinding protein thar interacis with a histone Hl-sublype specific consensus element. Malecular and Cellilar
Higlogy 9: 156613735,

GAaRCIA-IGLESIAS, M. )., BaMirez, A.. Moxzo, M., STEUER, B.. MarniNez, ). M., Jorcano, ). L. & ALONSO, A,
1993, — Specific expoession i adall mice and post-implanation emboyos of a ranspene careying the histone
HI? regulastory region. Differeniiafion 55: 27-35.

Gatewoon, 1 M., Cook, G. R, Barnoax, B, Scaain, C. W, & Beapauey, E. M., 1990, — Lsolation of four cone
histones from human sperm chromatin representing o mingr subsed of somatic histones, fowrnal of Bielogical
Cheniatry, 265: J0662-20666,

GrapskE, B, LAKE, 5., GLEDHILL, B, L. & MEISTRICH, M. L., 1975 — Cemnfugal eluriation: separation of
spermatogenic cells on the basis of sedimentation velocity. Joursal af Cellnlar Physiology, B6: 177- 1HL
GREEN, G. K., PATEL, 1. C., HECHT, N. B. & Pocoa, D L. 1991, — A complex pattern of HIA phosphorylation in

the mouse lestis. Experimental Cell Research, 195: 812,

GREEN, L. G., VAN ANTWIRFEN, R.. STEIN, L., STER, G.. TRIFUTTL P.. EMANUEL. B., SELDEN, 1. & CrocE, C.. 1984,
— A major histone gene clusier on the long arm of chromosome 1. Science, 226: B3E-840.

GRIMES, 5. B, CHag, C B & [kvis, I L, 1975 — Acelylation of histones of ral 1estis, Archives of Biochemistry
ard Biophyvsics, 168; 425-435,

Grimes, 5 B & Henpersown, M., 1984, — Hyperacerylation of histone H4 in rat vestis spermatids. Experimental
Cell Research, 152 91-97,

GRIMES, 5. WESZ-CarnivGTon, P, Dause, He, Ssimi, L. GREes, L., WeichT, K. 5tem, G & 51em, 1, 1987, — A
ral hastone H4 pgene closely associated with the testis-specific H1t gene. Experimental Cell Research, 173:
534-545.

GrIMES, 5. R, WoLFE, 5. A, Axpersox, 1. ¥, StEm, G, 5. & StEm, L L., 199 — Structural and functional
analysis of the rat testis-specific Hit gene. Jowrmal of Cellilar Biockemisiry, 44: 1-17.

GriMES, 5. B, WouLre, 5. A, & KorreEL, D AL, 1992, — Temporal correlation between the appearance of lesiis-
specific DMNA-binding proteins and the onset of transcoption of the testis-specific histone HI1t gene.
Experimental. Cell Research, 2001: 216-224.

Gusse, M., SauTiERE. P, BELAICHE, D., MaRTINAGE, A, Roux, C.. DAnGUNE, J. P & CHEVAILLIER, P, 1986, —
Purificatvon and characiericatnon of aeclear basic proteing of human SpeTm. fiachimica «f Bipphysica Acra,
R4 249.257.

Hatcwn, C. L. & Bowxer, W. M., 1988, — The human histone H2A Z gene. Jowmal of Biologreal Chemisiry, 265:
15210=15218,

HexTsCHEL, C. C. & BIRNSTIEL, M. L., 198]. — The organization and expiession of histone gene families. Cell, 35:
30i-313.

Canror - AR Pars



334

=B

S

57,

AR,

59.

i),
6l
61,
63,

B,

65,
6.
67,
6.

69,

70.
71

T2

73.
Td,

75

Th.
T7.

78,

. DOENECKE & B. DRABENT : HISTONE GENE EXPRESSION { MAMMALIA)

HuH, M. E, Hwaprg, 1, Liv, K, You, K.H. & CHag, C. B., 1991, — Presence of a bi-directional § phase-specific
transcription regulatory element in the promoter shared by tests-specific TH2A and TH2B histone genes,
Nucleic Acrds Reteqrch, 19: 93,495,

HwanG, I & CHag, C. B., 1989, — 5-phase specific transcription regulatory elements are present in a replication.
independent iestis-specific H2ZB histone gene. Moleculor and Cellular Biolegy, % 1005-1013.

HwarG, L, Lis. K. & CHAg, C. B, 1990. — Characlerization of the S-phase-specific transcription regulasiory
elements in a DNA replication-independent testis-specific H2B (TH2B) histone gene. Molecular and Cellular
Hiology, 10; §83-591,

Kim, Y. L, Hwang, | Tres, L. L., KiErszenpaum, A L & CHag, C. B, 1987, — Molecular cloning and differential
expression of somatic and testis-specific H2B histone genes during rat spermatogencsis. Developmental
Biclogy, 124: 23.34.

KOPPEL. D). A., WOLFE, 5. A., FOOELFELD, L. A., MERCHANT, P. 5., ProUTY, L. & GriMES, S R., 1994, — Primate
testecular histone HIt gemes are highly conserved and the human H1t gene is located on chromosome 6. feurrnal
af Cellular Biochemisrry, 54: 219-230.

KREMER, E. J. & KisTLER. W. 5., 199]. — Localization of mRNA for testis-specific histone HIt by in situ
hybndization. Experimental Cell Research, 197: 330332,

LABELLA, F., GALLINARL P., McKmNEY, J. & HEINTZ, N., 1989, — Histone H] subtype-specific consensus elements
mediate cell cycle-regulated transcription in vitro, Genes & Developmient, 3: 1982-1990,

Lenwox, B. W. & Coxex, H., 1984, — The alterations in H1 histone complement during mouse spermatogenesis
and their significance for H1 subtype function. Developmental Biglogy, 103: B0-84.

LiM, K. & CHAE, C. B., 1992. — Presence of a repressor protein for testis-specific H2B (TH2B) histone gene in
carly stages of spermatogencsis. Journal of Biological Chemisiry, 267; 15271-15273.

MANNIRON], C., BONNER, W. M. & HaTon, C. L., 1989, — H2A.X. a histone isoprotein with a conserved C-terminal
sequence 15 encoded by a novel mENA with both DNA replication type and poly(A) 3" processing signals,
Nucleic Acids Research, 17: 9113-9136.

MaRkOSE, E. R & Rao, M. R. 8., 1989, — Testis-specific histone HIt is truly a testis-specific variant and not a
meiic-specific variant. Experimental Cell Research, 182: 279-283.

Maxson, R, Conn, R.. KEpes, L. & MoHus, T., 1983, — Expression and organization of histone genes. Annual
Review of Genelics, 17: 230.277.

MEISTRICH, M. L., Bucel, L. R, TRosTLE-WEIGE, P. K. & Brock, W. A., 1985 — Histons variants in rat
spermalogonia and primary spermatocyles. Developmenial Biology, 112 230.240,

MEISTRICH, M. L., TROSTLE-WEIGE, P. K., L, B., BHATSAGAR, Y. M. & ALUS, C, ., 1992. — Highly acetylated H4
is associated with histone displacemsent in rat spermatids. Biology of Reproduction, 51: 334-344,

MEISTRICH, M. L., TROSTLE-WEIGE, P. K. & van BEEK, M. E. A. B., 1994, — Separation of specific stages of
spermatids  from Vitamin-A-synchronized rat testes for assessment of nucleoprotein changes during
spermatogenesis. Biology of Reproducrion, 51 134-344,

Moss, 5. B., CHALLONER, F. B. & GrouDINE, M., 1989. — Expression of a novel histone H2B during mouse
spermiogenesis. Developmental Biclogy, 133: 83-92.

Moss, 5. B.. FERRY, R. A. & GROUDINE, M.. 1994. — An alternative pathway of histone mRNA 3' end formation in
mecase found spermatids. Mecleie Acids Research, 22: 3160-3166,

MAGATA, T KATO, T., MORITA, T., NoZakl, M., Kusota, H., YAl H. & MATSUSHIRD, A, 199], — Polysdenylated
;:3 |32£T;tm miNAs are transcribed from the mouse histome H2ZAX gene. Nucleie Acids Research, 19

Ouva, R, & Dixow, G. H., 1991, — Verebrale protamine gencs and the histone-o protamine replacement reaction,
Progress in Nucleic Acids Research and Molecular Biology, 40: 25.94,

U'ELEI:;T I':;;IE| I.-L. 1991, — The regulation of histone synthesis in the cell cycle. Amnual Review of Biochemisiry, 60:

OwEN, F. L., TavLOR, B. )., ZWEIDLER, A. & SEIDMAN, J. G., 1986, — The murine v-chain of the T cell receplor is
closely linked 1o a spermatocyte specific histone gene and the beige coat color locus on chromosome 13, The
Journal of Immumology, 137: 1044-1066.

PARSEGHIAN, M. H., HEnscHEN, A, H., KRIEGLSTEIN, K. G. & HAMKALD, B. A, 1994, — A proposal for a coberent
mammalian histone H1 nomenclsture correlated with amino acid sequences. Protein Sciemce, 3: 575-587.

PLATZ, R. D, GRIMES, 5. B.. MEISTRICH, M. L. & HxiLicA, L. 8., 1975, — Changes in nuclear proteins of rat testis
cells separated by velocity sedimentation. Journal of Bielogical Chemisiry, 250: 5791 -5800.

Ea0. B. )., BRAHMACHARL, 5. K. & Rao, M. R. 8., 1983, — Siuctural organization of the meiotic praphase
chromatin in the rat testis. Jourmal of Bialogical Chemisiry, 258: 13478- 13485,

Canree - AR Pars



4.

80,

Bl.

B1.

83.

Rd.

B5.

B6.

R7.

BE,

53,

ShL),

L

52,

93.
94.

95.
96,

a7.

DE.

=k B

ADVANCES IN SPERMATOZOAL PHYLOGENY AND TAXONOMY 535

RASHEED, B. K. A.. WHISENANT, E. C., GHAL, R. D, Papaloannou, V. E. & BHATNAGAR, Y. M., 1989, —
Biochemical and immunocyiochemical analysis of a hisione H1 variam from the mouse testis, Journal of Cell
Science, 3d; 61-T1,

RasHEED, B. K. A, WHiSENART, E. C. & BHATNAGAR, Y. M., 1989, — Physical mapping of mouse histone gene
clusters. Biochimica et Biophysica Acta, 1048: 110-112.

SCHOLER, H., DRESSLER, G. R.. BALLING, R., ROHDEWOHLD, H. & Gruss, P., 1990, — Oct-4; a germline-specific
tramscription factor mapping o the mouse L-oomplex. EMBO fournal, 9: 2185-2195.

SCHOMPERLI, D, 1988. — Multilevel regulation of replication-dependen histone genes. Trends in Genedics, 4:
187-191,

E-E'r'fgi_lrh; 5. M. & KISTLER, W. 5., 1980, — HI hastone subfractions of mammalian testis. Biockemiziry, 18: 1371-

SEYEDIN. 5. M. & EISTLER, W. 5. 1980. — lsolatlon and chasacierization af rat vestis HIL Jourmal of Biological
Chemiziry, 255: 5949-3054.

SEYEDIN, 5. M. & KisTLER, W. 5., 1981, — M| histones from mammalian testes. HIt is associated with
spermalogenesis in humans, Experimenial Cell Research, 143: 452.454.

SEYEDIK, 5. M., CoLi, R. D. & KisTLER, W. 5., 1951, — H] histones from mammalian testes, The widespread
occuffence of HIt. Experimental Cell Research, 136: 309.405,

SHIRES, A, CARPENTER, M. P. & CHALKLEY. R., 1975, — New histones found in mature mammalian lestes.
Proceedings of the Narional Academy of Serences USA, T2 Z714-2718.

Srrraan, Do B, Caiu, 1 M, Pan, C. 1., Conn, B, H., KEDES, L. H. & MARZLUFF. W. F., 198]1. — Isolation of two
clusters of mouse histone genes. Proceedings of the Nattonal Academy of Sciences USA, T8: 4078-4082,

SITTMAN, [ B.. GRAYES, R. A. & MarzLurr, W. F., 1983, — Siructure of a clusier of mouse histone genes. Nirclefe
Acids Research, 11: 66TH-H9T,

THoMAS, J, O, & FURBER. V.. 1976, — Yeast chromatin streciore. FERS Lerrers, 66; 274-280,

TrosTLE-WEIGE, P. K., MeisTrIcH, M. L., BROCK, W, A, & NisHioxa, K., 1984, — Isolation and charactenzation of

TH3, a germ cell specific variam of histone 3 in the rat testis. Journal of Biological Chemisiry, 259; §769-
776,

TROSTLE-WEIGE, P. K., MEISTRICH, M. L., BROCK, W. A, NISHIOKA, K. & BREMER, J. W, 1982, — Isolstion and
charactenization of THIA. a germ-cell specific vanamt of histone 2A n the rat testis. Jowrnal of Biological
Chemisiry, 287: 3560-5567.

VAN Howpe, K. E., 1989, — Chromatin. Berlin, Springer Verlag: 1-497.

WOLFE. 8. A., ANDERSON, J. V., GRIMES, 5. R, STEIN, G. 5. & STEm, ). L., 1989. — Comparison of the structural
organization and expression of germinal and somatic rat histone H4 genes. Biochimica er Biophvsica Acta,
1007: 140-150.

WoLrre, A, P, 1992, — Chromatin: Structire amd Funcrion. London, Academic Press: 1-213,

Wu, R.5. & Bonneg, W. M., 1981, — Separation of basal histone synthesis from S-phase histone synthesis in
dividing cells. Cell, 27: 321-330.

Yang, Y, 5., Brows, D, T., WELLMaANM, 5. E. & SiToman, D0 B, 1987, — Esolation and charncterization of a mouse
fully replication-dependent H1 gene within a4 genomic cluster of core histone gencs. Jowrnal of Biological
Chemistry., 262; 1T118-17125.

YONGVANICH, T. & SvasTi, 1., 1984, — Structural differences between somatic H2B and testis-specific THZB
histones of the rat. Experientia, 40: 545-546.

El.n'lr;.éél;:l"-;?ﬁg & DoEnecke, Dy, 1994, — Histome HI®: a major player in cell differentistion? FASER Jowrnal, 8:

Canroe AR Pansg



ImEE BHL

Biodiversity Heritage Library

Doenecke, Detlef and Drabent, Birgit. 1995. "40. Histone gene expression
during mammalian spermatogenesis : structural and functional aspects."
Mémoires du Muséum national d'histoire naturelle 166, 525-535.

View This Item Online: https://www.biodiversitylibrary.org/item/272194
Permalink: https://www.biodiversitylibrary.ora/partpdf/288013

Holding Institution
Muséum national d'Histoire naturelle

Sponsored by
Muséum national d'Histoire naturelle

Copyright & Reuse

Copyright Status: In copyright. Digitized with the permission of the rights holder.
Rights Holder: Muséum national d'Histoire naturelle

License: http://creativecommons.org/licenses/by-nc-sa/4.0/

Rights: http://biodiversitylibrary.org/permissions

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at
https://www.biodiversitylibrary.org.

This file was generated 15 April 2022 at 17:06 UTC


https://www.biodiversitylibrary.org/item/272194
https://www.biodiversitylibrary.org/partpdf/288013
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://biodiversitylibrary.org/permissions
https://www.biodiversitylibrary.org

