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Abstract. A rabbit antiserum, specific for the histone 
H3.3 replacement variant, was raised with the aid of a 
histone H3.3-specific peptide, Immuno blot experiments 
demonstrated the specificity of this polyclonal antiserum. 
In addition, we showed on immuno blots that two mono
clonal antibodies isolated from mice with systemic lupus 
erythematosus (SLE) display strong reactivity with the 
H3.3 histone, but not with its replication-dependent coun
terparts. Our observations indicate that histone H3.3 
might play a role as autoantigen in SLE. We used the his
tone H3.3-specific antiserum to characterize the germ line 
chromatin in cytological preparations of Drosophila tes
tes, because our previous studies had shown that a histone 
H3.3-encoding gene is strongly expressed in the germ line 
of Drosophila males. The antiserum reacted with some of  
the lampbrush loops in spermatocytes and with chromatin 
of the postmeiotic germ cells o f males. Our data indicate 
that histone H3.3 is not evenly distributed throughout the 
chromatin of «crm cells, but is concentrated in distinct re- 
gions. Histone H3.3 disappears from the spermatid nuclei, 
along with the other core histones, during the late stages 
of spermatogenesis. In Drosophila polytene chromo
somes, however, a rather uniform distribution of the his
tone H3.3 was observed. The possible role of histone 
H3.3 is discussed.

Introduction

Nucleosomes arc the basic structural units of eukaryotic 
chromatin and their protein components, the histones, 
are therefore the fundamental protein constituents of  
chromosomes. In higher eukaryotes, the histone genes 
can be divided into three categories: replication-depen
dent, replacement variant and tissue-specific variant
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genes. This nomenclature is, however, not used consis
tently and may not necessarily be informative as the dif
ferent categories overlap in some cases. Most of the his
tone replacement variant genes differ from their replica- 
tion-dependent counterparts not only in their mode of reg
ulation, copy number, gene structure and the type o f  
mRNA they synthesize, but also in the amino acid se
quence of the encoded proteins. This also holds true for 
the replacement variant of animal histone H3, histone 
H3.3, which differs by several amino acid substitutions 
from the replication-dependent histones H3 (see Fig. I). 
These differences are highly conserved throughout the 
animal kingdom (Brush et al. 1985; Wells and Kedes 
1985; Swenson et al. 1987; Wellman et al. 1987; Fretzin 
et al. 1991; Fucci et al. 1994; Waterborg and Robertson 
1996). The high degree of evolutionary conservation o f  
the histones of the H3.3 type implies that their modified 
protein structures are functionally important.

Essentially no clues as to the function o f  the replace
ment variants of histone H3 exist at present and even 
the chromosomal distribution of these variants is un
known. In a number of studies synthesis o f the H3.3 pro
tein has been analyzed in relation to the phases of the cell 
cycle. Wu et al. (1982) have shown that histone H3.3 is 
the only histone H3 variant synthesized during the G|, 
G2 and Go stages in Chinese hamster ovarian cells. Newly  
synthesized histone H3.3 was found to be preferentially 
enriched in transcriptionally active or transcription-com
petent chromatin of nonreplicating cells (Hendzel and 
Davie 1990). In differentiated cells histone H3.3 accumu
lates over time and gradually becomes the dominant his
tone H3 subtype of chromatin (Zweidler 1984).

Various proteins can be localized within a cell with the 
aid of antibodies that are specific to particular epitopes. 
This, for example, has allowed the localization o f the 
variants of histone H2A (Stargell et al. 1993) and histone 
HI (Mohr et al. 1989) as well as of differentially acetyla- 
ted isoforms of histone H4 (Turner et al. 1992; for review 
see Turner 1993). There are only four amino acid substi
tutions in histone H3.3 and three of these are clustered 
within a rather hydrophobic part of the H3 protein (amino
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acid positions 87-90). Thus, it was uncertain whether it 
would become possible to resolve immunologically his- 
tone H3.3 from its replication-dependent counterparts.

In order to investigate this possibility we synthesized 
an oligopeptide spanning the amino acid sequence of 
the H 3.3-specific region of hi stone H3.3 and raised anti
bodies against this peptide. The antiserum obtained re
cognized specifically the H3.3 variant protein. In addi
tion, we found that certain mouse autoantibodies can also 
distinguish between the replication-dependent histone H3 
and histone H3.3.

It has been previously shown, that one of the two D ro
sophila  histone H3.3-encoding genes, i.e., H3.3A, is 
strongly expressed in testes (Akhmanova et al. 1995). De
tailed information is available on the organization and re
arrangements of chromatin in the developing germ line 
cells o f Drosophila hydei males (Kremer et al. 1986). 
We have used germ line cells and polytene chromosomes 
of Drosophila  males as a reference system, to study the 
localization of histone H3.3. We have found a nonuni
form distribution of histone H3.3 in the chromatin of 
the germ cells of males. The implications of our findings 
are discussed in the context of chromatin structure and 
function in germ cells of males. In contrast, polytene 
chromosomes from salivary glands reacted with the 
H3.3-specific antiserum in a rather uniform way, provid
ing no evidence for an unequal distribution or specific 
functions of the H3.3 histone variant in this tissue.

Materials and methods

Preparation o f  antisera, affinity purification and antibody reac
tions. The H3.1/2 peptide (H3.1/2p) with the sequence RFQSSAV- 
MAC and the H3.3 peptide (H3.3p) with the sequence RFQSAAI- 
GAC (see Fig. 1) were synthesized in the laboratory of Dr. J. Zim- 
mcrmann, Jena. The C-terminal cysteine residue is not part of the 
histone H3 sequence but was introduced to allow coupling to the 
carrier protein [maleimide-activaled keyhole limpet hemocyanin 
(KLH) (Boehnnger Mannheim)]. The coupling reaction was carried 
out according to the instructions of the supplier. Immunization of 
rabbits was performed with 500 jag of the KLH-coupled peptide 
in Freund’s complete adjuvant (Harlow and Lane 1988). Rabbits re
ceived three injections at intervals of 4 weeks.

The polyclonal antibodies were affinity purified over the H3.3 
peptide coupled to a vSulfolink column (Pierce). After washing with 
PBS (phosphate-buffered saline, containing 137 mM NaCl, 27 mM
KC1, 1.5 mM KH2P 0 4 and 6.5 mM Na2H P 0 4, pH 7.4) and 0.5 M 
NaCl, 10 mM TRIS-HC1, pH 7.5, histone H3.3-specific antibodies 
were eluted with 0.1 M glyeinc, pH 2.6 (Harlow and Lane 1988). 
Eluted antibodies were immediately neutralized with 1 M TRIS- 
HC1, pH 9.5. Bovine serum albumin (BSA) was added to a final 
concentration of  1% and the antibodies were either used directly 
on blots or concentrated with a Centricon 30 device (Amicon) prior 
to immunoeytology.

The polyclonal anti-H3 serum (Termaat et ai. 1992) was diluted 
1:500 (PBS: \%  BSA) for immuno blotting and 1:50 for immuno- 
cytology. The polyclonal antibodies against histone H2A (serum 
I , Muller et al. 1986), histone H2B, histone H3 and histone H4 (an- 
ti-H2B serum 1, anti-H3 serum I and anti-H4 serum 2, induced in 
the presence o f  RNA, Muller et al. 1991) were diluted 1:100 
(PBS: 1% BSA) for immuno blots and 1:10 for immunocyLoiogy. 
The monoclonal antibodies (MAbs) 42, 56 (Smcenk et al. 1988; 
Stemmer et al. 1996) and KM2 (Kramers 1995; van Bruggen el 
al. 1997) were used as undiluted cell culture supernatants. Incuba
tions were performed for 1 h at room temperature or overnight at

4°C. Secondary goat anti-rabbit or goat anti-mouse antibodies 
(Jackson Laboratories) were diluted at 1:2,500 and the blots were 
incubated for 30-60 min. The affinity purified anti-H3.3p antibodies 
were tested on dot blots. For this purpose, spots with 1 jug of H3.3 
peptide, H3.1/2 peptide, control peptide or histone 113 from calf thy
mus (Boehnnger Mannheim) were applied to a PVDF membrane 
(Millipore). A peplide with the sequence AFLDFVLYEDQV- 
ALGC, derived from the chromosomal protein Radhu  (Harhaugi 
el al., in preparation) was used as a control. Dot blots were treated 
and incubated as described below for immuno blots.

Histone extraction, electrophoresis and immuno blotting. Hi.stones 
from Drosophila salivary glands were extracted as described by 
Turner et al. (1992), Calf thymus histones (Boehnnger Mannheim) 
or Drosophila histones were separated on 12' i polyacrylamide gels 
(0.4 mm thick) wilh 5% acetic acid. 6 M urea, 0.4% Triton X-100 
(AUT gels) (Lennox and Cohen 1989}. Special care was taken to 
prevent oxidation of methionine-containing proteins during electro
phoresis by including a cysteamine scavenge step (Lennox and Co
hen 1989). Alter electrophoresis, gels were placed directly for 2 h in 
0.025 M TRIS, 0.192 M glycine, 1 <'<' SDS to equilibrate before im
muno blotting (Whitfield el a I. 1986). Subsequently, gels were 
transferred to a semidry blot apparatus (Phase). Proteins were blot
ted to PVDF membrane for 45 min al 300 mA. After blotting, the 
membrane was blocked in 3Vi- BSA, 2rr milk powder, PBS for I h 
at 37“C, air dried and stored al 4 nC or washed in PBS prior to an- 
tisera incubations.

Indirect innnunojiuorescence cytology: testis siptashes. 'Pestis 
squashes were prepared as described earlier (Kremer et al. 1986) 
and fixed in ethanol for 30 s. After additional fixation for 10 min 
in 4 (/r paraformaldehyde, PBS, slides were washed once for 5 min 
in PBS. Slides were then incubated for 15 min in \ ( t Triton X- 
100 in PBS and washed twice in PBS. If a DNase treatment step 
was included, slides were washed twice in nick-translalion buffer 
(50 mM TRIS-HCI, pH 7.5, 10 mM MgSO,,. 50 mg/ml BSA) and 
were incubated wilh 4% DNase 1 in nick-translation buffer for 1 h 
at room temperature. Subsequently, the squashes were washed three 
limes for 10 min in PBT tPBS containing 2 mg/ml of BSA and 0. \ (/< 
Triton X-100). The incubation with the first antibody was per
formed overniiiht at 4 l’C and after washing three times for 10 min
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in PBT the squashes were incubated for I h with the secondary an
tibody (fluorescein isutluocyanatc-conjugatod goal anti-rabbit Fab 
fragments, diluted 1:50 in PBT). The slides were washed atiain three 
times in PBT for 10 min and once in PBS and mounted in />-phcnyl- 
enediamine. nlvcerol mountain. The slides were examined with a 
Zeiss Photomieroscope III with epifluorescence equipment. Photo
graphs were taken on Kodak Fktachrome 400 film and scanned wilh 
a Nikon Coolscan for electronic processing.

For chemical degradation of the DNA trichloracetic acid (TCA) 
treatment was used. Testis squashes wore prepared and fixed wi 
ethanol as described above. The slides were subsequently incubated 
in 4c/c paraformaldehyde. PBS at 4 ( ’ for 10 20 h, washed several 
times in water and incubated in 5 ‘.'< TCA at 60 ’( '  for 3 h (Hausch- 
teck-Jungen and Hard 1982k After washing in 7 0 ' i ethanol and in 
PBS, slides were incubated for 1 h in PBT. The squashes were 
washed in PBS and PBT and incubated with the first and second an
tibodies as described above.

Polytene chromosomes. Polytene chromosomes were prepared es
sentially as described earlier (Hennie et al. F)72) and treated as dc- 
scribed for testis squashes (see above).

Results

Isolation o f  a polyclonal antiscruni specifically  
recognizing the histone H 3 J  protein

Histone H3 variant proteins of different organisms are 
highly conserved and vary onlv bv a few amino acids.
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cleosomes are often found. It has been shown that such 
antibodies can form complexes with DNA and histones 
or nucleosomes. Such complexes interact with heparin 
sulfate in the glomerular basement membrane (see Kra
mers et al. 1994 and references therein) and this deposi
tion o f  immunoglobulin complexes leads to nephritis,
one of the most serious manifestations of SLE. In partic-

f ^
ular nucleosomes seem to be the antigens driving the au
toimmune response in SLE.

We have analyzed the ability of three MAbs, derived 
from lupus-prone mice, to distinguish their reactivity with 
the different histone H3 subtypes. On immuno blots two 
of these MAbs, 56 and KM2, showed strong affinity to 
histone H3.3, but not to histone H3.1. In ELISA experi
ments, MAb 56 displayed strong reactivity with double
stranded DNA, with the histone H3 peptide 83-100  
(mostly with its dimer) and with mononucleosomes (Kra
mers 1995; Stemmer et al. 1996). On immuno blots MAb 
56 reacts almost exclusively with histone H3.3, MAb 
KM2 reacts strongly with histone H3.3 on immuno blots, 
but it also recognizes histones H2A and H4. This is in 
agreement with earlier data from ELISA, showing that 
KM2 reacts with the N-tenninal domains of histones 
H2A and H4 (van Bruggen et al. 1997).

The existence in SLE mice of autoantibodies with an 
affinity for the histone H3.3 agrees with the observation 
that many mouse tissues contain large amounts of his
tone H3.3 (Zweid'ler 1984). This histone variant gradual
ly accumulates in nondividing tissues. With increasing 
age it can even become the prevalent histone H3 subtype 
in some tissues, for example, in liver or in cortical neu
rons (Zweidler 1984; Pina and Suau 1987). Its low abun
dance in young individuals at the time when tolerance 
against autoantigens is established might contribute to 
its capacity to serve as an autoantigen in adults. The ac
cumulation o f  histone H3.3 in nondividing tissues of 
mice is paralleled by our observations (see Akhmanova 
et al. 1995) that histone H3.3 is the predominant histone 
H3 subtype expressed in somatic tissues of Drosophila 
adults.

Accessibility o f  the H3.3-specific epitope in chromatin

Our experiments have demonstrated that the H3.3-specif
ic epitope, in agreement with models of nucleosome 
structure, is inaccessible to antibodies in the presence of 
DNA. The necessity of removing the DNA prior to anti
body binding creates obvious problems for experimental 
studies. Hot TCA treatment for removing DNA is proba
bly too harsh for decondensed chromatin, which is very 
likely completely destroyed by it and therefore becomes 
lost. This is demonstrated by our failure to obtain his- 
tone-antisera reactions in the decondensed chromatin of 
primary spermatocytes after TCA treatment. However, 
TCA treatment is essential for obtaining reproducible re
actions o f  anti-H3.3p antibodies and some other antibod
ies directed against the core histones with compacted 
chromatin. For example, no nuclear labeling of postmei- 
otic germ cells of males was obtained with the histone H4 
serum used in this study unless the tissues were treated

with TCA. After TCA treatment this anti-H4 antiserum 
gave a pattern identical to that obtained with the anti- 
H3 antiserum on untreated testis squashes (not shown), 
Apparently, when antisera are raised against purified core 
histones, many epitopes recognized by these antisera are 
concealed by the nucleosomal DNA,

Our observations have also shown that DNase treat
ment may not be sufficiently efficient in removing 
DNA from the nucleosomes to make all epitopes accessi
ble to antibodies. These observations on the differential 
accessibility of histones can also explain some earlier 
failures in immunological detection o f histones in the au- 
tosomes in Drosophila primary spermatocytes (Rungger- 
Brandle et al. 1981).

Histone H3.3 distribution in poly te fie chromosomes

Our immunological data indicate that histone H3.3 is only 
a minor component of polytene chromosomes with a rath
er uniform distribution. These findings are in contrast to 
the observed distribution of another histone replacement 
variant, H2AvD, a Drosophila homolog o f histone 
H2A.F/Z. This histone H2A subtype appears to be re
stricted to particular genomic loci (van Daal and Elgin
1992). Earlier studies with antibodies against histone 
H2A.2 (D2), which probably corresponds to histone 
H2AvD, indicated its preferential presence in interbands, 
which the authors considered to be transcriptionally ac
tive (Donahue et al. 1986), The interpretation of the re
ported differential distribution of the histone H2A sub-
type is, however, open to question as the earlier experi
ments with anti-H2A antibodies were performed in the 
presence of chromosomal DNA. This might have influ
enced the accessibility of these proteins in certain chro
mosomal domains as our present study documents.

Histone H3,3 in germ line chromatin o f  Drosophila males

Our previous studies have shown that one o f the two Dro
sophila genes encoding histone H3.3 (H3.3A) is strongly 
expressed in the testes (Akhmanova et al. 1995). Tran
script in situ hybridization with H3.3A-specific probes 
has shown that this gene is transcribed in spermatogonia 
and in primary spermatocytes (Akhmanova, unpub
lished). To analyze the distribution of the histone H3.3 
protein within germ cell chromatin o f males, we com
pared the reactions obtained with anti-H3.3p serum with 
those obtained with an anti-histone H3 serum raised 
against total histone H3 protein, This should react with 
all histone H3 subtypes, We could not detect histone 
H3.3 in spermatogonia although the histone H3.3 gene 
is transcribed in these cells. Spermatogonia undergo mi
totic divisions within short intervals and consequently 
strongly express the cell cycle-regulated H3. Therefore, 
histone H3.3 probably represents only a minor part of 
the total histone H3 in these cells and the sensitivity of 
our experiments may have been insufficient to detect it. 
Alternatively, histone H3.3 mRNA may not be translated 
during these stages.
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Comparison of the reactions of TCA-treated sperma
tocytes and young spermatids with the anti-H3 and anti- 
H3.3p sera indicates that the distribution of histone 
H3.3 is not uniform in the chromatin of these cells. Only 
parts of the chromatin, which react with the anti-H3 se
rum, also react with the H3.3-specific antibodies. This 
is particularly apparent in primary spermatocytes, where 
most o f the chromatin does not react with the anti- 
H3.3p antibodies.

The strong transcription of the histone H3.3A gene in 
primary spermatocytes fosters the attractive hypothesis 
that histone H3.3 is incorporated in the transcriptionally 
active chromatin of these cells, substituting for the cell 
cycle-regulated H3. Transcriptional activity in Drosophi
la spermatocytes is very high, since it provides the 
mRNAs for all postmeiotic steps o f spermatogenesis. 
This intensive transcription might require or result in 
the presence o f histone replacement variants. Histone re
placement might also be required for transcriptional acti
vation o f normally heterochromatic genes as it occurs in 
the germ line (see Hennig 1986). For example, histone 
H3.3 is preferentially found in active or competent chro
matin fragments of immature chicken erythrocytes (Hen- 
dzel and Davie 1990). The plant analog of the animal his
tone H3.3, the H3.2 or H3.III variant, also shows prefer
ential accumulation in active chromatin (Waterborg 1991,
1993).

To see whether the correlation between transcriptional 
activity and the presence of the H3.3 variant holds true in 
Drosophila spermatocytes, we tried to remove the DNA  
enzymatically. Treatment with DNase I is milder than 
treatment with hot TCA, which destroys most of the intra
nuclear structures and, in particular, active chromatin. A f
ter DNase treatment, spermatocyte nuclei o f both A  mel- 
anogaster and A  hydei displayed strong anti-H3.3p anti
body binding. A considerable part of the label was asso
ciated with particular Y-chromosomal lampbrush loops 
(pseudonucleolus and clubs in A, hydei). The significance 
of this reaction is supported by the fact that the same 
lampbrush loops are also stained with antibodies against 
histones H2B and H4 (Fig. 8) and histone HI (Fig. lOd 
in Kremer et al. 1986). Labeling of the Y-chromosomal 
lampbrush loops with antibodies against core histones 
was observed earlier (Rungger-Brandle et al. 1981).

If one accepts that histone replacement variants be
come important components of chromatin in cells without 
replication or highly active cells with long G^-phases, 
then the presence of histone H3.3 in primary spermatocy
tes fits such a model perfectly. Our finding that it is spe
cifically the histone H3.3A gene that is highly expressed 
in testes may provide an opportunity to study the effect of  
mutations of this gene on the chromatin structure in germ 
cells without the potentially lethal effects of such muta
tions observed for other histone variants (van Daal and
Elein 1992).

The interpretation of labeling patterns, as observed for 
these histone antibodies, nevertheless requires some cau
tion. The main components of the lampbrush loops are 
not nucleosome-rich chromatin fibrils but extremely long 
transcripts and proteins (for reviews, see Hennig 1987; 
Hennig et al. 1989). Therefore it can be questioned

whether the loop chromatin is the source o f  the strong re
actions. it will be necessary to reinvestigate the presence 
of nucleosomes in the lampbrush loops with highly sensi
tive methods, as they are presently available. On the other 
hand, one cannot exclude the possibility that the histones 
are at least partially bound to transcripts. Finally, it 
should be noted that, in immunological studies, a variety 
of proteins have been reported to be present in the Y- 
chromosomal lampbrush loops (Hulsebos et al. 1984), in
cluding not only RNA-binding proteins (Glatzer 1984; 
Heatwole and Haynes 1996), but also laminin B2 (Wang 
et al. 1992) and tektin (Pisano et a l  1993), i.e., proteins 
that are not even expected to enter the nucleus. The pos
sible artifactual nature of immunoreactions with such an
tibodies might be based on the presence o f  immunologi- 
cally related epitopes in different proteins. Nevertheless, 
it remains intriguing that the same pattern of immunolog
ical reactivity is found for all histone antibodies. Perhaps 
some of these histones are not nucleosomal components 
but are found within some nuclear global compartments.

Postmeiotically, a strong reaction with anti-H3.3p an
tibodies was observed in the protein bodies of the nuclei 
of early spermatids. A similar correlation between the 
presence in the lampbrush loops before meiosis and in 
the nuclear protein bodies in postmeiotic cells has been 
observed for histone HI (Kremer et al. 1986) and some 
RNA-associated proteins (Glatzer 1984). A presence in 
the protein bodies has also recently been established for 
a novel zinc finger protein (Sun et al. in preparation). 
The function of these structures is unknown. They under
go a characteristic sequence of changes in structure and 
size that occur in parallel with changes in the degree of 
chromatin condensation (Lindsley and Tokuyasu 1980; 
Grond 1984; Hennig and Kremer 1990). They contain ba
sic proteins and are devoid of DNA and RNA (Grond 
1984; Kremer et al. 1986). It is possible that the protein 
bodies serve as a reservoir or a sink for chromosomal pro
teins in relation to chromatin rearrangements.

Histone substitution during sperm maturation 
in Drosophila

Ways of packaging the genome in sperm cells are highly 
variable between different organisms (for review, see 
Poccia 1986). While in some species somatic histones 
are only partially substituted (for example in Xenopus\ 
see Dimitrov et al. 1994, and references therein), in many 
other species they are replaced by small, very basic pro
teins, called protamines (for review, see Hecht 1989). 
Nothing is known about the molecular composition of  
chromatin in spermatozoa o f Drosophila. Histochemical 
observations have suggested the appearance of arginine- 
rich proteins in late spermatid nuclei (Das et al. 1964; Ha- 
uschteck-Jungen and Hartl 1982). Our data, demonstrat
ing that histones are removed in late spermatids, are com 
plementary to these observations. No core histones could 
be detected in mature sperm heads, even after prolonged 
treatment with hot TCA. This probably indicates their ab
sence in mature sperm, although epitope masking cannot 
be completely excluded. From our observations it appears
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likely that in germ ceils of Drosophila males the cell cy
cle-regulated histones are substituted in a stepwise man
ner by replacement variant histones and finally by other 
basic proteins not yet identified. Such a pattern of histone 
substitutions would be compatible with that found in oth
er organisms (see Hecht 1989).
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