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C h a p t e r Τ 

Histone replacement variants: distinguishing features and possible functions 

Anna Akhmanova and Wolfgang Hennig 



The feeling on me grows and grows 

That hardlj an>bod> knows 

If those are these or these are those. 

A. A. Milne. Winnie-the-Pooh, 

Lines written by a bear of very little brain. 



Histories are highly conserved small basic proteins which constitute the elemen
tary units of chromatin in the nuclei of all eukaryotic cells, the nucleosomes. 
In higher eukaryotes histones are encoded by multigene families, containing 
members of two types: replication dependent, or cell-cycle regulated histone 
genes and replication independent, or replacement histone genes. Most of the 
genes from both groups are expressed in many different tissues, but some 
tissue-specific genes of both types can be found. These are sometimes consi
dered as a separate class of histone genes ( Schiimperli, 1986). 

The distinction between the two types of histone genes is based on their 
structure, genomic organization, mode of regulation and the type of mRNA. It is 
generally accepted that the bulk of the histone proteins is synthesized in the 
S-phase of the cell-cycle and is incorporated into the chromatin during the DNA 
replication. Replication dependent, or cell-cycle regulated histone genes are 
responsible for this process. The expression of these genes in most eukaryotes 
is tightly coupled to the DNA synthesis (for review, see Schiimperli. 1988; Oslev. 
1991). In contrast, the replacement histone genes display no strict regulation in 
relation to the cell-cycle (Wu and Bonner, 1981; Schiimperli, 1986). Initial studies 
in vertebrates have shown that while replication dependent histone genes are 
multicopy, contain no introns and produce short non-polyadenylated mRNAs 
(Wells, 1986; Wells and McBride, 1989), replacement histone genes are single 
copy and resemble the rest of the protein-coding genes by the presence of 
introns and poly(A) tails in their mRNAs (Brush et al., 1985; Schiimperli, 1986). 
Numerous recent studies of the structure and function of histone genes from 
different representatives of both animal and plant kingdoms have shown that 
histone genes of both types exist in most of the eukaryotic organisms. In this 
review we will focus on the structural and functional features of the replace
ment histone genes. 

1. Regulation in the cell cycle 
The main distinctive feature of the replacement histones is the relative in
dependence of their expression on the phase of the cell cycle. The expression 
of the cell-cycle regulated histone genes is strongly induced in the beginning of 
the S-phase and is repressed upon the cessation of the DNA replication (for re
view, see Schiimperli, 1988, Marzluff and Pandey, 1988, Osley, 1991). The expres
sion of some replacement histone genes is also stimulated, at least at the level 
of mRNA, during the S-phase. This was demonstrated in cultured mammalian 
cells for the replacement variants HI 0 (Grunwald et al., 1991; Khochbin et al., 
1991) and H3.3 (Hraba-Renevey and Kress, 1989). The developmental expression 
pattern of the Drosophila H2A.F/Z-like variant, H2AvD, follows the pattern of 
replication-dependent histone gene expression (van Daal and Elgin, 1992). Also in 
plants the highest expression of the replacement variants of histone H3 was 
observed in young shoots, similar to the replication-dependent histones (Kanazin 
et al., 1996). 

In eggs and very early embryos of many species the production of histone 
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Table 1. Histone replacement variants: nomenclature and characteristic features. 

Histone 
type 

H1 

H2A 

H3 

H4 

Replacement 
variant 

H1° 

H5 

H1M 

H2AF.Z 

H2A.X 

H3.3 

H3.III 

hv2 

H 4 r 

Synonyms 

H1D, H1E, 
H 1 s , H5 

H1b 

B4, H1X 

H2A.F 
H2A.Z 

M1 

H2AvD 

hv1 

H3.2 

Organism 

mammals 

Xenopus 

trout 

birds 
(erythrocytes) 

Xenopus 
(eggs, early 

embryos) 

vertebrates 

Drosophila 

Tetrahymena 

vertebrates 

animals 

higher plants 

Tetrahymena 

Drosophila 

Primary structure 
features 

<50% identity 
with cell-cycle 

regulated H1 
more basic, than H I 

<50% identity 
with cell-cycle 

regulated H1 
very basic 

~ 3 0 % identity 
with major Ή1 

less basic, than H1 

~ 6 0 % identity 
with cell-cycle 
regulated H2A 

C-terminus 
different 

from cell-cycle 
regulated H2A 

97% identity 
with cell-cycle 
regulated H3 

97% identity 
with cell-cycle 
regulated H3 

- 8 8 % identity 
with Tetrahymena 

major H3 

identical to 
Drosophila 
cell-cycle 

regulated H 4 

mRNA type 

polyadenylated 

polyadenylated 

polyadenylated 

polyadenylated 

non-poly-
adenylated and 
polyadenylated 

polyadenylated 

polyadenylated 

polyadenylated 

polyadenylated 

Introns 

absent 

absent 

present 

present 

absent 

present 

present 

absent 

present 
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proteins is not coupled to DNA replication. During oogenesis and maturation, 
large reservoirs of histone mRNAs (Drosophila, sea urchin) or proteins (amphi
bians) are accumulated to be used in early embryogenesis (Anderson and Len-
gyel, 1984; Kedes, 1979; Woodland, 1980). Some replacement histone variants are 
synthesized and accumulated in oocytes, as was shown for the Xenopus HIM 
(B4) (Dworkin-Rastl et al., 1994) and Drosophila H3.3 and H4r (Akhmanova et 
al., 1995, 1996). 

The main distinction between the histone genes of the two types is the 
expression of the replacement histones albeit at a low level in non-S-phase 
cells. In Chinese hamster ovary cells such basal histone synthesis constitutes 
less than 10% of that during the S-phase (Wu and Bonner, 1981). All four core 
histones participate in the basal synthesis, although only for H2A and H3 dis
tinctive basal or replacement sequence variants are found (Wu and Bonner, 1981). 
The pattern of the H2A variant synthesis in quiescent cells is different from 
that in the G1/G2 cells (Wu et al., 1982), but the synthesis of HI and H3 var
iants is not (DTncalci et al., 1986; Wu et al., 1982) H2A.X and H2A.Z variants 
are the only H2A histones, expressed in G1/G2 cells. However, in quiescent 
cells, similar to the S-phase, all H2A subtypes are produced and the level of 
the H2A.Z and H2A.X histones remains low (Wu et al., 1984). On the other 
hand, the replacement histone H3.3 variant is the only histone H3 subtype which 
is synthesized both in non S-phase and in non-dividing cells. The НЗ.З-encoding 
genes were shown to be induced when tumor cells switch to a terminal dif
ferentiation program (Krimer et al., 1993). Histone H3.3 accumulates in differen
tiated cells (Wu et al. 1983; Grove and Zweidler, 1984; Brown et al.. 1985; Wunsch 
and Lough, 1987; Dell'Orco and Worthington, 1988). The same probably holds true 
for non-dividing somatic tissues of Drosophila, where the transcripts of replace
ment, but not the replication-dependent histone genes can be detected (Akhmano
va et al., 1995, 1996). 

Also in plants replacement histone H3 genes (H3.2 or H3.III) are expressed 
in cell-cycle independent manner and they produce the majority of the H3 
mRNA and protein in non-meristematic tissues (Kapros et al., 1992, 1995; Kanazin 
et al. 1996). The steady-state level and the rate of turnover of the replacement 
histone H3 are generally much higher in plants than in animals, especially when 
growing cell populations are compared (Waterborg, 1992). 

Establishment of the differentiated state in vertebrate cells correlates with 
the expression of the replacement type linker histone, Hl° (for review, see 
Khochbin and Wolffe, 1994; Doenecke et al., 1994; Doenecke and Alonso, 1996). 
Like the H3.3, Hl° is induced during in vitro terminal differentiation of tumor 
cell lines (reviewed by Zlatanova and Doenecke, 1994). A closely related tissue 
specific HI variant, histone H5, accumulates in terminally differentiated avian 
erythrocytes (Sun et al., 1989). 

Certain cell-cycle regulated histone genes also participate in basal histone 
synthesis. For example, the synthesis of mouse replication dependent histone 
variants H2A.1 and H2B.2 is completely repressed at the end of S-phase, while 

Histone replacement variants 9 



replication dependent histones H2A.2 and H2B.1 retain a low expression level 
even when the DNA replication ceases (Zweidler, 1984). 

The regulation of histone synthesis during the cell cycle occurs also in uni
cellular organisms, like, for example, in budding and in fission yeast (for review, 
see Osley, 1991). One can imagine that due to the absence of prolonged differen
tiated state, these organisms don't need a separate set of genes, insuring basal 
histone synthesis. That is probably the reason why replacement type histone genes 
are absent in budding yeast, Saccharomyces cerevisiae. Also in fission yeast, 
Schizosaccharomyces pombe, all histone genes are cell-cycle regulated, including 
the homologue of the animal H2A.F/Z gene, phtl (Carr et al., 1994). 

A special case is represented by Tetrahymena and other ci liâtes. These pro
tozoans contain two nuclei: mitotically dividing, transcriptionally almost inert 
micronuclei and amitotically dividing, transcriptionally active macronuclei. In Te
trahymena histones of each type are encoded by several genes (Bannon and Go-
rovsk>, 1984; Nomoto et al., 1987; Thatcher et al., 1994; Shen et al., 1995; Liu et 
al., 1996). The pattern of expression of individual histone genes in the log phase 
growth conditions is different from that in non-growing (starving) cells, the 
latter representing basal histone synthesis (Bannon and Gorovsky, 1984). For 
example, hv2 is a histone H3 subtype, which is preferentially synthesized and 
deposited in the macronuclei of non-growing (starved) cells (Bannon et al., 
1983). Apparently, it is the ciliate analogue of the animal H3.3 and plant H3.2 
(H3.1II) (Thatcher et al.. 1994). Tetrahymena also contains an H2A.F/Z homolo
gue, the hvl variant, which is also preferentially accumulated in macronuclei 
(Bannon and Gorovsky, 1984: van Daal et al., 1990). 

2. Transcriptional regulation 
S-phase dependent transcriptional regulation of replication dependent histone 
genes was a subject of intensive research in a variety of organisms (for reviews, 
see Osley, 1991; Stein et al., 1996). The promoters of the histone genes of this 
type contain some elements, common for many RNA polymerase II-transcribed 
genes, such as the TATA-box, CCAAT-box, Spl-box and the octamer sequence. 
In addition, a number of specific promoter elements, such as th« Hl-box (Coles 
and Wells, 1985) or the H4 element (Ramsey-Ewing et al, 1994), which contri
bute to the activation of a particular histone gene type, were identified. S-phase 
control elements were found not only in the upstream sequences, but also 
within the open reading frames of the histone genes (see Kaludov et al., 1996, 
and references therein). 

Among the promoters of the replacement histone genes, those of the Hl° 
and HS genes were studied most extensively (for reviews, see Khochbin and 
Wolffe, 1994; Doenecke et al., 1994: Doenecke and Alonso, 1996). Interestingly, 
these two linker histone promoters share some elements with the cell-cycle 
regulated histones, such as an H4TF2 binding site, also present in histone H4 
genes, and the HI box (in the Hl° promoter). This is not surprising since the 
Hl° histone transcription is stimulated in the S-phase of the cell-cycle and the 

10 Chapter I 



H4 cell-cycle regulated element and the HI box are involved in cell-cycle 

dependent regulation. Both H I 0 and H5 promoters contain the TATA-box and 

Spl-binding sites, but in contrast to the promoters of the replication-dependent 

HI genes they lack the CCAAT-box. Specific elements, like upstream conserved 

element (UCE) in the H I 0 promoter and GATA-1 binding sites in the H5 promo

ter are also present. 

TATA-boxes, CCAAT-boxes and Spi-boxes can usually be found also in the 

upstream regions of many but not in all sequenced genes encoding replacement 

core histone variants in vertebrates (Brush et al., 1985; Wells et al., 1987; Hatch 

and Bonner, 1990; Albig et al., 1995). Among these genes, only the promoter of 

the H2A.X-encoding gene was analysed in some detail. The transcription from 

this promoter is not dependent on the cell-cycle phase (Bonner et al., 1993). It 

contains a TATA-box and two CCAAT elements. The proximal of these two ele

ments, together with some surrounding sequences, was found to be an impor

tant determinant of the H2A.X promoter activity. It binds nuclear factors, which 

also bind to the CCAAT box from the H2A.Z promoter, but not to the pro

moter of a cell-cycle regulated H2A gene (Ivanova et al., 1994a). 

Some of the S-phase control elements, characteristic for the cell-cycle re

gulated genes, are clearly absent in their replacement counterparts. For example, 

the the α and Ω elements of the coding region activating sequence (CRAS), 

present in the mouse histone H3.2 gene, are mutated in the H3.3 genes (Kaludov 

et al., 1996). Remarkably, the α-element of CRAS coincides with the region of 

the H3 open reading frame, where most of the amino acid differences between 

the replacement H3.3 variant and replication-dependent H3.1/2 variants are lo

calized (Bowman and Hurt, 1995). This is also one of the most variable regions 

in the H3 sequence, when the H3 histones from different kingdoms are com

pared (Thatcher et al., 1994·). 

Little functional data on the promoters of replacement histone genes from 

invertebrates is available. In Drosophila, promoters of H2AvD (van Daal et al., 

1990), H3.3B (Akhmanova et al., 1995) and H4r (Akhmanova et al., 1996) genes 

contain no TATA-box, in contrast to the cell-cycle regulated histone genes 

(Matsuo and Yamazaki, 1989; Kremer and Hennig, 1990). The generic control se

quences, such as H4 cell-cycle control element, were not found either. Bv se

quence comparison, a putative promoter element was identified in H2AvD and 

H3.3B genes (Akhmanova et al., 1995). However it was not found in the H4r 

gene (Akhmanova et al., 1996). 

3. mRNA polyadenylation status and regulation of mRNA stability 

The animal cell-cycle regulated histone mRNAs are the only type of mRNAs, 

known so far, which terminate not with a poly(A) tail, but with a highly con

served stem-loop structure (Birnstiel et al., 1985; Marzluff, 1992). This structure 

is essential for the cell-cycle regulation of processing and stability (Schiimperli. 

1988, Marzluff and Pandey, 1988; Mowry and Steitz, 1988). The replacement his

tone genes, on the other hand, produce polyadenylated mRNAs, comparable to 
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the rest of the protein-coding genes (SchUmperli, 1986; see Fig. 1). Processing 

through polyaden>lation is not subject to cell-cycle regulation. In addition, sta

bility of the polyadenylated messengers is not correlated with the DNA synthe

sis, like the stability of the mRNAs, ending with the stem-loop (Sittman et al., 

1983). The polyadenylation status of the mRNA, therefore, is commonly used to 

distinguish the historie genes of the two types. 

Histone mRNAs 
O R F 

« + 

O R F 

β 
t 

- animal cell-cycle regulated histones 
- histones from Volvox, Clamydomonas, 

Physarum 

- animal replacement histones 
-AAAn - all histones from plants, yeast, 

Tetrahymena 

AAAn - vertebrate histones H2A.X, H1c 

Fig. I. Types of the 3' processing of histone mRNAs. Stippled boxes represent 
histone open reading frames, vertical arrows indicate cleavage s i tes after the 
s tem- loop sequence; small open boxes represent polyadenylation signals. 

This way of distinguishing between replication-dependent and replacement 

genes, though easy and convenient, has considerable limitations. Firstly, mRNAs 

of some histone genes can be processed via both pathways (see Fig. 1). This group 

of genes includes H2A.X of human and mouse (Mannironi et al., 1989; Nagata et al., 

1991). which are regarded as replacement histones on the basis of their preferential 

synthesis during the Gl and G2 phases (Wu and Bonner, 1981; Wu et al., 1982). 

It also includes the chicken Hlc-encoding genes HI.01 and HI.10 (Kirsh et al., 

1989) and the mouse Hlc (Cheng et al., 1989), which according to their amino 

acid sequence belong to the group of cell-cycle regulated linker histones. 

Some non-polyadenylated histone mRNAs are synthesized in the absence of 

DNA s>nthesis. This is especially true for some testis-specific histones, like, for 

example, the mammalian Hit (Grimes et al., 1990; Drabent et al., 1991; for re

view, see Khochbin and Wolffe, 1994) or sperm-specific H2B subtypes in sea 

urchin (Busslinger and Barberis, 1985; Lai et al., 1986; Lai and Childs, 1986). 

These genes are expressed in the differentiating male germ cells after the DNA 

replication is completed. However, judging from the amino acid sequence, the 

genomic organization and the type of mRNA processing, these genes are more 

closely related to the cell-cycle regulated rather than to the replacement his

tones. Testis-specific histone genes with polyadenylated mRNAs exist as well, as 

for example the mouse spermatid-specific histone H2B (Moss et al., 1989). In 

addition, normal cell-cycle regulated histone genes can be expressed in vertebrate 

postmeiotic male germ cells (in spermatids) as both non-polyadenylated and poly

adenylated mRNAs (Challoner et al.. 1989; Moss et al., 1994). 
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Finally, all histone mRNAs of many lower eukaryotes, including budding and 
fission yeast and ciliates, as well as those of higher plants, are polyadenylated. 
In these organisms the histone mRNA processing is not controlled by the cell 
cycle, while the stability of histone mRNAs is apparently cell-cycle regulated. 
For example, in yeast, cell-cycle dependent periodic fluctuations of the histone 
mRNA levels were observed even when the contribution of transcriptional con
trol was eliminated (reviewed by Osley, 1991). In higher plants the mRNAs of 
cell-cycle regulated histone H3.1 genes are less stable and more sensitive to the 
DNA replication inhibitors than those of the replacement-type H3 genes (Kapros 
et al., 1995). At present, the determinants of histone mRNA stability in these 
organisms are poorly understood. 

Another interesting feature distinguishing the animal replacement histone 
mRNAs from the cell-cycle regulated ones is the length of the 3" untranslated 
regions (UTRs). The 3' UTRs of the non-polyadenylated cell-cycle dependent 
mRNAs are usually very short (less than 100 nt) and with the exception of the 
stem-loop sequence, are not conserved in evolution (Wells, 1986; Wells and 
McBride, 1989). In the replacement histone genes the 3' UTRs are usually much 
longer (hundreds of nucleotides) and are in some cases (like the vertebrate hi
stone H3.3 mRNAs) extremely conserved over long evolutionary periods (Wells 
et al., 1987; Chalmers and Wells, 1990). The functions of these particular se
quences are unknown. It is, however, becoming increasingly clear, that the euka-
ryotic 3' UTR sequences control mRNA translation and stability (Jackson and 
Standart, 1990; Jackson, 1993). 

4. Gene structure 
Polyadenylation status of histone mRNAs in animals usually correlates with the 
presence or absense of introns in the respective genes. It is known that at 
least in mammalian cells splicing and polyadenylation are coupled to a certain 
extent (see Nesic and Maquat, 1994, and references therein). Therefore it seems 
quite logical that replacement histone genes, that are expressed as polyadeny
lated messengers, contain introns. This holds true for all animal histones H3.3 
(Brush et al., 1985; Wells et al., 1987; Akhmanova et al., 1995; Albig et al., 1995), 
histone H2A.F/Z (van Daal et al., 1990) and maternal linker histone HIM <B4) 
from Xenopus (Cho and Wolffe, 1994). However, this rule is not very strict, 
since polyadenylated mRNAs of H1° and H5 are transcribed from genes without 
introns (Krieg et al., 1983; Doenecke and Tönjes, 1986). 

The cell-cycle regulated histone genes usually lack introns. This is true for 
the animal kingdom as well as for yeasts and higher plants. In mammals it was 
shown that the presence of an intron suppresses the stem-loop dependent 3' 
end processing and stimulates the utilization of cryptic downstream pol>adeny-
lation signals (Pandey et al., 1990). It is not surprising, therefore, that non-po
lyadenylated cell-cycle regulated histone mRNAs in animals are produced exclu
sively from intronless genes (Wells, 1986; for the most recent compilation of 
histone sequences, see Baxevanis and Landsman, 1996). This rule cannot be gene-
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ralized for all eukaryotes. The histone genes of Physarum and Volvox as well 
as some histone genes of Chlamydomonas, contain introns, even though they are 
cell-cycle regulated and generate non-polyadenylated mRNAs ending with a 
stem-loop, similar to that of animal histones (Wilhelm and Wilhelm, 1989; Muller 
and Schmitt, 1988; Müller et al., 1990; Fabry et al., 1995) 

The correlation between the replication independence of expression and the 
presence of introns apparently holds true for higher plants. Extensive studies of 
the family of the histone H3-encoding genes have shown that all the intron-
containing members encode a replacement type histone H3 (H3.2 or НЗ.Ш) as 
can be judged from the protein sequence and the mode of expression (Chaubet 
et al., 1992, Kanazin et al., 1996; Robertson et al., 1996). 

S. Gene organization 
In higher eukaryotes cell-cycle regulated histone genes are usually present in 
multiple copies, which are to a certain extent clustered. Even in budding yeast, 
where only two copies of each core histone gene are present, they are arranged 
in two H2A-H2B and two H3-H4 pairs (for review, see Grunstein et al, 1984). In 
some species all replication-dependent histone genes are present in large clu
sters of relativel> homogeneous repeats, where each repeat contains genes for 
all core histones and the histone HI. Such an organization is observed, for 
example, in Drosophila (Lifton et al., 1978; Matsuo and Yamazaki, 1989), Notoph-
thalmus (Stephenson et al., 1981) and for the early histone genes of sea urchins 
(Kedes, 1979). In other species randomly assorted clusters of replication depen
dent histone genes are found. This is true for birds and mammals (for recent 
reports, see Tönjes et al., 1989; Gruber et al., 1990; Albig et al., 1993; Drabent 
et al., 1993; Dong et al., 1994; Brown, V.D. et al., 1996) as well as for the late 
genes of sea urchin (Kedes, 1979). It was shown recently that at least in mam
mals, such random clusters have a tendency to be associated, so that, for 
example, all human cell-cycle regulated HI genes are present on the same chro
mosome (Albig et al., 1993). 

The distinguishing feature of the replacement histone genes is that they are 
present in one or two copies and not linked to the cell-cycle regulated genes 
or to each other. This is well illustrated by the distribution of histone genes in 
Drosophila, where all cell-cycle regulated genes are clustered together near the 
centromere of the chromosome 2 (Lifton et al., 1978), while the two H3.3-
encoding genes are localized on the X chromosome and the left arm of the 
chromosome 2 (Akhmanova et a., 1995) and the histone H2AvD and H4r replace
ment genes are present at two different locations on the third chromosome (van 
Daal and Elgin, 1992; Akhmanova et al., 1996). A quite similar situation is observed 
in mammals. The human histone Hl°. H2A.X, H2A.Z and НЗ.З-encoding genes 
are not linked to the cell-cycle regulated histone genes and are all localized on 
different chromosomes (Albig et al., 1993; Ivanova et al., 1994b; Popescu et al., 
1994; Albig et al., 1995). The isolated genomic position of replacement histone 
genes in these organisms can be regarded as a distinctive feature of this type 
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of genes. 
The situation is somewhat different in higher plants, where the distinction 

in gene organization between cell-cycle regulated and replacement histones is 
less pronounced. Firstly, the clustering of cell-cycle regulated histones genes is 
observed only occasionally, and these genes are distributed over different chro
mosomes (Kanazin et al., 19%; for review, see Chaboute et al., 1993). On the 
other hand, replacement genes, at least those encoding histone H3 variant, can 
be present in several copies, which are in some cases (in Arabidopsis) tightly 
linked with each other (Kanazin et al., 1996; Robertson et al., 1996; Chaubet et 
al., 1992). The general tendency that the copy number of cell-cycle regulated 
genes is considerably higher than that of replacement genes holds true also for 
plants (Robertson et al., 1996; Chaboute et al., 1993). This apparently reflects 
the requirement, general for all higher organisms, to ensure very high rate of 
histone synthesis during the S-phase. 

6. Amino acid sequence differences between replication-dependent and replace
ment histones 
The proteins, encoded by the replacement histone genes, were initially identified 
as histone variants on acetic acid-urea-Triton gels due to their mobility, which 
differed from that of the major histone subtypes (Panyim and Chalkey, 1969; 
Franklin and Zweidler, 1977; West and Bonner, 1980). In most cases the replace
ment histone proteins are different from their cell-cycle regulated counterparts 
in at least a few amino acid positions. The amount of such differences usually 
correlates with the degree of conservation of the particular histone protein in 
evolution. The linker histone, HI, is the least conserved of all histones (Cole, 
1987; Schulze and Schulze, 1995). For example, the structures of the vertebrate 
histone Hl° and H5 variants are significanly different from that of the replica
tion dependent histone HI (Khochbin and Wolffe, 1994; Doenecke and Alonso, 
1996). These histones are shorter (190 versus 210 amino acids), and are quite 
divergent in the sequence of their N- and C-terminal tails. Also in the central 
globular region, which is conserved between all linker histones, the degree of 
identity is not high (Schulze and Schulze, 1995). The distinguishing feature of 
these differentiation-specific linker histones is their highly basic character, 
compared to the replication-dependent histones HI. This is especially apparent 
for the histone HS, where arginine replaces a high proportion of the lysine 
residues, present in the C-terminal domain of other HI histones (Doenecke and 
Tönjes 1986). The cleavage linker histone, Н1МШ4), found in Xenopus, is also 
considerably different from the somatic linker histones (29% of identity with 
Xenopus HI, Smith et al., 1988) and it is less basic than other histone HI sub
types (Dimitrov et al., 1993). 

Histone H2A displays the highest degree of sequence divergence among the 
core histones. The H2A.F/Z variant, found in a large variety of species, is only 
~60% identical to the cell-cycle regulated H2A protein in a given species, with 
the differences distributed throughout the whole sequence (Hatch and Bonner, 
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1488). In addition, the Drosophila H2A.F/Z-type histone, H2AvD, is 16 amino 
acids longer in the C-terminus than its cell-cycle regulated counterpart (van 
Daal et al., 1988), while the Tetrahymena H2A variant, hvl, has a longer amino 
terminus (Allis et al., 1986). Vertebrates have an additional H2A replacement 
variant. H2A.X. The core region of this histone is nearly identical to the major 
vertebrate H2A, such as H2A.1. Its C-terminal region is longer than that of 
H2A.1 and has some similarity to the C-termini of the H2A proteins of lower 
eukaryotes (Mannironi et al., 1989). 

Histone H3 is highly conserved in evolution. In agreement with this obser
vation, its replacement variants differ from their cell-cycle regulated counter
parts only by a few amino acid substitutions (see alignment in Thatcher et al., 
1994). Only four substitutions distinguish the replacement and cell-cycle regulated 
histones H3 in animals (positions 31, 87, 89 and 90) and in plants (positions 31, 
41. 87 and 90). While the positions of three of these four substitutions are the 
same in plants and animals, the amino acids themselves are conserved between 
animals and plants only in the cell-cycle regulated, but not the replacement his
tones H3. The replication-dependent and replacement H3 variants in Tetrahymena 
are more divergent (16 substitutions). Interestingly, three of these substitutions 
are at the same positions 31, 87 and 89, as in the animal H3 variants. 

Finali}, for the evolutionär) most conserved histone, H4, a replacement gene 
was found only in Drosophila (Akhmanova et al., 1996) and in Ascaris (Duda et 
al., unpublished; EMBL accession numbers Z69289, Z69290). In Drosophila, this 
gene encodes a protein which is identical to the cell-cycle regulated H4 in the 
same species. This observation accentuates the point that replacement histone 
genes do not necessaril> encode replacement variant histones, distinguishable by 
their amino acid sequence. This conclusion provides a basis for searching for 
replacement histone H2B genes, which so far were not found in any organism. 

7. Gene evolution 
While the genes for all five cell-cycle regulated histones are isolated in many 
different organisms, in no case a full complement of replacement histone genes 
was described. The replacement genes for histones HI, H2A and H3 were de
scribed for a large variet) of organisms, but histone H4 replacement genes were 
found so far only in two classes of invertebrates (see above) and histone H2B 
replacement genes were not described at all. However, in spite of the incom
plete data, some general conclusions about the origin and evolution of replace
ment histones can be made. 

Two main criteria which are used in such an analysis are the protein se
quences of the replacement histones and, in cases when they are present, the 
positions of the introns in the open reading frame. Using both of these criteria 
it was concluded that histone H2A replacement variant, H2A.F/Z, has arisen very 
earl> in eukaryotic evolution, as it is found in vertebrates, invertebrates and Ге-
trahymena (van Daal et al., 1990: see Fig. 2). An intronless gene, phtt, from 5. 
pombe apparently also belongs to this group of the H2A variants judging from 
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its protein sequence, although strictly speaking it cannot be regarded as a re

placement gene, because its expression is cell-cycle dependent (Carr et al 1994) 

Histone H3 replacement variants are described in Tetrahymena animals and 

plants Comparison of the ammo acid sequences and the localization of their in

trons indicates that these variants have arisen independently in these three 

groups (Thatcher et al , 1994, see Fig 2) On the other hand within each king

dom replacement histones H3 are highly conserved For example, the animal re

placement histone H3 3 is identical in all vertebrate and invertebrate species 

analysed so far and differs from the animal cell-cycle regulated H3 variants 

Positions of some of the introns in its open reading frame are conserved bet

ween vertebrates and invertebrates (Akhmanova et al 199S) The same is true 

for the H3 III (H3 2) variants of higher plants (Kanazin et al , 1996 Robertson et 

al , 1996) Apparently the separation of replacement and cell-cycle regulated 

histones occurred early in both plant and animal evolution 

H2A - vertebrate cell-cycle regulated H2A 

H2AX 

- invertebrate cell-cycle regulated H2A 

- Tetrahymena major H2A 

-animal H2AF Ζ 

- Tetrahymena hv1 

- Schizosaccharomyces pombe phtl 

H3 
- plant cell-cycle regulated H3 

- plant НЭ 2 or H3 III 

• animal cell-cycle regulated H3 

animal H3 3 

Tetrahymena major H3 

•Tetrahymena hv2 

mammalian H1° 

" l ΓΊ vertebrate H5 

-sea urchin H1D 

- Xenopus H1M 

-sea urchin sperm HI 

-invertebrate major HI 

-vertebrate major H1 

Fig 2 Phylogenetic trees calculated from the alignments of the amino acid 
sequences of h istones H2A, НЭ and globular domains of linker histones by 
neighbor-joining method The drawings represent the topologies of the phyloge
netic trees il lustrating the relationship between the replacement variants and 
cel l-cycle regulated histones The branches are not drawn to scale and each 
branch represents in most cases a group of amino acid sequences These trees 
are simplified representations of phylogenetic trees for h istones H2A and H3 
calculated by Thatcher et al (1994) and for linker h istones calculated by 
Schulze and Schulze (199S) 

Similar to H3 3 variant, the replacement histones Hl° from vertebrates (and 

related to it avian histone H5) are most closely related to replacement t>pe his-
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tone HI From invertebrates (exemplified by the H1D histone from sea urchin, which 
is encoded b> a pol>aden>lated mRNA; Schulze and Schulze, 1995). A phylogenetic 
tree deduced from the comparison of the conserved central domains of all linker 
histones places HI0 and H5 together with HIM in close vicinity to invertebrate 
sperm histone HI proteins and invertebrate histones HI, encoded by polyadenylated 
mRNAs (Schulze and Schulze, 1995; see Fig. 2). All these linker histones are 
more similar to invertebrate and plant replication-dependent histones HI than to 
the vertebrate ones. Taken together, the data suggest an early evolutionary 
origin of the animal replication-independent linker histones. 

Some replacement variants are of a more recent origin, as is clearly the 
case for the histone H2A.X. This histone is only found In vertebrates. It is 
more closely related to the replication-dependent histones H2A from verte
brates, than to the replacement variant H2A.F/Z or to invertebrate H2A histones 
(Mannironi et al, 1989; Thatcher and Gorovsky, 1994). As was mentioned before, 
the H2A.X-encoding genes contain processing signals characteristic for replica
tion-dependent histones (the stem-loop) along with polyadenylation signals, cha
racteristic of replacement histone genes. Therefore, this variant is likely to have 
originated from a cell-cycle regulated histone H2A gene in the course of the 
vertebrate evolution (see Fig. 2). 

Taken together, the data described above show that replacement histones 
represent an evolutionary heterogeneous group of genes. An important feature, 
which might influence their evolution in higher eukaryotes as compared to the 
cell-c>cle regulated histones is their solitary genomic position. This might con
tribute to the exclusion of these genes from the process of homogenization 
with other members of the multigene family. The evolutionary constraints on 
the replacement histone genes are apparently quite high, because replacement 
histones of a particular class (like H2AF/Z or H3.3) are often more conserved 
between different species, than their cell-cycle regulated counterparts (van Daal 
et al., 1990: Thatcher et al., 1994). 

8. Functional differences between replication dependent and replacement histones 
The central question in the study of the replacement histone genes concerns 
their functional significance. The presence of the histone genes of this type in 
all higher eukarvotes together with the high degree of their conservation in the 
course of evolution (see above) indicate that these genes are functionally impor
tant. Two possible functions, not necessarily mutually exclusive, can be pro
posed. On the one hand, these genes may insure chromatin maintenance over 
the long periods when cells do not divide but remain transcriptionally active 
(like most differentiated somatic cells in multicellular organisms). Nucleosomes 
are likely to become displaced and lost or damaged during transcription, and 
the repair process would require some histone synthesis. Such kind of synthesis 
can be best described as "basal" and does not have to involve histone proteins, 
which are different in their structure from the cell-cycle regulated histones. It 
is known that such basal synthesis can be also provided by at least some cell-
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cycle regulated genes (see above). However, if the level of replication-indepen
dent expression of cell-cycle regulated genes is low, the presence of histone 
genes regulated in a cell-cycle independent manner might be essential. The 
DrosophiJa histone H4 replacement gene, H4r, fits well into such a concept, 
since it encodes a protein identical to the Drosophila cell-cycle regulated H4. 

On the other hand, the replacement histones may have a truly "replacing" 
function by providing a source of histone proteins that can modify the nu-
cleosome structure. The existence of some extreme histone variants, such as a 
histone H3-like centromeric protein CENP-A (Sullivan et al., 1994; Stoler et al., 
1995) or the macro H2A histone, an H2A subtype containing a large C-ter-
minal non-histone domain (Pehrson and Fried, 1992), indicates that at least some 
histone variants have special functions (for review, see Wolff e and Pruss. 
1996b). 

Such specialized functions are easy to imagine for some tissue-specific 
variants. For example, linker histones in general are thought to be involved in 
formation of higher order chromatin structure and in transcriptional repression 
(reviewed by Zlatanova and van Holde, 1996; Paranjape et al., 1994). Histone HS 
is associated with transcription silencing in avian erythrocytes (Sun et al., 1989). 
It is more basic than other linker histones and might be more efficient in s ta
bilization of the chromatin sructure. This is also true for the sea urchin sperm 
specific histones HI and H2B with, which are involved in the transcriptional 
repression and genome packaging in sperm (for review, see Poccia, 1986; Roma
no, 1992). These histones contain highly basic tetrapeptide repeats, which are 
subject to reversible phosphorylation. In mature sperm these histones are pre
sent in a dephosphorylated state, which correlates with a high degree of chro
matin condensation. 

Cleavage linker histone from Xenopus, HIM (B4) Illustrates an opposite ten
dency. It is less basic than other histone HI subtypes (see above) and it is 
expected to display a weaker interaction with chromatin (Khochbin and Wol f f e, 
1994). This might facilitate frequent disruption of chromatin structure, which 
occurs during short cell cycles, characteristic for cleavage. 

The question about functional significance becomes more difficult, however, 
when one considers ubiquitous replacement variants, such as H2A.F/Z or H3.3. 
Especially in the case of the H3 histone, where only a few amino acid substi
tutions distinguish replacement variants from the cell-cycle regulated histones, 
it is difficult to say if the observed differences are of functional importance or 
simply reflect neutral polymorphisms. The second interpretation, though at t rac
tive because of the small number of the observed changes, must however be 
treated with caution. It is becoming increasingly clear that core histones inter
act directly with a large number of chromatin proteins and that nucleosomes 
play an important role in gene regulation. Even small non-lethal changes in the 
histone structure can have very specific effects on the regulation of particular 
genes (Grunstein et al., 1992; Kruger et al., 1995; Wolffe and Pruss, 1996a). 

Several approaches can be used to analyse the functional differences bet
ween histones variants. These approaches will be summarized below. 
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8.1. Influence on nucleosome and chromatin structure 
8.1.1. Core histones 
At present few direct data are available on the properties of nucleosomes 
and nucleosome arrays containing different histone subtypes. Early studies have 
shown that nucleosome core particles prepared from sea urchin sperm are more 
stable to heat denaturation and DNase digestion than those from chicken ery
throcyte nuclei (Simpson and Bergman, 1980). This correlates nicely with the 
highly basic character of sea urchin sperm-specific histones. When nucleosome 
cores, containing early and late sea urchin histones (prepared from blastulae and 
plutei, respectively), were compared by similar experiments, the latter were 
found to be more stable (Simpson, 1981). This indicates that the type of core 
histones may have an impact on the nucleosome structure, although the in
fluence of covalent modifications in this case cannot be ruled out. 

Unfortunately, in most cases nucleosomes, prepared from natural sources, 
contain a mixture of histone variants. The situation is further complicated by 
multiple covalent modifications, some of which might have considerable impact 
on the nucleosome structure. One of the ways to overcome these problems is 
to analyse nucleosomes and chromatin fibers assembled in vitro from pure 
recombinant histones. 

The influence of different histone isoforms on the nucleosome stability was 
also studied by hydroxyapatite dissociation chromatography (Li et al., 1993). This 
approach is based on the idea that histones, which destabilize the nucleosomes, 
will elute from the hydroxy apatite-bound chromatin at a lower salt concentra
tion, than histones which are tightly bound. By this method it was shown that 
replacement histone variant H2A.Z as well as a replication-dependent H2B.2 
stabilize the nucleosomes (Li et al., 1993) 

8.1.2. Linker histones 
Linker histones are involved in the organisation of chromatin in compact 
structures such as a 30-nm chromatin fiber (Thoma et al., 1979; for a recent 
review, see Zlatanova and van Holde, 1996). Several in vitro studies have 
addressed the differences between linker histone subtypes in binding to naked 
DNA or to chromatin. For example, it was shown that histone HS and sperm-
specific histone spHl from sea urchins display cooperative binding to DNA at 
a salt concentration, lower than that found for a typical somatic HI (Clark and 
Thomas. 1988). Average repeat length is different in chromatin, containing dif
ferent histone HI variants, which is presumably due to the variations in the 
length of the linker DNA. A correlation was observed between the histone 
spacing in HI-, H5- and spHl-DNA complexes and the linker length in HI-, H5-
and spHl-containing chromatin (Clark and Thomas, 1988). However, replacement 
of histone HI by histone H5 in cultured cells does not alter the nucleosomal 
repeat length in chromatin (Sun et al., 1990). This indicates that the linker hi
stone is not solely responsible for nucleosome spacing. 

To compare different histone HI variants in their ability to condense chro-
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matin in vitro, Hl-depleted chromatin fragments were reassociated with purified 
individual linker histone subtypes (Biard-Roche et al., 1982; Marion et al., 1985). 
Reconstitution of chromatin with pure H1° gave rise to a looser, more nuclease-
sensitive structure, than reconstitution with the major histone HI. In agreement 
with these data, histone H5, which is closely related to the Hl° variant, was 
less effective in forming higher order chromatin structures than histone HI. as 
can be judged by aggregation/precipitation of linker histone-depleted chro
matin (Nagaraja et al., 1995). However, in the same study it was shown that the 
trout equivalent of Hl° , Hlb, is more effective in condensing chromatin, than 
the trout major histone HI variant, Hla. 

Studies of native chromatin have shown that the nuclease resistant, presu
mably more compact regions have elevated amounts of histone Hlb in trout 
(Davie and Delcuve, 1991) or Hl° in mammals (Roche et al., 1985a). The latter 
observation contradicts in vitro data on the decreased capacity of the histone 
Hl° for chromatin condensation. This was interpreted as a result of the inter
action of HI 0 with other chromosomal proteins. An alternative explanation is 
that histone Hl° , as well as histone H5, has greater affinity for preformed 
binding sites in higher order chromatin structures, than to the sites in Hl-de
pleted chromatin. Competition experiments have shown that histone H5 prefe
rentially binds to the native chromatin fragments while histone HI does not 
distinguish between binding sites in native and Hl-depleted chromatin (Thomas 
and Rees, 1983). It is possible, therefore, that histones Hl° and H5 substitute 
histone HI already bound in chromosome fibers with the consequence of a 
higher degree of condensation. 

8.2. Expression level and accumulation in chromatin. 
The expression level of different replacement histones is highly variable. Animal 
histone H3.3 is continuously expressed in quiescent cells. It gradually replaces 
the cell-cycle regulated histones, so that it can become a predominant H3 
subtype in certain tissues (Zweidier, 1984). For example, in rat brain cortical 
neurons, the proliferation of which is restricted to a short period in brain deve
lopment, histone H3.3 represents about 20% of total histone H3 at birth, but in
creases to nearly 90% at day 400 (Pina and Suau, 1987). This indicates that cells 
can tolerate gross changes in the content of this protein without significant 
alteration of their differentiation and metabolic status. One cannot exclude, of 
course, that H3.3 is a sort of an "ageing marker" or that its incorporation has 
an impact only in particular nucleosomes (like the nucleosomes bound to pro
moters). 

Similar to H3.3, histone HI0 has a tendency to accumulate in differentiated 
tissues (for review, see Khochbin and Wolffe, 1994; Zlatanova and Doenecke, 
1994; Doenecke and Alonso, 1996). During prenatal mouse development Hl° has 
been detected only in postmitotic lens fiber cells and yolk-sac-derived erythro
cytes (Gjerset et al., 1982). After birth, Hl° gradually accumulates in many t is
sues, reaching 25-30% of the total linker histone (Lennox and Cohen, 1983). It 
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was suggested that histone H1°, due its highly basic character, might contribute 
to stabilization of particular chromatin structures, accompanying the arrest of 
cell proliferation (Khochbin and Wolffe, 1994). However, cells with significant 
amounts of HI0 can still initiate DNA replication (Gorka et al., 1995). There
fore, low concentration of HI0 is not a necessary prerequisite of cell prolifera
tion. 

The level of the histone H2A.F/Z remains relatively constant (~5-10% of the 
total H2A) and it never becomes the major H2A in any cell type (West and 
Bonner, 1980; Wu and Bonner, 1981; Wu et al., 1982). This is consistent with the 
localization of this variant in particular chromatin domains (see below). The 
assumption of special properties of the H2A.Z-containing nucleosomes is sup
ported by the observation that the H2A.Z level was reduced in late stage trout 
testis chromatin, compared to the total H2A level (Nickel et al., 1987). This 
suggests that the H2A.Z-containing nucleosomes are selectively disassembled at 
certain stages of spermatogenesis in trout. 

Histone H2A.X also represents about 10% of total H2A in most mammalian 
tissues and cell lines (Wu and Bonner, 1981; Wu et al., 1982). This variant in
creases considerably during mouse spermatogenesis (Bhatnagar et al., 1985). 
Apparently in this case its expression is related to a particular differentiation 
stage. High levels of the H2A.X histone were also observed in the Xenopus 
eggs and in the sperm chromatin of Xenopus during the first stages of decon
densation in egg extracts (Dimitrov et al., 1994). 

In plants, replacement histone H3 variant protein (H3.2 or H3.III) is highly 
expressed. The steady-state level of this variant protein displays a correlation 
with the size of the plant genome. H3.2 (H3.III) is a minor variant in tobacco, 
but it is more prominent in plants with smaller genomes (-30% in alfalfa) and 
it is the major histone H3 variant in Arabidopsis (Waterborg, 1992). This corre
lation was interpreted as an indication for the accumulation of this variant in 
transcriptional 1> active chromatin, since in plants with smaller genomes a larger 
proportion of the genome is transcriptionally active. Analysis of the turnover of 
the histone H3 variants in alfalfa tissue culture cells has shown that a consi
derable portion (more than 50%) of the replacement histone H3 is highly labile 
(Waterborg, 1993). High turnover of this histone H3 variant probably reflects the 
increased need for assembly of replacement nucleosomes in plant chromatin, 
compared to animal systems. Surprisingly, although histones H3 and H4 are 
incorporated into chromatin together as a heterotetramer, no corresponding 
high-turnover fraction is observed in the pool of the histone H4 in the same 
ceils (Waterborg, 1993). 

8.3. Distribution in the chromatin 
The distribution of replacement variants between transcriptionally active and 
inactive chromatin was analysed in different systems. A low-salt-soluble poly-
nucleosome fraction from G0-arrested chicken immature erythrocytes was found 
to be enriched in active gene chromatin fragments (Delcuve and Davie, 1989). 
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Replacement variants H2A.Z and H3.3 are enriched in this fraction (Ridsdale and 

Davie, 1987). This is probably accounted for by the fact that newly synthesized 

core histones (H2A, H2A.Z, H2B, H3.3 and H4) are preferentially accumulated in 

this active chromatin fraction and depleted in repressed gene chromatin (Hend-

zel and Davie, 1990). Newly synthesized histone H5 was incorporated into the 

chromatin in a random way (Hendzel and Davie, 1990). 

Analysis of the histone distribution in Tetrahymena has shown that histone 

variants hvl (H2A.F/Z homologue) and hv2 (replacement histone H3) are local

ized in the transcriptionally active macronucleus but not in the transcriptionally 

inactive micronucleus (Bannon and Gorovsky, 1984). Antibodies against hvl 

stained macronuclei at all stages of the Tetrahymena life cycle. Micronuclei 

were stained with this serum only during early stages of conjugation, preceding 

the brief period of transcriptional activity in the micronuclei during meiotic pro

phase (Stargell et al., 1993). Anti-hvl antibodies also reacted with mammalian 

nucleoli, presumably with the H2A.F/Z histone in the chromatin of the highly 

active ribosomal genes (Allis et al., 1982). Enrichment in the nucleolar chromatin 

was also observed for the H2A.X variant (Bhatnagar et al., 1984). In Drosophila 

histone H2A.2 (which was earlier designated as D2 and which probably corre

sponds to H2AvD, the H2A.F/Z homologue) is preferentially associated with the 

interbands of the polytene chromosomes, which have a less compacted structure 

than bands (Donahue et al., 1986). Taken together, the localization data suggest 

that histone H2A replacement variants are preferentially localized in active 

chromatin and might have a function in the establishment or maintenance of a 

transcriptionally active/competent state. Their more or less constant level 

(~10%) in chromatin of most cell types is in agreement with this interpretation. 

Histone H3.3, on the other hand, cannot be associated exclusively with the 

active chromatin, since it is the major histone H3 in certain cell types (see 

above). This does not contradict its preferential exchange and accumulation in 

active chromatin and might simply reflect a higher rate of nucleosome replace

ment in transcribed chromatin. 

Histone HI distribution between active and repressed genes was addressed in 

several studies. Fractionation of nucleosomes from adult mouse liver according 

to their Hl° content has demonstrated that the transcriptionally inactive gene for 

a-feto protein, but not the active albumin gene, is preferentially associated with 

the Hl° histone (Roche et al., 1985b). However, the α-fetoprotein gene does not 

become derepressed in the livers of mice, totally lacking H I 0 (Sirotkin et al., 

1995). In a different study, involving immunofractionation of chromatin with anti-

Hl° antibodies, it was shown that while highly inducible genes may be segregated 

into Hl°-depleted chromatin regions, the Hl° content is not necessarily different 

in transcribed and non-transcribed genes (Mendelson et al., 1986). Immunoelectron 

microscopy with antibodies against histone Hl° demonstrated the presence of this 

histone in condensed chromatin areas, including perinucleolar chromatin, and in 

perichromatin regions, described as preferential sites of pre-mRNA synthesis 

(Gorka et al., 1993). This suggests that the histone H I 0 is not entirely excluded 

from transcriptonally active chromatin. 
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8.4. Differences in modification patterns 
It is generall> recognized that histone modifications, especially acetylation and 
phosphor>lation have important functional consequences (Wu et al., 1986; Brad
bury, 1992). Differential modification patterns of histone variants might, there
fore, reflect functional differences. 

In animals the replacement histones display the same spectrum of modifica
tions as the replication dependent histones. For example, comparison of acetyla
tion, mitogen-stimulated phosphorylation and methylation of replication-depen
dent variants H3.1 and H3.2 with the replacement H3.3 variant in mammalian 
cells revealed no major differences (Barrati et al., 1994; Annunziato et al., 1995). 
Histone H2A.Z undergoes acetylation and ubiquitinilation, as well as the replica
tion-dependent H2A histones (Ridsdale and Davie, 1987; Nickel et al., 1987, Ja-
sinskiene et al., 1995). Specific phosphorylation of the H2A.X variant in Xenopus 
egg extracts was reported to be necessary for the assemly of properly spaced 
nucleosomes on naked DNA (Kleinschmidt and Steinbeisser, 1991). However, 
subsequent studies of sperm genome decondensation in the same extracts have 
shown that both H2A.X and major H2A variant are phosphorylated and this 
phosphorylation is not essential for proper nucleosome spacing (Dimitrov et al., 
1994). 

In higher plants replacement histone H3.2 has a higher level of acetylation, 
than the cell-cvcle regulated H3.1 variant (Waterborg et al., 1987; Waterborg, 
1990; 1992). Acetylation occurs in the N-terminal domain, which is identical 
between H3.1 and H3.2 (Waterborg, 1990). The highly acetylated histone H3.2 
fraction corresponds to the labile fraction of this histone variant (Waterborg, 
1993). Quantitative and qualitative differences between the methylation patterns 
of the H3.1 and H3.2 N-termini were also observed (Waterborg, 1990). High 
acetylation level of histone H3.2 are compatible with the idea that this variant 
is preferentially accumulated in transcriptionally active chromatin, because there 
is a correlation between high levels of histone acetylation and transcriptional 
activation (Wolffe and Pruss, 1996c). The more apparent differences between the 
acet>lation patterns of the H3 variants in plants, compared with animals may 
reflect a more important role for the histone H3 acetylation in plants, where 
the histone H3 N-terminus is the main target of dynamic acetylation (Water-
borg. 1992). This correlates with an extremely high turnover rate of the replace
ment histone H3. 

8.5. Genetical analyses of the function 
8.5.1. Core histones 
Functions of a particular gene can be most directly assessed by genetical 
means. Most extensive genetical studies of histone genes were performed in 
budding yeast, Saccharomyces cerevisiae. There are two genes for each of the 
core histones, which are organized in two H2A-H2B and two H3-H4 pairs. The 
two H2A genes, as well as the H2B genes, slightly differ from each other in 
the sequence of the encoded proteins. The histone H2A and H2B subtypes can 
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substitute for each other. They are dispensable as long as there remains one 
functional H2A and H2B gene (Grunstein et al., 1984). However, the two H2A-
H2B pairs are not functionally equivalent, since only one of them can com
pensate for the absence of its partner*and they have different functions in heat 
shock response (Norris and Osley, 1987). 

Due to the fact that budding yeast does not contain replacement histones, it 
cannot be directly used for analysis of their function. However, the excellent 
genetical tools, available in this species, can be used to compare the properties 
of replication-dependent and replacement histone variants from other organisms. 
It was shown, for example, that yeast histone H2A can be substituted for the 
Tetrahymena major H2A variants. The Tetrahymena homologue of the H2A.F/Z 
histone, the hvl variant, could not substitute for the yeast H2A proteins (Liu et 
al., 1996). This experiment, although it demonstrates nicely the functional dif
ference between the major H2A proteins and the hvl variant from Tetrahymena, 
provides no clues to the nature of this difference, since a large variety of fac
tors might contribute to a failure of a particular protein to work in a heterolo
gous system. 

A histone H2A.F/Z-like protein was identified in the fission yeast, S. pombe 
(Carr et al., 1994). Deletion of the gene phtl, encoding this protein, is not le
thal, but it causes slow growth, altered colony morphology, increased resistance 
to heat shock and minichromosome missegregation (Carr et al., 1994). This 
suggests important, though not essential functions of this protein. It should be 
noted that at present it is unclear whether these functions are different from 
those of other H2A histones, since there is no data on deletion of major his
tone genes in fission yeast. 

Genetic manipulation in Tetrahymena has shown that the hvl histone is 
essential in this species and cannot be compensated by the genes, encoding 
major H2A histones (Liu et al., 1996). In the same study it was shown that 
either of the two major H2A genes can be completely knocked out without 
effect on vegetative growth. However, at least one major H2A gene is essential, 
which means that the hvl-encoding gene cannot be the sole source of the H2A 
protein. Since the major H2As differ from the hvl variant both in their primarv 
structure and mode of regulation, it is unclear whether either of these features 
alone or both of them are essential. 

In Drosoph/la, a deletion in the H2AvD gene is homozygous lethal, which in
dicates that this histone variant performs an essential function (van Daal and 
Elgin, 1992). Also in this case it is not completely clear whether the phenotype 
results from the absence of this particular protein variant or from the lack of 
an H2A gene, regulated in a specific way. The effect of the H2A dosage at a 
particular stage cannot be excluded, since the mutant flies die as larvae, when 
the synthesis of the cell-cycle regulated histones is reduced. 

An obvious way to distinguish between the effects of protein structure and 
the mode of regulation on the replacement histone function is to trv to rescue 
replacement histone mutants with synthetic genes, where the open reading frame 
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of a replacement historie is substituted with the frame of the corresponding cell-
cjcle regulated gene. One complication with performing such experiments can 
arise from the presence of regulatory sequences within the coding region itself 
(see above). It might prove to be difficult to separate coding and regulatory 
functions of a particular histone gene. 

8.5.2. Linker histones 
Linker histones have less crucial functions in the organization of the chromatin 
than core histones. They are apparenly absent in yeast, and, although present, are 
not essential in Tetrahymena (Shen et al., 1995). In vitro studies have shown that 
histone HI is not required for the formation of condensed metaphase chromo
somes in the Xenopus egg extracts (Ohsumi et al., 1993). This is consistent with 
the observation that in cell-free extracts of Xenopus eggs, linker histones are 
nonessential for the assembly of nuclei which look normal by cytological criteria 
and their ability to replicate DNA and import proteins (Dasso et al., 1994). 

It is not surprising, therefore, that changes in the linker histone subtypes 
might have no grave consequences. It was shown that although histone Hl° is 
an evolutionary ancient HI replacement type which is regulated in a highly com
plex way, mice homozygous for a null mutation in this gene develop normally 
(Sirotkin et al., 1995). In such mutant mice the ratio of the total amount of lin
ker histones to that of core histones was not measurably affected even in cells 
where Hl° normally constitutes about 30% of total HI. Relative proportions of 
different somatic subtypes were not affected either. This indicates that the 
expression of all cell-cycle regulated histone H1 genes is stimulated in such 
mice, and together these genes compensate for the absense of Hl°. This obser
vation supports the idea that if histone dosage can be adjusted, no severe phenotype 
results from the disruption of a particular histone gene. It also demonstrates that 
at least in this case the necessary basal level of expression can be provided by 
replication-dependent genes and that the level of histone of a particular type 
(in this case HI) can be "sensed" by all members of the multigene family. Similar 
observations were made when individual members of the H2B and H3 families were 
disrupted in cultured chicken cells (Takami et al., 1995a, b). 

Effects of an increased dosage of histone Hl° were tested in cultured mouse 
cells (Brown. D.T. et al., 1996). Cells, overproducing Hl° have normal viability 
and no long-term growth arrest. However, these cells exhibit transient delay 
in cell cycle progression and reduced exression of a number of genes. In con
trast, similar overexpression of another HI variant, Hlc, has no effect on cell 
cycle progression and leads to increased expression of some genes. These re
sults suggest that the two linker histone variants are not functionally equiva
lent and support the idea about the involvement of HI0 in gene repression. Se
lective transcriptional repression and proliferation arrest was also observed as a 
result of histone H5 overexpression in cultured cells (Sun et al., 1989). 

Evidence for functional difference between linker histone subtypes was also 
obtained in the studies of early development in Xenopus. Cleavage linker his-
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tone HIM (B4) is substituted by the somatic histones Ht in the course of embryo-
genesis (Dimitrov et al., 1993). Both in vitro and in vivo data indicate that the 
incorporation of the somatic histone HI leads to transcriptional repression of 
certain genes, such as the oocyte 5S rRNA genes (Wolffe, 1989; Chipev and Wolffe. 
1992; Bouvet et al., 1994). An in vivo decrease in histone HI within chromatin facili
tates the activation of the oocyte 5S rRNA genes, but has little impact on the 
somatic SS rRNA genes (Bouvet et al., 1994). In these experiments histone HI con
centration was altered by microinjection of histone Hl-encoding mRNA or a ribo-
zyme, targeted against this mRNA, into Xenopus eggs. Such manipulations are com
parable to genetic transformation experiments in other systems. 

The data presented in this review show that many questions concerning the 
function of histone replacement variants remain unanswered. Elucidation of 
these questions is of general importance, since it is becoming increasingly clear 
that the chromatin structure represents a crucial factor in all aspects of the 
functioning of the eukaryotic genome. 

Histone replacement variants 27 





Chapter II 

Structure and expression of histone H3.3 genes in Drosophila melanogaster 
and Drosophila hydei 

Anna Akhmanova1, Petra C.T. Bindels1, Jie Xu1·2, Koos Miedema', 

Hannie Kremer1'3 and Wolfgang Hennig1·2 

•Department of Molecular and Developmental Genetics, Faculty of Sciences, 

Catholic University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 

2Ma\-Plank-Guest Laboratory at the Institute of Cell Biology, Academia Sinica, 

Shanghai. China 

3Present address: Department of Human Genetics, Catholic University of Nijmegen, 

6525 Ed Nijmegen. The Netherlands 

This chapter is published in: 

Genome 38, 586-600 (199S) 





Structure and expression of histone 
H3.3 genes in Drosophila melanogaster 
and Drosophila hydei 
Anna S. Akhmanova, Petra C T . Bindeis, Jie Xu, 
Koos Miedema, Hannle Kremer, and Wolfgang Hennig 

Abstract We demonstrate that in Drosophila melanogaster the histone H3 3 replacement variant 
is encoded by two genes. Hi ЗА and H3 3B We have isolated cDNA clones for H3 ЗА and cDNA 
and genomic clones for H3 3B The genes encode exactly the same protein but are widely divergent 
in their untranslated regions (UTR) Both genes are expressed in embryos and adults, they are 
expressed in the gonads as well as in somatic tissues of the flies However, only one of them, 
H3 ЗА, shows strong testes expression The 3' UTR of the H3 ЗА gene is relatively short 
(-2S0 nucleotides (nt)) H3 3B transcripts can be processed at several polyadenylation sites, the 
longest with a 3' UTR of more than 1500 nt The 3' processing sites, preferentially used in the 
gonads and somatic tissues, are different We have also isolated the Drosophila hvdei homologues 
of the two H3 3 genes They are quite similar to the D melanogaster genes in their expression 
patterns However, in contrast to their vertebrate counterparts, which are highly conserved in their 
noncoding regions, the Drosophila genes display only limited sequence similarity in these regions 

Key words H3 3 histone variant, Drosophila, sequence comparison, alternative polyadenylation, 
testis expression 

Résumé Les auteurs démontrent que chez le Drosophila melanogaster la variante d'histone H3 3 
est codée par deux gènes, H3 ЗА et H3 3B Des clones d'ADNc ont été isoles pour H3 ЗА et 
H3 3B de même que des clones génomiques pour H3 3B Ces gènes codent pour des protéines 
identiques mais ils diffèrent au niveau de leurs régions non-traduites Les deux gènes sont exprimes 
dans les embryons et chez les adultes, ils s'expriment dans le gonades de même que dans les 
tissus somatiques Cependant, l'un deux, H3 ЗА, est fortement exprimé dans les testicules La 
région 3' non traduite (3' UTR) du gène H3 ЗА est relativement courte (-230 nucleotides (nt)) 
Les transcrits du gène H3 3B peuvent être coupés et polyadénylés à plusieurs sites dont le plus 
distant produit une 3' UTR de plus de 1300 nt Les sues employés dans les gonades diffèrent de 
ceux utilisés dans les tissus somatiques Des homologues des deux gènes H3 3 ont également été 
isolés du Drosophila hydei L'expression de ces gènes est très semblable a celle observée chez le 
D melanogaster Cependant, contrairement à leurs homologues chez les vertébrés qui sont 
hautement conservés au niveau de leurs régions non-traduites, les sequem.es de ces genes chez le 
Drosophila montrent une similitude limitée dans ces regions 

Mots clés variante d'histone H3 3, Drosophila, comparaison de sequences, sues de polyadenylation 
alternatifs, expression lesticulaire 
(Traduit par la Rédaction] 

Introduction are not polyadenyldted, their genes contain no introns, and 
usually they are members of multicopy gene families 

Histones in higher eukaryotes are divided into two classes, (Schumperli 1986) In Dmwphila melanogaster replication 
replication-dependent and replacement (or basal) variants dependent histone genes are organized in an array of tandem 
The synthesis of replication-dependent histones is coupled repeats, each repeat bearing a copy of a histone gene of 
to the S phase of the cell cycle Their messenger RNAs each type (HI, H2A, H2B, HI. and H4) (Matsuo and 
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Yamazaki 1989) The same organization is found in 
Drosophila hydei (Kremer and Hennig 1990) 

Histone replacement variants are usually encoded by 
single copy genes, which contain introns and produce 
polyadenyldted mRNAs (Schumperh 1986) Replacement 
histone variants also differ from their cell-cycle regulated 
counterparts at the level of amino acid sequence Histone 
H3 replacement variants have been described in Tetra-
h\mena (Thatcher et al 1994), plants (Chaubet et al 1992), 
invertebrates (Fretzin et al 1991, Swenson el al 1987), 
and vertebrates (Brush et al 1985, Wells and Kedes 1985, 
Wellman et al 1987) In all these cases the replacement 
H3 variants differ by several amino acid substitutions from 
the corresponding replication dependent H3 histone The 
functional importance of these amino acid substitutions is 
unclear Phylogenetic analysis indicates that the replacement 
H3 variants, h\2 of Tetrahvmena, plant H3 III, and animal 
H3 3 evolved independently (Thatcher et al 1994) It has 
been argued therefore that the replication independence of 
gene expression, rather than a particular protein structure, 
causes the existence ot the H3 replacement variant The 
fact that there are no apparent differences in the post-
translational modifications (acetylation and phosphorylation) 
between primary structure variants of the histone H3 (Barratt 
et al 1994) supports this interpretation 

However H3 3 histone exemplifies one of the most 
conserved proteins in the animal kingdom, being identical 
in clam (Swenson et al 1987), Drosophila (Fretzin et al 
1991). chicken (Brush et al 1985), mouse (Wellman et al 
1987). and man (Wells and Kedes 1985) This argues 
strongly for the functional importance of the primary struc
ture of this polypeptide, rather than simply for the regulatory 
aspects of its expression 

In order to analyse the function and regulation of the 
expression of the H3 3 histone variant it is appropriate to 
study it in a genetically well characterized organism, such 
as Drosophila While our work was in progress (Kremer 
1991), a D melanogaster cDNA fragment encoding histone 
H3 3 was described (fretzin et al 1991) We have isolated 
and characterized the enure D melanogaster histone H3 3 
transcription unit We also found a second H3 3 gene 
encoding exactly the same polypeptide, but completely 
divergent in its noncoding sequences Therefore, the 
genomic organization of histone H3 3 genes in Drosophila 
seems to be very similar to that of vertebrates, where the 
expression ot two histone H3 3 genes, considerably diver
gent in their nucleotide sequence, has been reported (Brush 
et al 1985 Hraba Renevey and Kress 1989) 

We also isolated the homologues of both genes from 
D h\dei because an evolutionary approach can be very 
useful in identifying putative cis-acting elements that are 
important for gene expression Here we present the com
parison of the sequences and a description of the expression 
patterns of the two H3 3 genes in both species, D melano-
gusiei and D Indei 

Materials and methods 

Fly strains 
The wild type strains of both D melanogaster Canton S 
and Ü h\dei (Tubingen) were trom our laboratory collection 

Screening of the genomic and cDNA libraries 
The following libraries were screened (i) a D melanogaster 
genomic library with partial £coRI fragments in XDASHII, 
(H) a D fa,dei genomic library with partial EcoRl fragments 
in λΕΜΒΙΑ (ш) a D hydei testes po)y(A)+-cDNA library, 
(iv) a D melanogaster testes poly(A)*-cDNA library, and 
(v) a D melanogaster embryonic (0-6 h) library in λΖΑΡΙΙ 
The first three libraries were constructed in our laboratory, 
while the fourth was kindly provided by Dr Τ Hazelrigg 
and the fifth by Drs M Noll and E Hafen Phage plaques 
were lifted onto Hybond nylon filters (Amersham) and 
hybridization was carried out according to the protocols 
of the manufacturer The probes were labelled with [a-
32P]dCTP by nick translation (Sambrook et al 1989) 

Recombinant DNA analysis 
Plaque purified recombinant phages weie amplified by 
liquid cultures and phage DNA was prepared as described 
by Sambrook et al (1989) DNA restriction fragments 
were subcloned into pBluescnpt II KS + or M13mpl8 or 
M13mpl9 The DNA sequences were determined by 
dideoxynucleotide sequencing of recombinant plasmids 
and of M13mpl8 and M13mpl9 subclones (Sambrook et al 
1989) EMBL accession numbers are D melanogaster his
tone H3 ЗА embryonic cDNA (clone DmC6B), accession 
Number X82257, D melanogaster histone H3 3B testes 
cDNA (clone Dm37 5), accession Number X81205, 
D melanogaster genomic clone, encoding histone H3 3B 
and oligosaccharyltransferase, 48 kilodalton (kDa) subunit 
(from \DmE7 2), accession Number X81207, D hydei 
genomic clone, encoding histone H3 3B (from \DhE32 1), 
accession Number X81208, and D hydei histone H3 ЗА 
cDNA, reconstructed from several testes cDNA clones, 
accession Number X81206 

Genomic DNA isolation and Southern blotting 
Genomic DNA of both D melanogaster and D hydei was 
prepared from flies as described earlier (Huijser and Hennig 
1987) Approximately 4 μg of DNA per lane was digested 
by a 3-fold excess of enzyme for several hours, electro-
phoresed on a 0 8% agarose gel, and transferred to Hybond 
nylon membranes 

Southern blots were hybridized in 5x Denhardt's solution 
(IX Denhardt's solution 0 1% w/v polyvinylpyrrolidone, 
0 \% w/v BSA, and 0 1% w/v Ficoll), 2X SSC ( l x SSC 
0 15 M NaCI plus 0 15 M sodium citrate), and 0 1% SDS 
at 65-68°C Membranes were washed in 2X SSC - 0 1% 
SDS at 50 or 68°C DNA probes were made by nick trans
lation with [a- ,2P]dCTP 

RNA isolation and Northern blotting 
Total RNA was prepared from different samples by the 
guanidinium-thiocyanate method (Chirgwin et al 1979) 
Embryos were collected from 0 to 18 h postfemlization, 
washed with tap water, washed with 0 9% NaCI, treated 
with 1% Triton X-100 in 0 9% NaCI, washed again in 
0 9% NaCI, resuspended in 3% NaCIO, for 3 min, washed 
in 0 9% NaCI, and frozen in liquid nitrogen Testes and 
ovaries were prepared from adult flies in a testis isolation 
buffer of 183 mM KCl, 47 raM NaCI, and 10 mM Tns-HCl 
(pH 7 4), during preparation these tissues, as well as the 
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carcasses, were frozen immediately in liquid nitrogen. 
Approximately 20 μ-g of total RNA per lane was electro-
phoresed on 1-1.2% agarose-formaldehyde gels (Sambrook 
et al. 1989) and transferred to Hybond nylon membranes. 

Northern blots were hybridized in 0.5 M phosphate 
buffer, 7% SDS, 1 mM EDTA, and 1% BSA overnight at 
60°C Membranes were washed m 0.3 M phosphate buffer, 
and 1% SDS at 50°C (nonstringent conditions) or in 40 mM 
phosphate buffer, and 1% SDS at 60°C (stringent condi
tions). DNA probes were prepared as described above. 
The following probes were used (see also Fig. 1, 1С and 
2C). (i) The D. melanogaster H3.3B gene (subclones from 
\DmE7.2) OST48, nucleotides 1-1107; INT, nucleotides 
2750-3306; Μ 3 Ά , nucleotides 3945-4143; МЗ'В, 
nucleotides 4341-4641; and МЗ'С, nucleotides 5029-5514. 
(II) The D. melanogaster histone H3.2 variant probe is the 
EcoRl-SaulA subclone from the fcoRI 5 kilobase pair 
(kbp) histone gene cluster repeat (corresponds to positions 
2973-3838 of the sequence published by Matsuo and 
Yamasaki (1989)). (ιίι) The D. melanogaster histone H3.3A 
probe is the ВатШ-ЕсоШ cDNA fragment obtained by 
RT-PCR (reverse transcriptase polymerase chain reaction) 
on the RNA from ovaries with the primers ohgo(dT) and 
H3-IV (see below), the positions in the sequence are 
458-720. (iv) The D hydei H3 3B probes (subclones from 
\DhE32.1) HORF, nucleotides 2539-3427; Η 3 Ά , 
nucleotides 3191-3427; and НЗ'В, nucleotides 3428-4092 
(v) The D. hydei H3.3A 3' UTR probe is the 3' terminal 
Sall-SauiA fragment of the RT-PCR product obtained on 
the RNA from ovaries with primers ohgo(dT) and H3-1V 
(see below); the positions in the sequence are 630-786. 

Cloning of the mDh3VT2 cDNA fragment 
Total RNA (2 u.g) from D. hydet testes was reverse tran
scribed in the presence of ohgo(dT) with the help of 
Moloney Murine Leukemia Virus (M-MLV) reverse tran
scriptase (GIBCO BRL). PCR was carried out on the result
ing cDNA with the primers H3-I and H3-II, the sequences 
of which were derived from the D. hydei cell-cycle regu
lated histone H3 ORF (open reading frame): H3-1, 5'-
GCAGGCGGCCGCGCAGTTGGCCACTAAGGCAGC; 
H3-II, 5'-GCAGGCGCCGCAATGGCACACAAGTTTG-
TATC. The resulting PCR product was cloned and 
sequenced. 

Rapid amplification of the cDNA ends (RACE) 
This procedure was carried out essentially as described by 
Frohman (1990). 

Amplification of the cDNA 5' ends 
Total RNA from adult flies was prepared as described 
above. Poly(A)^-RNA was isolated from total RNA using 
an oligo(dT)-cellulose column according to the protocol of 
the manufacturer (Stratagene). Synthesis and purification of 
the total oligo(dT)-pnmed cDNA were carried out with 
the aid of the Strategene cDNA synthesis kit. Ohgo(dC) 
tails were added with terminal transferase (Boehnnger 
Mannheim) according to the supplier's protocol. PCR was 
performed as described by Frohman (1990) with one gene-
specific primer and an ohgo(dG)-adapter primer with the 
sequence 5'-AGCTCTAGAGCGGCCGCAAGCTT(G)l2. 

The D. hvdei H3.3B gene-specific primers were H3-1II, 
5'-CAGGATCCTGCTTGGTACGTGCCAT (positions 
2570-2597 of the D. h\dei histone H3.3B gene sequence), 
and Hh5', 5'-GATGATCACGGAGAACACGATCTGC 
(positions 338-320 of the same sequence) (see Fig. I. 2C). 

Amplification of the cDNA 3' ends 
Total RNA from D. melanogaster or D. h\dei ovaries was 
primed with oligo(dT), and cDNA was synthesized with 
M-MLV reverse transcriptase (GIBCO BRL) according to 
the suggestions of the supplier in the presence of 1 υ / μ ί 
RNasin (Promega). The cDNA was used as a substrate for 
the PCR reaction with a gene-specitic primer and an 
ohgo(dT)-adapter primer having the sequence 5'-GACTC-
GAGTCGACATCGA(T),7. The D melanogaster H3 3B 
gene-specific primers were Mh3'-I, 5'-CATCTAGATTC-
GATCACTGTCGT (positions 3898-3915 of the D melano
gaster H3 3B gene sequence), and Mh3'-II, 5'-CATCTA-
GAAGACCGAATCGAGTAC (positions 4624-4641 ot the 
same sequence). The D. hvdei primer H3-IV sequence was 
5'-CAGGATCCATGCCCAAGGACATTCA (positions 
3006-3022 of the H3.3B gene: this region ot the H3 3 
ORF is identical in D. hvdei H3.3A and H3 3B) (see Fig 1. 
1С and 2C). 

In each case PCR products were cloned and sequenced 
and for each product several independent clones were 
analysed. 

Primer extension and SI nuclease mapping 
All experiments were carried out using total RNA, prepared 
as described above, from ovaries or carcasses of either 
species. The primer extension assay was carried out essen
tially as described by Sambrook et al (1989). In this pro
cedure 0.1 ng of primer was annealed to 20 μg ot total 
RNA. After precipitation, the primer was extended by 
M-MLV reverse transcriptase (50 υ / μ ί ) (GIBCO BRL) 
in the presence of the buffer supplied by the manufacturer; 
0.5 mM each of dATP, dGTP. and dTTP; 0 5 μΜ dCTP. 
0.5 mM DTT; 1 υ/μί RNasin; and la-,2P)dCTP (10 mCi/mL 
(1 Ci = 37 GBq); 1 μ-L I 10 μΐ. ot the reaction mixture) 
After 30 mm of incubation at 37°C the dCTP concentration 
was increased to 0 5 mM and the incubation was continued 
for another 30 min. The samples were loaded on a 12% 
Polyacrylamide sequencing gel. Sequencing reactions, 
primed with the same oligonucleotide on an appropriate 
M13 template, served as a reference. For mapping the 5' 
end of the D. melanogaster H3.3B gene the primer Mh5' 
was used, which has the sequence 5'-GATGATCACTTT-
CAACACGAGACGA (positions 1384-1365) (see Fig I, 
1С); for mapping the 5' end ot the I), hydei H3.3B gene the 
primer Hh5' was used. 

For the SI nuclease mapping assay a randomly labeled 
single-stranded DNA fragment was prepared This was 
achieved by annealing the same primer that was used for 
primer extension to the single-stranded DNA of a M13 
subclone covering exon 1 (//<ndlll-//mcll fragment (posi
tions 1103-1970) in M13mpl9 for D melanogaster and 
HindlU-Pstl fragment (positions 3-700) in MI3mpl9 for 
D. hydei). The primer was extended in the presence ot 
[a-12P]dCTP as described by Sambrook et al. (1989). Alter 
digesting with //indili, the single-stranded probe was purified 
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by electrophoresis on a 1% alkaline agarose gel and SI 
mapping was carried out as described by Sambrook et al 
(1989) using 100-400 U/mL SI nuclease (Pharmacia) at 
20°C Products of SI nuclease digestions were analysed 
the same way as the primer extension products 

As a control in both experiments we annealed 
D melanogaster specific primer (or probe) to D h\dei 
RNA and vice versa In control experiments no specific 
signals were observed 

In situ hybridization on polytene chromosomes 
In situ hybridisation was performed as described by Hennig 
et al (1982), except that the DIG labeled DNA probe was 
synthesized with the aid of DIG DNA labeling kit 
(Boehnnger Mannheim) and the hybrids were visualized 
using FITC (fluorescein isothiocyanate) labeled sheep antt 
DIG Fab fragments (Boehnnger Mannheim) 

Sequence analysis 
DNA sequence analysis was carried out using programs 
ol the Genetics Computer Group, University of Wisconsin 
(Devereux et al 1987) The number of synonymous sub 
stitutions per site was calculated according (o Nei and 
(jojobory (1986) and the standard errors were calculated 
according to Nei and Jin (1989) 

Results 

Cloning and sequencing of the H3.3 histone genes 
Animal histone HI 3 variant differs from the cell cycle 
regulated histone H3 by four amino acid substitutions Ala 
—» Ser at position 41, Ala —» Ser at position 87, Val -> 
Ile at position 89 and Met -» Gly at position 90 (Wells 
et al 1986) 

A fragment of I) h\dei H3 3 cDNA was obtained by 
RT-PCR using two H3 specific primers (H3 I and H3 II, 
big I 2C) on I) h\clei poly(A)+ RNA (clone mDh3VT2 
(Kremer 1991)) This cDNA fragment is a part of the his
tone H3 ORF Irom amino acid position 26-105 The 
encoded polypeptide contains all four amino acid substi
tutions which is characteristic for the histone H3 3 replace 
ment variant 

This cDNA Iragment was used to screen D melanogaster 
and D hsdet genomic libraries We obtained two identical 
genomiL D melanogaster clones (\DmE7 2 and \Dm8 1, 
only the hrst one was analysed) and one D hxdei clone 
(\DhE3 I) hybridising strongly to the probe and displaying 
a restriction map different from that expected for cell 
cycle regulated histone gene repeats Restriction fragments 
hybridizing to the probe were sequenced 

With the same probe we also screened a D melanogaster 
testes cDNA library and identified, by sequencing, one 
positive clone (Dm37 5) as H3 3 cDNA It is 30 nucleotides 
(nt) shorter in the 5 UTR and 34 nt longer in the 3' UTR 
than the published cDNA (Fretzm et al 1991) but is other
wise identical to it except lor one nucleotide (a G -» Τ 
substitution in the 3' UTR in position 598) 

Organization of the H3.3 transcription units 
Comparison ol the sequence of the D melanogaster 
genomic clone with the cDNA sequences showed that they 

are identical in the overlapping regions except for the 
single substitution mentioned above (XDmE7 2, like our 
cDNA clone, also has a Τ in position 598) The genomic 
sequence, however, is interrupted by two introns one, 
1883 nt long in the 5' UTR and the other, 139 nt long, 
in the ORF (Fig 1, IB) The position of the second intron 
is the same as the position of the third intron in the human 
H3 3 gene (Wells et al 1987) 

Primer extension was used to establish the transcription 
start site of the D melanogaster histone H3 3 gene 
(Fig 2A) It was mapped 1 nt upstream from the 5' end of 
the published cDNA sequence and confirmed that this 
cDNA was full length This result was confirmed by SI 
mapping (data not shown) 

When sequencing the region upstream from the 
D melanogaster histone H3 3 exon 1, in the near vicinity 
we found the putative C-terminal end of another ORF, 993 
nt long, with the same transcriptional orientation The stop 
codon of the ORF is only 341 nt upstream from the H3 3 
transcription start site (Fig 1, IB) This ORF is 64% iden
tical, on the nucleic acid level, and 76% similar, on the 
protein level, to the C-terminus of the oligosaccharyl-
transferase 48 kDa subunit (OST48) gene in dog (amino 
acid positions 129-445) (Silberstein el al 1992) 

The D hydet H3 3 gene has a structure very similar to 
that of theD melanogaster H3 3 gene (Fig 1, 2B) It also 
contains a small intron (58 nt) in the same position of the 
ORF and a large intron (2194 nt) in the 5' UTR To deter
mine the transcription start site and the borders of the first 
intron we made use of the RACE technique (Frohman 
1990), using primer H3-III, the sequence of which was 
derived from the start of the H3 3 ORF in clone \DhE32 1 
The 5' UTR of the H3 3 histone gene of D hydei was 
cloned in this way The position of the transcription start site 
was confirmed by SI mapping (Fig 2B) and by another 
RACE experiment in which a 5' UTR specific primer, 
Hh5-I, was used 

To investigate whether the close physical association 
between histone H3 3 and the OST48 homologous gene 
was conserved in D hvdet, we hybridized the probe OST48 
(Fig 1, 1С) to \DhE32 1 This D hydei genomic clone 
contains 4 kbp upstream and 7 kbp downstream from the 
H3 3 transcription unit (Fig 1, 2A) We observed no 
hybridization signal In D hydei, therefore, the H3 3 and 
OST48 genes are separated by at least 4 kbp of DNA 

Expression of the H3.3 genes at the RNA level 
Northern blots with total RNA from D melanogaster male 
and female flies were probed under nonstnngent conditions 
with a labeled insert of the cDNA clone Dm37 5 (Fig ЗА) 
Two major RNA species (-2400 and -1700 nt) were found 
in the RNA of males, while additional bands of -900 and 
-550 nt were found in the RNA of females The 550 nt 
band corresponds to the cell cycle regulated H3, as under 
stringent conditions it hybridized very strongly to the 
D melanogaster H3 2 probe (see Fig 5C) It was not pre
sent on blots of poIy(A)* RNA (not shown) Subsequently 
we hybridized the same blot with the Μ3Ά probe (Fig 3C), 
which contains only the proximal 3' UTR sequence of the 
H3 3 gene (see Fig 1, 1С) All the RNA species, except for 
the 550-nt transcripts, hybridized to the probe even under 
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Fig. 1. Structure of the D. melanogaster historie H3.3B genomic clone (1) and the 

D. hydei histone H3.3B genomic clone (2). (A) Restriction map. E, £coRI; H, WmdIII; 

B, BamHl. (B) Structure of the sequenced part of the clone. The ORF of the 
oligosaccharyltransferase gene is shown by a shaded box; open boxes represent 

untranslated parts and black boxes represent translated parts of the exons of the histone 

H3.3 gene. Transcription starts are indicated by a horizontal arrow: polyadenylation 

signals are indicated by vertical black arrows. Open arrowheads indicate experimentally 

determined cleavage sites. (C) Positions of the primers and probes described in Materials 

and methods. Primers are shown by arrowheads; probes are shown by horizontal bars. 
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stringent conditions. To determine whether alternative 3 ' 
processing was the reason for the different size classes of 
the transcripts, we subsequently probed a Northern blot 

H 3 B 

of total RNA of females with two nonoverlapping distal 
3 ' probes, МЗ'В and МЗ'С (Fig. 3, D and E). As expected, 
the probe МЗ'В recognized only the two longer transcripts 
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Fig. 2. Mapping of the transcription start sites of the 

Drosophila H3.JB genes. (A) Primer extension analysis of 

the 5' terminus of D. melanogaster histone H3.3B. Primer 

Mh5' was annealed to 10 μg of the RNA from ovaries 

and extended in the presence of reverse transcriptase 

(lane P). Lanes C, T, A and G show sequencing reactions 

of a M13 clone containing the exon 1 of the histone H3.3 

gene initiated by the same primer. (B) SI mapping of the 

5' terminus of D. hydei histone H3.3B gene. The labelled 

SI probe was annealed to 10 μg of total RNA from 

ovaries and digested with 150 U/mL of SI nuclease 

(lane S). Lanes C, T, A, and G show sequencing reactions 

of a Ml 3 clone containing the exon 1 of the histone 

H3.3B gene initiated by the Hh5' primer. The positions of 

the 5' termini are indicated by arrows. The presence of 

additional weak bands in both experiments is most likely 

an experimental artifact. We cannot exclude, however, 

that there are additional, less frequently used, transcription 

start sites in both genes. 

(2400 and 1700 nt). while М З ' С hybridized only to the 
2400-nt RNA species. The different H3.3 transcripts are 
therefore most likely the result of alternative polyadenylation. 

S e q u e n c e a n a l y s i s r e v e a l e d the p r e s e n c e of t w o 
p o l y a d e n y l a t i o n s i g n a l s at p o s i t i o n s 5418 and 5 4 2 5 . 
Utilization of these signals may account for the 2400-nt 
transcript. We did not try to localize this cleavage site 
more precisely. We attempted, however, to determine the 
two upstream processing sites using the RACE method. 
Total RNA from ovaries was used to synthesize cDNA 
with a (dT) | 7 primer and PCR was performed on this cDNA 
with the oligo(dT)-adapter primer and one gene-specific 
primer (Mh3'-I or Mh3'-II) (Fig. 1, 1С), from which PCR 
products of -250 and -150 bp, respectively, were obtained, 
cloned, and sequenced. The positions of the polyadenylation 
sites obtained in this way are indicated in Fig. 4. It is 
noteworthy that there is no polyadenylation signal in the 
whole 3 ' UTR of the smallest (900 nt) transcript. The 3 ' 
processing sites of the 1700-nt transcript are preceded by 
a very TATA-rich sequence; however, it does not contain a 
c o n v e n t i o n a l p o l y a d e n y l a t i o n s ignal (AATAAA or 

Fig. 3. Northern blots of D. melanogaster RNA. 
Hybridization with Dm37.5 cDNA (A), tfi.JVt-specific 
probe DmpEl (B), probe Μ 3 Ά (C), probe МЗ'В (D), and 
probe МЗ'С (E). The length of the transcripts was 
determined with the help of the GIBCO BRL RNA 
ladder. Washing conditions were nonstringent in A and 
stringent in B, C, D, and E. 
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ATTAAA). From the sequence analysis of the PCR products 
it appears that 3 ' processing of the transcripts of both size 
classes occurs at several sites that are close to each other 
(Fig. 4). 

Using the Μ 3 Ά probe we compared the histone H3.3 

expression in ovaries, testes, carcasses (i.e., the remains 

of the fly after taking out the testes or ovaries), and embryos 

(0-18 h) (Fig. 5A). H3.3 mRNAs of all three size classes 

were strongly expressed in embryos; ovaries and testes 

showed preferential expression of the shorter transcripts, 

while in carcasses the largest transcript was the most 

abundant. When the same Northern blot was hybridized 

to histone H3.2 O R F probe (Fig. 5C), we obtained very 

strong signals on embyo and ovary RNA, but almost no 

signal on testes and carcass RNA. It seems that H3.3 

messengers const i tute the predominant part of the H3 

mRNA pool in the latter tissues. 

Histone H3.3 expression in D. hydei was analysed in a 

similar way. Hybridization of the probe HORF (containing 

full ORF, second intron, and part of the 3 ' UTR) to the 

Northern blot under nonstringent conditions revealed tran

scr ipts of three size c l a s s e s : 2100, 1000, and 550 nt 

(Fig. 6A). The 550 nt mRNA size class was assumed to 

represent the cell-cycle regulated histone H3 transcript 

and was therefore not analysed further. Hybridization with 

the distal ( Н З ' В ) and proximal ( Η 3 Ά ) probes revealed 

the largest transcript only (Fig. 6, В and C). Therefore, 
the D. hydei H3.3 gene that we have isolated cannot be 
the template for the 1000 nt transcripts. 

Comparison of the D. hydei H3.3 gene expression in 
ovaries, testes, carcasses, and embryos, using probe Η 3 Ά 

(Fig. 6D) showed that the 2100-nt transcript is the most 

abundant in all RNA samples. Small amounts of RNA 

species 1800 nt long are present in ovaries (see arrow in 

Fig. 6D). 
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Fig. 4. Positions of the 3' processing sites in the D. melanogaster H3.3B gene 
determined with the aid of the RACE technique. Arrowheads above the sequence indicate 
the ends of the PCR clones; the numbers above them denote the number of clones 
obtained and sequenced for each site. The ends of the cDNAs (from Fretzin et al. (1991) 
and from analysis of Dm37.5) are indicated by arrowheads below the sequence. 

ЧОО-nt transcript: 

1 1 1 1 

4141 

ι 
V V V V V V 

CACAAAACAACACACAACATTACTGTAATGCTTAAAAATTATTTTATAACTCTTATTA 
Δ Λ 

TTACTATTATCAATTAAGTTTTTAAGTTTTTTTTCTC 

1700-nt transcript: 

2 1 

4731 TATGCGGAAGGAAAAGAACTAGATATTAATACTCTTTCTTCTGTTCACTTTTCGTT 

Fig. 5. Northern blots of D. melanogaster RNA. Hybridization with //.i.ifl-specific probe 
Μ 3 Ά (A), Ш.ІА-specific probe DmpEl (B), and H3.2-specific probe (C). Lane c, RNA 
from fly carcasses; lane o, RNA from ovaries; lane t, RNA from testes, and lane e, RNA 
from embryos (0-18 h). Transcript length was determined as in Fig. 3. All blots were 
washed stringently. 
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There is a second histone H3.3 gene in both 
Drosophila species 

The origin of the D. hydei 1000-nt transcripts hybridizing 
to the H3.3 O R F remained unclear. Preliminary results 
showed that transcripts of this size class are very abundant 
in testis tissue. Therefore, a D. hydei testes cDNA library 
was screened with the mDh3VT2 probe and several trun
cated cDNA clones were obtained. All the clones apparently 
originated from the same gene, as they were identical in the 
overlapping regions. The reconstructed cDNA sequence 
contained a complete ORF encoding histone H3.3, ~100 nt 
of the 5' UTR and -280 nt of the 3 ' UTR. The fact that this 
3' UTR is complete was confirmed with the aid of a RACE 
experiment in which an oligo(dT)-adapter primer and the 
primer H3-IV were used (see Materials and methods). 

The probe containing exclusively the 3' UTR sequences 
of this cDNA hybridized only to the 1000-nt transcript on 
a D. hydei Northern blot with RNA samples from embryos, 
ovaries, testes, and carcasses (Fig. 6E). The signal on testis 
RNA was very strong and the transcripts were more hetero
geneous in length (starting from 1100 nt) than in other 
RNA samples. The reconstructed cDNA size (790 nt) is 
in good agreement with the transcript length on the Northern 
blot (taking into account the poly(A) tail of 200 nt). 

We deduced that in D. melanogaster a second H3.3 
gene must be present. To isolate this gene we performed a 
RT-PCR on RNA from D. melanogaster ovaries with the 
primers oligo(dT) and H3-IV. We obtained a cDNA frag
ment (c lone D m p E l ) 290 nt long, that c o n t a i n e d the 
expected C-terminal part of the histone H3.3 ORF. The 
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Fig. 6. Northern blots of D. hydei RNA. Hybridization with probe HORF (A), probe H3B (В), 
probe НЗ'А (С and D), and the histone WJ\37t-specific 3' UTR probe (E). Lane c, RNA from 
fly carcasses; lane o, RNA from ovaries; lane t, RNA from testes, and lane e, RNA from 
embryos (0-18 h). Transcript length was determined as in Fig. 3. A minor transcript of 
-1800 nt is indicated by an arrow (D, lane o). Washing conditions were nonstringent in A and 
stringent in B, C, D, and E. 
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noncoding part of this cDNA, however, shared no similarity 
with the 3' UTR sequences of the D. melanogaster H3.3 
gene described above. The clone DmpEl was used to 
screen a D. melanogaster embryonic library. One clone, 
DmC6B. was obtained. It contained a complete histone 
H3.3 ORF. -90 nt of the 5' UTR and the 3' UTR sequence, 
identical to the clone DmpEl. 

We used the clone DmpEl to probe D. melanogaster 
Northern blots. The probe hybridized exclusively to a RNA 
species -900 nt long (Figs. 3B and 5B), which is in good 
agreement with the length of the DmC6B cDNA (746 nt). 
The expression pattern of this H3.3 gene is similar to that 
of the two D. hydei genes that generate the I000-nt tran
script; it is relatively strongly transcribed in the testes. 

Therefore, in both Drosophila species there are two dif
ferent genes encoding histone H3.3. The D. melanogaster 
gene, represented by the cDNA clone DmC6B, is designated 
as histone H3.3A and the gene, represented by XDmE7.2, 
as H3.3B. Comparison of the lengths and expression patterns 
of the mRNAs suggests that the D. hydei H3.3 gene, which 
generates the 1000-nt transcripts, is the homologue of the 
D. melanogaster Hi.ЗА. The D. hydei gene, represented 
by \DhE32.1, was likely to be homologous to the 
D. melanogaster H3.3B. Sequence comparisons between 
the genes confirm the proposed relationships (see below). 
This nomenclature is suggested by analogy with the mouse 
H3.3 genes. In mouse (and other vertebrates) also, two 
nonallelic H3.3 genes. A and B. were found. H3.3A is 
expressed as a single transcript of 1.2 kb. while three tran
scripts, ranging in size from 1.0 to 1.8 kb are synthesized 
from the H3.3B gene (Krimer et al. 1993). The actual rela
tionship between the Drosophila and the vertebrate H3.3 his
tone genes is. however, unclear (see below). 

Southern blot analysis and gene localization 
The D. melanogaster H3.3A gene and both D. hydei H3.3 
genes are single copy with respect to their 3' UTRs (not 
shown). Also, the large intron of the D. melanogaster 
H3.3B gene is a single copy DNA segment (Figs. 7A and 
7B; lane 1). However, the hybridization of the same 
genomic Southern blot with the two nonoverlapping 3' 
UTR probes Μ3Ά and МЗ'В under nonstringent conditions 
revealed several bands, one of which was the same with 
both probes (Figs. 7A and 7B; lanes 2 and 3. The additional 
band recognized by both 3' UTR probes is indicated by 
an asterisk). It is likely, therefore, that other functional or 
nonfunctional copies of the H3.3B histone gene exist else
where in the genome of D. melanogaster. The D. melano
gaster H3.3B gene isolated as the insert of Ш т 7 . 2 was 
mapped by in situ hybridization with the intron (INT) 
probe and was found in region 9D on the X chromosome. 
The D. melanogaster H3.3A gene was mapped with the 
DmpEl probe to region 25C on chromosome 2. 

Genomic blot hybridization with the OST48 probe 
showed that it is likely a single-copy segment (see Fig. 8). 

Sequence comparison of the Drosophila H3.3 genes 

Comparison of the coding regions 
All the H3.3 ORFs from both Drosophila species encode 
exactly the same polypeptide. At the nucleic acid level, 
however, they are quite divergent (Table 1). While the 
H3.3B genes of the two species are rather similar, the simi
larity between the two H3.3A ORFs is lower than that of 
the D. melanogaster H3.3A and H3.3B genes compared 
with each other. Therefore, the comparison of the coding 
sequences alone is not sufficient to establish phylogenetic 
relationships between the Drosophila H3.3 genes. 
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Table 1. Percentage of similarity between the coding regions of the Drosophila histone H3 genes 
on the nucleic acid level. 

D. melanogaster D. hydei D. melanogaster D. hydei D. melano gast er 
H3.2 H3.2 НЗ.ЗА НЗ.ЗА НЗ.ЗВ 

D. hydei 
Н3.2 

D. melanogaster 
НЗ.ЗА 

D. hydei 
НЗ.ЗА 

D. melanogaster 
НЗ.ЗВ 

D. hydei 
НЗ.ЗВ 

83.7 

80.3 

80.2 

78.3 

80.0 

78.1 

78.6 

76.6 

80.5 

83.0 

86.1 

82.7 

80.1 

83.2 

Note: Percentage of similarity was calculated with the aid of the IFASTA program of the GCG sequence analysis 
program package. 

Fig. 7. Southern blots of D. melanogaster genomic DNA. 
(A) EcoRl digests. (B) Hindlll digests. Lane 1 is hybridized 
with the probe INT, lane 2 is hybridized with the probe 
Μ 3 Ά , and lane 3 is hybridized with the probe МЗ'В. 
DNA fragments corresponding to the restriction map of 
\DmE7.2 are indicated by arrows; additional bands 
recognized by both Μ 3 Ά and МЗ'В probes are indicated 
by asterisks. 

Length 
(kbpi 

9.1 

•6.6 

5.2 

1.4 

We have computed the number of synonymous substi
tutions per site for the homologous pairs of the H3 genes 
(Table 2).3 The number is somewhat lower for the variants 
than for cell-cycle regulated genes, and for НЗ.ЗВ than 
for НЗ.ЗА. We compared these values with those obtained 
by Moriyama and Gojobory (1992), who used the same 

3 Our value of K^ for cell-cycle regulated genes is higher 
than that obtained by Fitch and Strausbaugh (1993) 
because we used a different computation method. 

ca lculat ion method, in pairwise c o m p a r i s o n s of genes 
between the species of the Drosophila and Sophophora 
subgenera (to which, respectively, D. hydei and D. melano
gaster belong). According to this comparison, the НЗ.ЗВ 
gene is a group I gene with a low level of synonymous 
substitution and НЗ.ЗА and H3.2 are group II genes with a 
moderate to high level of synonymous substitution. 

Comparison of the base compositions at the synonymous 
posi t ions of the codons revealed no major differences 
between cell-cycle regulated and replacement-variant genes 
(Table 2). G + C composition at synonymous sites is rela
tively low (with the except ion of the D. melanogaster 
НЗ.ЗА it is -45-65%), which places the genes in the group 
of low-biased genes (Shields et al. 1988). Also, the content 
of A in the third position of the fourfold degenerate sites 
is relatively high (Table 2); it is less than 10% for highly 
biased genes (Moriyama and Hartl 1993). The only apparent 
difference between the H3.2 and H3.3 genes with respect 
to codon usage is the number of different serine (Ser) 
codons (Table 2). Codons AGC(T) are avoided in the H3.3 
genes, but are preferred in the H3.2 genes. 

Comparison of the noncoding regions 
Significant sequence s imilari t ies in noncoding regions 
could be found in pairwise c o m p a r i s o n s of НЗ.ЗА and 
НЗ.ЗВ genes from the two Drosophila species. When the 
НЗ.ЗА and НЗ.ЗВ genes within one species were compared 
with each other, no such similarities could be found. This 
confirms our assumptions on the phylogenetic relationships 
between the histone H3.3 genes of the two Drosophila 
species, based on the transcript length and the expression 
patterns (see above). 

Detailed comparison of the UTRs of the D. hydei НЗ.ЗВ 
and D. melanogaster НЗ.ЗВ genes revealed only limited 
stretches of similarity. Analysis of the promoter regions 
showed the absence of a TATA box in both species; a per
fect match to the CAATT box (Dynan and Tjian 1985) 
was found in the D. hydei sequence (at position —72 from 
the transcript ion start) but not in the D. melanogaster 
sequence. The sequences in the position range - 2 5 0 to 
- 1 0 0 are very AT rich in both species (77% A + T ) . The 
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Table 2. Base composition of synonymous positions the number of Ser codons and the number 
of synon\mous substitutions per site in the coding regions of Drosophila histone H3 genes 

H3 2 
D melanogaster 
D h\dei 

HI ЗА 
D melanogaster 
D h\dei 

H3 3B 
D melanogaster 
D h\dei 

Base 

С 

189 
6 5 

30 9 
153 

190 
Π 5 

composition" 

A 

108 
169 

11 1 
139 

10 1 
9 5 

Τ 

36 5 
44 1 

123 
36 1 

40 5 
36 5 

(%) 

С 

33 8 
32 5 

45 7 
34 7 

30 4 
40 5 

(G+OÎ 
(%) 

57 9 
48 3 

78 4 
45 5 

64 3 
56 2 

Number of Ser 
codons 

TCN 

2 
2 

5 
6 

6 
6 

AGC/T 

4 
4 

1 
0 

0 
0 

1С, ( S E / 

1 50 (0 36) 

1 3 9 ( 0 31) 

1 00 (0 19) 

Base composition al the third positions of the fourfold degenerate codons 
"Ό -t-C composition of all s) nonymous positions 
Number of synonsmous substitutions per sue computed according to Nei and Gojobory (1986) 
'Standard error computed according to Nei and Jin (1989) 

i i g . 8. Southern blots of D melanogasler genomic DNA 
hybndi7cd with OST48 probe Lane I Xbal digest, 
lane 2 Xho\ digest 

Length 
(kbp) 

Fig. 9. Direct repeats in the promoter regions of the 
Drosophila replacement histone variants Nucleotide 
positions relative to the transcription start site (denoted 
+1 ) are indicated 

D melanogaster - 8 0 CAATCGAGTG 

H3 3 gene -70 TAATCGAATA 

-60 CAATCGAAGT 

-5.4 

- 3 . 2 

D hydei 

H3 3B gene 

-114 TTATCGATAG 

-41 CAGTCGATAC 

-16 TAAfCGATAC 

D melanogaster -84 ATATCGATTG 

H2AvD gene -69 ACATCGATAT 

-1 TAGTCGAAAC 

sequences trom - 1 0 0 to - 1 are more GC rich (52 and 
69% A + T in D melanogaster and D htdet, respectively) 
However no GC boxes (Dynan and Tjian 1985) could be 
tound in either of the sequences They both contain three 
copies ol a 8 bp repeat « ith the consensus AATCGAT(A)A(T) 
(see Fig 9) Two copies ot a similar sequence (T(C)ATC-
GATT(A)) were found in the promoter region of D melano 
gaster H2A replacement variant H2A\D (van Daal el al 
1990) 

The 12 nt around the transcription start site are identical 
in D imlanogastei and D h\dei (Tig 10) Within exon 1 
a conserved heptanucleottde was tound that was also present 
within the H2A\D 5 UTR (van Daal et al 1990) 

The splice junctions of the two introns in both species 
are in good agreement with the consensus (Mount et al 
1992) Within the first intron, only short regions of similar 
sequences could be found The most prominent of these 
regions (with the exception of ohgo(dT) and oltgo(dA) 
stretches) are displayed in Fig 11 The second introns 
diverge completely 

The 3 UTRs are also rather diverged In both species 
they are AT rich and contain multiple A stretches and 
(TA)„ repeats Several boxes of similar sequences could 
be identified (Fig 11, (TA)„ repeats are not shown) The 
longest similar sequence is one of 65 nt that is 9 6 % iden
tical (see Box 7 in Fig 11) We found no significant sim
ilarities between the 3 UTRs of Drosophila histone H3 3 
genes and those of vertebrates Among invertebrates, H3 
replacement variant cDNAs are characterized only in Spisula 
solidissima and Tetrah\mena thermophila In the 
Tetrah\mena H3 3 (hv2) gene the 3 UTR is AT rich and 
contains (TA)„ and (TAAA)2_3 repeats In this respect it 
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Fig. 10. Alignment of the sequences around the transcription start and of exon I between 
D metanogaster (D mei ) and D hydei (D h\d ) histone H3 3B genes The transcription 
start is marked with +1 Direct repeals, which are also present in the 5' UTR of the 
H2AvD gene, are indicated by arrows 

+1 r 
Dmel ATC'ATTGTGAAAATTTCTCTCGTCCGAA TTTGTTCGTCTCGTGTTGAAAGTGA 
Dhyd ATCATTGTGAAA TCGTTCCCCGTTGGAAGCAGATCGTGTTCTCCGTGA 

D mei H2AvD +ІО GTTTCGTGTTGCA 

S' donor splice site 

Dmel CAAATTGTGAAGAATAAC TTTATTCC GTGTTTAACG 
Dhyd ATATTCTAAAAAACAACAATTGTAACTTTTCGTAACG 

Dmel H2AvD 408 GTTCGTAA 
> 

is similar to the histone H3 3B of Dmsophila No significant 
similarities with the Spisula sequence were observed 

Only the cDNA sequences of the Drosophila H3 ЗА 
genes are available at the moment The 5' UTR sequences 
share no apparent similarities Also the 3' UTRs are rather 
dissimilar (see Fig 12) Short boxes of similarity are present 
right after the stop codon and around the polyadenylation 
signal Both 3' UTRs are rather GC rich and contain mul
tiple short direct repeats They are shown as different types 
of arrows above and below the sequences in Fig 12 

Discussion 

Genomic organization and structure of the histone 
H3.3 genes in Drosophila 

We have shown that there are two different functional 
histone H3 3 genes (H3 ЗА and H3 3B) in both species, 
D melanogasler and D hydei The genes encode exactly the 
same protein but they are completely divergent in their 
UTRs It seems unlikely that a third histone H3 3 gene 
exists in either of the species, because all the RNA bands 
hybridizing with the H3 3 ORF on the Northern blots are 
recognized by either of the two gene-specific 3' UTR 
probes both in D melanogasler and D hydei 

The histone H3 3 gene organization in Drosophila is 
thus very similar to that of vertebrates, where the H3 3 
histone is also encoded by two different highly divergent 
genes (H3 ЗА and H3 3B) (Brush et al 1985, Hraba-
Renevey and Kress 1989) The positions of the two introns 
in the Drosophila H3 3B gene are identical to those of the 
first and third introns in the human (Wells et al 1987) 
and chicken (Brush et al 1985) genes This argues for a 
monophyletic origin of the H3 3 histone replacement vari
ants in the animal kingdom Also, as in vertebrates, the 
3' UTRs of the Drosophila H3 3B genes are very long 
(more than 1500 nt in D melanogasler H3 3B) 

An interesting feature of the D melanogasler genomic 
clone described is the proximity of the histone H3 3B gene 
and OST48-hke ORF We assume that OST48 is a functional 
housekeeping gene encoding an essential subumt of ohgosac-
charyltransferase, because of its high similarity to the cor
responding sequence in dog (Silberstein et al 1992) Its ORF 
is not interrupted by stop codons and it behaves as a 

single-copy sequence on the Southern blot The localization 
of this ORF leaves only a maximum of 300 bp tor the size of 
the H3 3B upstream regulatory region We cannot exclude, of 
course, that some regulatory elements ot this gene are located 
within or upstream of the putative OST48-like gene However, 
more likely, some regulatory elements reside within the large 
first intron Many eukaryotic genes have a large intron within 
their 5' UTR, in several cases such an intron has been shown 
to contain transcription enhancer and silencer elements 
(Gremke et al 1993, Gasch et al 1989) Our sequence align
ment with the D h\dei gene suggests some candidate regions 
for such elements Further experiments are required to 
establish their possible function 

In mammals, H3 3 genes constitute a gene family with 
20 to 30 members, most of which are, however, processed 
pseudogenes (Wells et al 1987) In Drosophila, three of the 
four isolated H3 3 genes are likely to be single copy Only for 
D melanogasler H3 3B do we find evidence that there might 
be a few (2-3) additional copies present in the genome 

Evolution of the histone H3.3 genes in Drosophila 
In Drosophila, genes that are expressed at a high level 
show relatively higher codon usage bias and lower sub
stitution rates than genes expressed at a moderate or low 
level (Shields et al 1988, Moriyama and Gojobory 1992, 
Miedema et al 1994) The analysis of the Drosophila his
tone H3 3 coding regions revealed that they have a lower 
number of synonymous substitutions than do their cell 
cycle regulated counterparts The latter, however, are 
expressed much more strongly, at least in embryos This 
result is not unexpected, since it has been shown that the 
replication dependent histone genes in Drosophila display 
an unusually high synonymous substitution rate (Fitch and 
Strausbaugh 1993) 

All the analysed genes display low codon usage bias 
It was suggested recently (Akashi 1994) that sequences 
more constrained at the amino acid level have higher codon 
bias, because the usage of preferred codons enhances trans-
lational accuracy This generalization apparently docs not 
hold true for histones, which are completely conserved at 
the amino acid level It is possible that the multiplicity ol 
the histone H3 encoding genes reduces the selection pressure 
on individual sites within the genes 
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Fig. 11. Relative positions and sequences of the most significant alignments in the first introns 
and 3' UTRs of the D. melanogaster and D. hydei histone H3.3B genes. Gene structure is 
shown in the same way as it is in Fig 1 Blocks of similar sequence are numbered from I to 8. 
Sequence positions correspond to the numbering in the database entries. Polyadenylation 
signals are underlined. 
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Box I. Dm 1739 TTTTCCAAAATGGCCGCCAAGCAGGAGAATAGCAAGAAATAAAAAAGTT 

Dh 678TT7TTCAAAATGGCGGCCA CTGCAGACAAGTTGGAAGTAAAAAGTTT 

Box 2- Dm 22491 fTCAATGCGCGCCAAGTTTTACCGCTTGATTTTCCTTCCTTTTG TTTATG 
Dh 1357 TTCAAATGGGCGCCAAGTTTTG TTTTCCTTCACATTGCTCTTATG 

TTTAC1CTTTTG 
ATTATTGTTATG 

Box 3 Dm 2394 AAATTGAAAACTACAACTCATTACTTCAGCGTGATTGATTC CGCATAAA 
Dh 20+0 AAACTAAAAACTACAACTCATTACTTCAACTTGATTGATTCTGCGCGCATAAA 

GCGCGAAA AAAACTCAAGAGGCT 
AAGCAAAACGCAAAATTCACGACGCT 

Box 4: Dm 4112 ACTGTAATGCTTAAAAATTATTTTATAACTCTTATTATTACTATTATCAATTA 
Dh 3310 ACTGTAATACTTA TTATTAT TATTATTATATTTAGAAATGTATA 

GTTTTTAAGTTTTTTTTCTCGCCTG 
GTTTTTTAAGTTTGTAGATCGCCCG 

Box 5: Dm 4296 CGTGTCGCC CTGCAACATCCGCCACCAACCACTCCAACA 
Dh 3456 CGIGCCGCCATCTCGAACAT CGCCACCTA ACTCCAACA 

Box 6. Dm 4465 GCCAATCT CGTCGGCTGGACGTGGCAAGGC 
Dh 3614 GCCAAACGAAACCCTTCGGCGAGTGGGGGCAAGGC 

Box 7: Dm 4866 TGGGCGTGACAGAGTTAGTTGATTAAATAAGAT1TTAGATTTACATGCATTTT 
Dh 3924 1GGGCGTG GTAGTTGATTAAATAAG TTATAGATTTACATGCATTTT 

ATACGTTTAGGC 
ATACGTTTAGGC 

Box 8: Dm 5369 ACAGCAACAGCAAAAATAACTGGAAACATCAGGCAAAAAAAA AAAAGAA 
Dh 4333 ATAGAAATCGTAAAAAAAAAACAAAACAAACAACAAAAAAAACCCCCAGACAA 

AAT AAAAAATAAACGGTTTTΤ TCT AT AGAAGAAACCAAAAAAACCCAA 
GAACIIAAA1AAACGGTTTTTTCTAGAGAGAAAAAGCCAAAAAAACACAA 

Codon biases are significantly different in the two 
Drosophila species analysed (Fitch and Slrausbaugh 1993). 
This might explain why the two H3 3 variant genes in 
D. melanogaster are more similar than are the H3.3A genes 
between D. melanogaster and D. hxdei. When the DNA 
sequences ot the H3 3 ORFs are compared between 
Drosophila and individual vertebrate species, they are 
found to be ТЬ-Т&Чс identical . The large number of sub
stitutions and the influence of codon usage biases make 

it impossible to determine the phylogeny of histone H3.3 
genes on the basis of the nucleic acid sequences of the 
coding regions. The highly divergent noncoding sequences 
are also of no help in this respect. It is therefore impossi
ble to establish, in this way, a relationship between a par
ticular Drosophila H3.3 gene and one of the vertebrate 
H3.3 genes. 

The comparison of the Drosophila H3.3 genes with the 
vertebrate H3.3 genes reveals an interesting evolutionary 
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Fig. 12. Alignment of the 3' UTR sequences of the D melanogaster and D hydei histone 
HS ЗА cDNAs Arrows of different types above and below the sequences indicate direct 
repeats Sequence positions correspond to the numbering in the database entries 

Dm TAAATGCCCATGTCCGCCATCTTGGATTGGAAAAGC AGTG GCGGCAAAACTACC SS9 

Dh TAAATGGC ATGGTCGCCATCTTTAATTAGAAAAGCGTCGCAGTTCGTGTCGCTGCTAAC S63 
— — • • • 
•top 

Dm AACCC ACAGCTGTCG cffGGAGCjGGGGAACTCGGAGCTGGAGGTGGAGGTGGAGAAG 616 

Dh AACAAAGACAAC GTCGACGTcdcTGTT GAAC GCATCTGCTGC GGCTGTTTACAAA 618 
• 

Dm CGGAAAA CCAAACACC CGGC CGCAGCTGCCG CCGCTTAG TACT 659 

Dh CAACAAAGGCCGTC(JACGTcdGCGTCGCAGCTGCTGTGTCTGCTTAGCCTTAAGTTTCAT 678 

Dm TAGGTCTATCTATACTTACCG ATAAGTAATC AATACACAATGT 702 

Dh AAGATTTAT TATACTTAAAATATAAGTAATTCATAATTCGTAATTTGTCGCATGCAA 73S 

Dm TCTAATAAAATCGATTCATTTTTGTTT GTAAATGTTTAACCAC 746 

Dh AATTTGTCGCTCCAATAAAA ATACATTTTTGTTTTCTGTGTAAAACTTAGATCC 789 

aspect This is implied by the extensive conservation of 
the 5' and 3' UTRs of vertebrate H3 3 histone genes, which 
show a 85% similarity in the 520-nt long H3 ЗА 3' UTR in 
chicken and man They are separated by more than 200 Ma 
(Henmg 1983) In Drosophila these genes apparently evolve 
much faster The divergence time between D hydei and 
D melanogaster is estimated to be 60 Ma (Throckmorton 
1975), yet their histone H3 3 3' UTRs share only limited 
stretches of similarity Such quick evolution of the untrans
lated regions does not reflect a general property of 
Drosophila genes For example, the 5' and 3' UTRs of 
the muscle-myosin heavy-chain gene are 93 and 96% 
identical, respectively, when compared in D hydei and 
D melanogaster (Miedema et al 1994) 

In the generally divergent context of the noncoding 
DNA regions of the histone H3 3 genes, we found several 
blocks that are similar in sequence (see above) In the case 
of other genes, such conserved blocks have repeatedly 
been shown to be important for gene expression (see for 
example Michiels et al 1989) It will be of interest to test 
their function, especially for those elements that are also 
present in the H2AvD histone gene 

H3.3 gene expression 
It is apparent from Northern blot analysis (see above) that 
the H3 3 genes in Drosophila have their strongest expression 
in embryos This agrees with data on other replacement 
histone variants, such as Drosophila H2AvD (van Daal and 
Elgin 1992) and chicken H3 3 (Brush et al 1985), which are 
more strongly transcribed in embryonic than in adult tissues 
We performed transcript in situ hybridization of D 
melanogaster embryos with the two H3 3B 3' UTR probes, 
Μ3Ά and МЗ'В, the Hi JA-specific probe, and two probes 
specific for cell-cycle regulated H3 and H4 (not shown) As 
was expected, replication dependent histone probes gave 
stronger signals than the variant-specific ones At all stages 
rather uniform staining was observed with all five probes 
Therefore, whatever the function of the long 3' UTR of 

the Drosophila histone H3 3B might be, it apparently does 
not direct cell-specific patterns of gene expression in early 
embryos 

H3 3 histone mRNAs are also quite abundant in ovaries, 
most likely they are stored in Drosophila eggs together 
with the replication dependent histone mRNAs Storage 
of H3 3 mRNA in oocytes has been demonstrated earlier in 
clam (Swenson et al 1987) 

Although H3 3 variant transcripts correlate to a certain 
extent, as to their abundance, with the cell cycle regulated 
histone messengers, the latter are subject to more strict 
regulation Their stability decreases when cells cease to 
divide (Anderson and Lengyel 1984) Therefore, they are 
hardly present in differentiated tissues such as are pre
dominantly found in Drosophila adult carcasses H3 3 vari
ant transcripts, in contrast, are readily delected there In 
vertebrates, H3 3 protein accumulates in nondividing adult 
tissues and can even become a predominant H3 subtype 
(Zweidler 1984) This quite likely also holds true for 
Drosophila 

The abundance of H3 3 transcripts al a certain stage or 
in a specific tissue is not necessarily correlated with the 
level of synthesis of the corresponding protein For instance 
it was shown, for the rat replacement variant histone Hi" 
that under certain conditions the amount of the protein 
decreases while its mRNA level increases in a cell pro 
liferation dependent manner (Khochbin et al 1991) This 
possibly implies translational control of the expression ot 
this histone variant In several systems, where translational 
control was demonstrated, it was mediated by direct 
sequence repeats within the 3' UTR (Wickens and 
Takayama 1994, Ostareck-Lederer et al 1994) Theretore 
the multiple direct repeats found in the Drosophila H3 ЗА 
3' UTRs are of particular interest 

The two Drosophila H3 3 genes are dilterentially 
expressed, as only one of them, H3 ЗА, displays a strong 
testis expression Remarkably, the testes transcripts are 
more heterogeneous in length than the carcass ones This 

Structure and expression of histone H3.3 genes 43 



might be a result of differential cleavage, more likely, 
however, u is caused by additional polyadcnylation in male 
germ line cells In D melanogasler a stage specific increase 
in the length of the poly(A) tail has been demonstrated 
for several testis-specific genes (Schafer et al 1990), this 
is apparently related to the translational control of the 
expression of these genes 

Alternative 3-end processing in the Drosophila H3.3 
genes 

The D melanogasler histone H3 3B transcripts can be 
processed at several alternative sites Some of the processing 
sites used are not preceded by a polyadenylation signal 
consensus sequence This is not surprising, since in many, 
if not all. cases where unconventional cleavage sites are 
used, alternative polyadenylation is involved (see Wähle 
and Keller 1992 and references therein) The positions of 
the processing sites of the two smaller transcripts were 
determined In both cases there are T-nch sequences located 
downstream from the cleavage sites (see Fig 4) Such 
downstream Τ rich elements have been shown to be impor
tant for correct 3' processing (Wähle and Keller 1992) 

The resulting 3' UTRs differ in their length from -200 
to -1500 nt, the shorter transcripts occur preferentially in 
ovaries, embrvos, and testes This most likely results from 
differential polyadenylation rather than from differential 
stability of the transcripts Otherwise, one would not expect 
the longer messengers to accumulate in adult tissues It is 
known that destabilizing, rather than stabilizing, sequence 
elements control mRNA stability (Sachs 1993) It has been 
demonstrated in several systems that a longer messenger is 
likely to possess more such destabilizing elements than a 
shorter version and is likely to be more unstable (Brocard 
et al 1994, Sureau and Perbal 1994) 

Alternative polyadenylation is quite common for eukary-
otic genes (see Bond and Davidson 1986 and references 
therein) It is observed, tor instance, in the mouse H3 3B 
and Hi" genes (Hraba-Renevey and Kress 1989, Brocard et 
al 1994) In D melanogaiter a complicated processing 
pattern is observed, tor example, for the c-abl oncogene 
homologue. Dash (Telford et al 1985) Similar to what 
appears to be the case for the H3 3B, shorter transcripts 
are generated by maternal specific polyadenylation sues 
Such alternative polyadenylation, therefore, might reflect 
a general property of the 3' processing machinery in the 
germ cell line 

The biological function of the alternative processing 
described is not clear especially as it is poorly conserved 
For the homologue ot the D melanogasler H3 3B gene in 
D h\dei we observed that the longest transcript is the 
most abundant one not only in carcasses, but also in 
ovaries and testes (low amounts of shorter transcripts are, 
however, tound in ovaries) This correlates with the general 
lack ot conservation of the 3 ' UTR sequences between 
these genes 
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Abstract 
Different types of transcripts are generated from the Drosophila melanogaster 
histone H3.3B gene in a tissue-specific way as a result of alternative polyaden}-
lation. The activity of the three alternative processing sites from this gene was 
analysed in an in vitro cleavage and polyadenylation assay in the nuclear extract 
from HeLa cells. As expected, the efficiency of polyadenylation in vitro was de
pendent on the presence of the conventional polyadenylation signal, AAUAAA. 
An alternative processing site with a deviant hexamer, AAUAUA, present in se
veral tandem copies, was also found to be quite active in the in vitro assa> if a 
"precleaved" substrate was used. 

1. Introduction 
All animal mRNAs with the exception of those encoding replication-dependent his-
tones bear a poly(A) tail at their 3' end. This poly(A) tail is added as a result of 
the 3' processing reaction necessary to generate mature mRNA (for review, see 
Wähle and Keller, 1992; Wähle, 1995; Keller, 1995). Transcription by the RNA poly
merase II, which transcribes all protein-encoding genes, proceeds beyond the 3' 
processing site. The processing itself consists of cleavage and poly(A) addition 
reactions. Both are tightly linked in the cell, but can be uncoupled experimentally. 
Several sequence elements are necessary for correct processing- Most important 
is the highly conserved hexamer signal AAUAAA, localized 10-30 nt upstream of 
the polyadenylation site. Both cleavage and polyadenylation require this sequence 
element. Point mutations in this signal, with the exception of A->U substition in 
the second position, lead to a dramatic reduction in the 3' processing efficiency. 
In addition, a diffuse GU-rich or U-rich element downstream of the cleavage site, 
is required for efficient processing. Finally, sequences upstream of the poly(A) 
signal can influence its utilization. Such sequences are often found in viral sys
tems, such as adenovirus, SV40, HIV and other retroviruses (see Prescott and Falck-
Pedersen, 1994, and references therein). The biochemistry of the 3' processing is 
understood quite well, as correct cleavage and polyadenylation can be obtained in 
vitro, in nuclear extracts from HeLa cells (Moore and Sharp, 1984, 1985). Most of 
the essential components of this in vitro system were purified and characterized 
(for review, see Keller, 1995). 

Many genes contain several polyadenylation signals in their 3' flanking 
region. These signals are often used to produce mRNAs with 3'UTRs of different 
length in a tissue-specific manner. Alternative polyadenylation is a way of re
gulating differential gene expression in certain systems (Alt et al., 1980; Nevins 
and Wilson, 1981; Helfman et al., 1986). However, the mechanisms determining the 
choice of a particular poly(A)-signal were investigated only in a few cases. They 
can involve U-rich sequences upstream of the AAUAAA signal (Prescott and Falck-
Pedersen, 1994) or downstream polyadenylation enhancers (Lou et al., 1996). In Dro
sophila, female-specific polyadenylation of dsx transcripts is induced by the tra-2 
gene product, which binds to a series of repeats upstream of the polyaden) lation 
site (Hedley and Maniatis, 1991). It is noteworthy, that in man> cases of alternative 
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polyadenylation at least some of the processing sites are not preceded by a con
ventional polyadenylation signal (Wähle and Keller, 1992). It was suggested that 
additional factors are necessary for the recognition of these sites. 

In course of our studies of the DrosophiJa histone H3.3 gene expression 
(Akhmanova et al., 199S) we have found that one of the two D. melanogaster 
histone НЗ.З-encoding genes, H3.3B, is subject to alternative 3' processing. The 
histone H3.3B mRNAs of different size classes are generated as a result of 
alternative utilization of three processing sites. No consensus polyadenylation 
signal is present in the vicinity of the two upstream poIy(A) sites, which are 
preferentially used in the gonads and in the embryos. The histone H3.3B gene is 
highly expressed and the alternative polyadenylation in its 3'UTR can serve as a 
useful model system. As an initial step of such a study we have analysed the 
activity of the three alternative H3.3B processing sites in the in vitro polyade
nylation assay in nuclear extracts from HeLa cells. 

2. Materials and Methods 

Table 1. Constructs for the in vitro polyadenylation assay 

NAME 

CON 1 
CON 2 
CON 3 
CON 4 
CON 5 
CON 6 

Positions in the 
H3.3B sequence 

4003-4275 
4624-4865 
5363-5546 
4003-4116 
4624-4752 
5370-544«) 

Primers used 
for PCR1 

AAI & AA2 
Mh3--II & AA3 
AA4 & UP20 2 

AAI & AA5 
Mh3-II & AA6 
AA4 & AA7 

Sites for cloning 
in pBluescriptKS+ 

Sad, Xbal 
Xbal, Spel 
Sad, Hindi 
Sad, Spel 
Xbal, Spel 
Sad, Xbal 

Linearization 
site 

Xbal 
Spel 
Hindi 
Rsal 
Spel 
XmnI 

Sequences of the primers were as follows: 
Mh3-II 5-CATCTAGAAGACCGAATCGAGTAC 
AAI 5-CAGAGCTCATTCATATTTACATGT 

AA2 S'-CATCTAGATTCCCTCCTTCCAAAACG 
AA3 5-ACACTAGTCATCCCTTCGTTATGTG 
AA4 5-C AGAGCTCAGTGACAGCAACAGCA 
AA5 S-ACACTAGTACAGTAATGTTGTGTGTTG 
AA6 5-ACACTAGTTCTTTTCCTTCCGCA 
AA7 5-CATCTAGAATTTCTTCTATAGAAAAAAC 
Plasmid p82SPl, containing the Sall-PstI fragment of the H3.3B gene (from po
sition 3498 to 5666 (Akhmanova et al., 1995)) in pBluescriptK.S+, was used as a 
template for PCR. 
2 UP20 - M13 -20 universal primer 
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The generate the substrates for the in vitro cleavage and polyadenylation assay, 
different regions of the histone H3.3B gene were amplified by PCR and sub-
cloned into pBluescriptKS+. The plasmids were linearized by restriction digestion 
and the labeled RNA substrates were synthesized by in vitro transcription with 
T7, RNA polymerase. The information about the sequence of the substrates is 
summarized in Table 1 and in Fig. 1. A substrate, containing the polyadenylation 
site of the Ш 70K protein pre-mRNA was used as control. The in vitro polyadeny
lation assays were performed as described by Boelens et al. (1993), and the pro
ducts of the assay were analysed on a denaturing Polyacrylamide gel. 

3. Results 
Three types of transcripts with the length of 900 nt, 1700 nt and 24-00 nt are 
generated from the D. melanogaster H3.3B gene (Akhmanova et al., 1995).. These 
transcripts result from alternative usage of three processing sites, which we 
will call here PI, P2 and P3 (see Fig. 1A). The exact polyadenylation sites of the 
two shorter transcripts (corresponding to PI and P2) were determined by RT-
PCR with oligo(dT) and НЗ.ЗВ-specific primers. In both cases polyadenylation 
occurs at several adjacent positions, which are distributed over a 50 nt region in 
case of PI and over 20 nt region in case of P2 (see Fig. IB). The position of the 
P3 processing site was estimated from the length of the transcripts (2400 nt) 
on the Northern blots. The determination of the poly(A) addition sites of the 
2400 nt transcript using the same strategy as for PI and P2 was not possible 
due to the long oligo(A) stretches in the genomic region of the P3 site. How
ever, it seems very likely that the polyadenylation signals AAUAAA at the posi
tion 5418 or 5425 are utilized to generate the 2400 nt transcript. First, their lo
calization is in good agreement with the length of this transcript and there are 
no other poly(A) signals in this region. Most Drosophila genes contain a normal 
poly(A) signal upstream of the 3' processing site. Second, the sequences around 
these signals are conserved between the histone H3.3B genes of D. melanogaster 
and D. hydei. Third, experimentally determined polyadenylation sites of the 
histone H3.3A genes from both D. melanogaster and D. hydei are found in a 
sequence context, similar to that around the P3 processing site of the H3.3B 
gene (Akhmanova et al., 1995; see Fig. 2). We assumed that the polyadenylation 
at P3 would occur around position 5450, about 20 nt downstream of the poly (A) 
signals (as is usually the case; see Wähle and Keller, 1992). 

DNA fragments containing the PI, P2 and P3 processing sites were used to 
prepare substrates for in vitro polyadenylation assay. Two types of constructs 
corresponding to each processing site were tested. The constructs of the first 
type (CON 1 for PI, CON 2 for P2 and CON 3 for P3) contained sequences both 
upstream and downsteam of the processing sites. These constructs were used to 
test both cleavage and polyadenylation. To test polyadenylation only, "precleaved" 
constructs were prepared. These constructs were made in such a way that they 
would end at one of the experimentally determined 3' processing sites (CON 4 for 
PI, CON 5 for P2 and CON 6 for P3; the end of CON 6 was chosen arbitrarily). 
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A.Positions of the 3' processing sites in histone B3.3B gene 

•> PI P2 P3 

. J 
ex.1 ex.2 ex.3 

В.Histone H3.3B 3'UTR sequence 

3Θ51 CGCCGCATCC GTGGCGAGCG TGCTÍSXGGT GGATCAGCAG GAACGCCAGA 

3901 TTCGATCACT GTCGTCCATT CCCGAACAGT AGACCATTCA CGTACCGTTT 

3951 TAGGAGAGGT GCACGCCAAG GAGCTATACC AGCGACACAT TGATCCAATC 

4001 TATCATTCAT ATTTACATGT ATACATTTAT CATCCTTTTG TTGTTCAATC 

4 051 GAATCGTCAG CATGACGTTG TCGATAAGAA AAACACCACA CACAAAACAA _. 
+ A A S * * * * e L 

4101 CACACAACAT TACTG£AATG СТТАААААГГ АГГГТАТААС TCTTATTATT SITE 

4151 ACTATTATCA ATTAGTTTTT AAGTTTTTTT TCTCGCCTGT GGCTCGTCGG 

4201 TGTCACCGTG TATGTTGCGC CGTGCTCCTT CTTCTCCAAA TCCGGGTCCA 

4251 CCTCTTCGTT TTGGAAGGAG GGAATACCAC CGGGCGGCCG TTGTCCGTGT 

4 301 CGCCCTGCAA CATCCGCCAC CAACCACTCC AACAACTGTC CAGCTGGCGG 

4 351 GCTTCGGTTT CCAGGTAATC CGTGATCTTT AAGGCGCCTG CCTCGCCTTT 

4 4 01 ATCGCTTCGA TCGAGGAGAG GTTCACCATC TGGCTGCCGG GATGTGCGGA 

4 4 51 GCCTGGAGAT CGGGGCCAAT CTAACGTCGG CTGGACGTGG CAAGGCGGAC 

4501 AGACGGTTGC GGACCGCCTG GCGGTGATTC CCGGATCTCT GGATGGGCGG 

4 551 CGAGGGCATG GGCCTCTGGC GATGCCAÇJG ACGGCACGCG GCTTTTATGA 

4 601 AGATAATATC CATATATAAC ACCGAAGACC GAATCGAGTA CACTTAACTT 

4 651 TACACTTACG TATATGCATA TATATACATA AATACATATA ТАТАТАААГЛ 

4 701 ГАТАТАТАТА ТАТЛААГАГА ААГАГАААСС TAÍGCGGAAG GAAAAGAACT 

4751 AGATATTAAT ACTCTTTCTT CTGTTCACTT TTCGTTACTG CAAATCATAA 

4801 TCAGAGCATT ATATATATAT ATATATATAG AAGTTATATA TATATATATA 

4 851 CACATAACGA AGGGATGGGC GTGACAGAGT TAGTTGÄTTA AATAAGATTT 

4 901 TAGATTTACA TGCATTTTAT ACGTTTAGGC GGACGATAGA AGATGATTCT 

4 951 TCTTCGÜGAG ATGAAAAAAA GATATAAAGA TGATTCAGCA ATCAGATTAA 

5001 CTTACACATC TATAGATTTG GAAGAGCATC GAATAAAAAT AACCAAGACA 

5051 GAAATCACAT AACAATACAA AATAAAAGCA AAAGCGCCGA GCAGAGCATT 

5101 GAATATTTCC CAATATTTAT ATGTAGTTTG AAACACATGC AAAATAATCA 

5151 ATTGTAAACG CCCATAAAAC ATGCATATAT ATATATATAA ATATACATAT 

5201 AGCTGTAAAT TGGTGTCGAT AACTAGTTTC ACATTGAACA TTTAAACAAA 

5251 TCGGACTAAA TATGTGTCTA TTCGTATCGT CGTAGCTTAC AAGAACCAAT 

5301 ATGAAAACAG AAAACAAAAA ACGAATCCCC CACAAAACAC AAAAACAATT 

5351 TACAACAACA AATCAGTGAC AGCAACAGCA AAAATAACTG GAAACATCAG „, 
AA7 РЭ 

54 01 GCAAAAAAAA ΆΑΑΆΠΑΑΑΑΓ ААААААГААА CGGTTTTTTC TATAGAAGAA SITE 

5451 ACCAAAAAAA CCCAACACCA hCGAATTGTA TTTTCTGCGA AAGCGAGACG 

5501 GGAATAGTGT GTACGAGCGG GCGGGATAGG TGGCGATGGT ACAGTTGACT 

P2 

SITE 
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D.mel. НЗ ЗВ РЗ ΑΑΤΆΑΑ CGGTTTTTTCTATA 
D.hydei НЗ.ЗВ ΑΑΤΆΑΑ CGGTTTTTTCTAGA 
D.mel. НЗ ЗА AATAAAATCGATTCATTTTTGTTTGTA 
D.hydei H3.3A AATAAAA ATACATTTTTGTTTTCT 
Adenovirus L3 (s t rong) ΑΑΤΑΑΑ GGCAAATGTTTTTA1TTGTA 
Adenovirus LI (weak) AATAAAAAACTCACCAAGGCCATGGCA 

Fig 2 A l ignment of t h e s e q u e n c e s immediate ly d o w n s t e a m of t h e polyadeny-
la t ion s ignals of t h e D melanogaster and D hydei h l s t o n e НЗ ЗА and НЗ 3B 
g e n e s and t h e adenovirus poly(A) s i t e s LI and L3 ( P r e s c o t t and F a l c k - P e d e r s e n 
1994) 

The results of the in vitro polyadenylation assay are shown in Fig 3 

Both constructs derived from the PI site, CON 1 and CON 4 were inactive in 

the polyadenylation assay This result is in agreement with the absense of the 

poly(A) signal in the region upstream of the PI s ite Similarly CON 2 derived 

from P2 site, showed low activity in this assay The sequences around the P2 

site, although rich in UA-repeats, do not contain a conventional poly(A) signal 

Surprisingly, "precleaved" substrate from P2 (CON 5) was polyadenylated in a 

way comparable t o the control, UI 70K protein pre-mRNA Both constructs 

derived from the P3 (CON 3 and 6), which contains a duplicate poly(A) signal 

were very efficient in polyadenylation 

4 Discussion 

The results of the in vitro polyadenylation assay confirm the general rule that 

polyadenyation efficiency is dependent on the presence of the AAUAAA signal 

The substrates, derived from the P3 site, containing t w o such signals, were very 

efficient in this assay An interesting feature of this site, which might contri

bute to i ts efficient utilization, is the presence of a conserved U-nch e lement 

immediately downstream of the poly(A) signal (Fig 2) The sequences between 

the poly(A) signal and poly(A) s ite are normally not conserved However these 

sequences can influence the "strength" of a particular pohadenvlat ion signal, as 

was shown by the comparison of a weak and a strong poly(A) s i tes from the 

Fig 1 Process ing s i t e s in h l s tone НЗ 3B 3 UTR 
A S c h e m a t i c r e p r e s e n t a t i o n of t h e D meJanogaster h l s t o n e НЗ 3B gene s t r u c 
t u r e Pos i t ions of the process ing s i t e s PI, P2 and P3 a r e indicated The h o r i z o n 
tal a r row indica tes t h e s t a r t of t r a n s c r i p t i o n Black b o x e s r e p r e s e n t t r a n s l a t e d 
p a r t of t h e e x o n s and open b o x e s r e p r e s e n t u n t r a n s l a t e d par t of t h e e x o n s 
В Genomic s e q u e n c e of t h e 3 p a r t of t h e D m e / a n o g a s t e r h i s t o n e НЗ 3B gene 
The s t o p c o d o n is s h o w n in bo ld and m a r k e d wi th STOP Long a r r o w s above t h e 
s e q u e n c e indicate p o s i t i o n s of t h e p r i m e r s used for making c o n s t r u c t s for t h e 
polyadenylat ion assay The Hind i s i t e a t t h e end of CON 3 is indicated below t h e 
s e q u e n c e The 3 - t e r m i n a l nuc leot ides of t h e precleaved s u b s t r a t e s are under l ined 
The polyadenyla t ion s ignals a r e s h o w n in i ta l ics and under l ined and t h e U-rich 
s e q u e n c e s are s h o w n in i ta l ics The f irst Α - n u c l e o t i d e s of t h e pol>(A) tail a t t h e 
e x p e r i m e n t a l l y d e t e r m i n e d polyadenylat ion s i t e s are s h o w n in bold and indicated 
with a s t e r i s k s above t h e sequence 
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"precleaved" 

ΓΙ P2 P3 PI P2 P3 

CON 1 CON 2 CON 3 CON 4 CON S CON (> CONTROL 

1 2 1 2 1 2 1 2 1 2 1 2 1 2 

Fig. 3. In vi tro poi vaden> lat ion of t h e h i s tone H3.3B pre-mRNA s u b s t r a t e s , 
c o r r e s p o n d i n g t o t h e t h r e e in vivo process ing s i tes . For each s u b s t r a t e lane 1 is 
t h e input and lane 2 is t h e r e s u l t of t h e incubat ion with t h e nuclear e x t r a c t . 

adenovirus major la te t r a n s c r i p t i o n unit ( P r e s c o t t and Fa lck-Pedersen, 1994). The 

sequence immediately d o w n s t r e a m of the AAUAAA signal of t h e s t r o n g a d e n o 

virus poly (A) s i te . L3, a l s o c o n t a i n s such a U-rich e l e m e n t , while a weak a d e n o 

virus pol>(A) s i te, LI, does not (see Fig. 2). 

P2 s i te c o n t a i n s several copies of a hexamer, AAUAUA (or UAUAAA), 

which is only b> one n u c l e o t i d e s u b s t i t i o n di f ferent f rom t h e c o n s e n s u s . H e x a -

m e r s with t h e s e s u b s t i t u t i o n s were s h o w n t o have very low activity as polyade

ny lat ion s ignals in t h e HeLa s > s t e m (Wickens. 1990). However, t h e P2 s i te can 

apparently be recognized by t h e polyadenylat ion machinery, b e c a u s e it is qui te 

efficient in polyadeny lat ion assay, when a "precleaved" s u b s t r a t e is used. This 

might be due t o t h e p r e s e n c e of several copies of t h e " m u t a t e d " hexamer. The 

activity of t h e P2 s u b s t r a t e , which is n o t "precleaved". is low, indicat ing t h a t P2 

is probably a weak p r o c e s s i n g s i te in vivo. It is likely t o funct ion only when 

the c o n c e n t r a t i o n of t h e p r o c e s s i n g factors is high. In such c i r c u m s t a n c e s it 

ma\ be favored c o m p a r e d t o t h e s t r o n g P3 si te, b e c a u s e it is localized u p s t r e a m 

of it. This is apparent ly t h e case in embryos and in g o n a d s , where P2 is pre fe

rentially ut i l ized. This idea is s u p p o r t e d bv t h e fact t h a t ut i l izat ion of AAUAUA 

hexamer as t h e p o h (A) signal was observed in t h e ovary-specif ic t r a n s c r i p t s of 

t h e e\uperantia gene (Hazelr igg and Tu, 1994) and te s t i s - spec i f ic t r a n s c r i p t s of 

the radha gene (Harhangi . unpubl i shed) . 

The PI s i te d o e s n o t c o n t a i n a convent ional polyadenylat ion signal and it 
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is not processed by the in vitro polyadenylation system from He La cells. It is. 
however, efficiently used in Drosophila embryos and ovaries. It is possible that 
in Drosophila there are additional processing factors, which recognize it. Alter
natively, the utilization of this site can be due to coupling between transcrip
tion and polyadenylation, which normally occurs in vivo, but does not happen in 
the in vitro polyadenylation system. It was shown that the utilization of a 
poly(A) site can be stimulated by downstream RNA polymerase II pausing and ter
mination sites (Dorsett, 1990; Enriquez-Harris et al., 1991; Tantravahi et al.. |9<)3). 
At present, no consensus for transcription termination sites is available and this 
idea cannot be substantiated by the analysis of the sequences downstream of PI. 
However, the fact that this processing site represents a special situation is sup
ported by our observation that the poly(A)-addition sites are spread over a com
paratively broad region (~50 nt, which is twice as much as was observed for the 
H3.3A genes and P2). 

A good understanding of the regulation of the histone H3.3B pre-mRNA 
processing may only be achieved with the help of a Drosophila in vitro polyade
nylation system. Also genetical tools, as they are available in Drosophila, might 
be quite useful for such an analysis. For example, it would be interesting to 
investigate if the utilization of the processing sites in the H3.3B gene is altered 
in the flies with mutations in the supressor of forked gene. This gene encodes 
a Drosophila homologue of the 77 kDa subunit of the mammalian cleavage 
stimulation factor, an essential component of the 3' processing machinery (Ta-
kagaki and Manley, 1994). 
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Abstract 
The poJyadenylation of replication-dependent histone H2B, H3 and H4 mRNAs in 
Drosophila melanogaster was analysed. Two types of mRNAs, containing a po-
ly(A) tail, can be detected in addition to non-polyadenylated messengers, which 
represent the majority of replication-dependent histone mRNAs. Firstly, conven
tional polyadenylation signals, localized downstream from the stem-loop region, 
are used to produce polyadenylated mRNAs. The messengers of this type, gene
rated from the D. melanogaster H2B gene, are preferentially synthesized in the 
testis of the fly. Secondly, a novel type of polyadenylated histone mRNAs has 
been identified. These mRNAs, which are present in many different tissues and 
constitute a minor part of the total histone mRNA pool, contain a short poly(A) 
tail, added to the end of the 3' terminal stem-loop structure, which is in most 
cases lacking several nucleotides from its 3' end. The sites of polyadenylation 
within the stem-loop are not preceded by a normal polyadenylation signal. The 
possible functions of the polyadenylated histone transcripts are discussed. 

1. Introduction 
Replication-dependent histone genes in metazoans are in several ways different 
from the rest of the protein-coding genes. They do not contain introns and 
produce mRNAs without a poly(A) tail at the 3' terminus. Instead, these mRNAs 
end with a stem-loop structure, which has been highly conserved in evolution 
(Birnstiel et al., 1985; Marzluff, 1992). The expression of the replication-depen
dent histone genes is tightly linked to the S-phase of the cell-cycle, and its re
gulation occurs at multiple levels, such as transcription, mRNA processing and 
degradation (for review see Schiimperli, 1988; Marzluff and Pandey, 1988; Osley, 
1991). The 3' terminal stem-loop is essential for all postranscriptional steps of 
histone expression. It is necessary for efficient processing (Mowry et al., 1989; 
Vasserot et al., 1989), export of the mRNA into the cytoplasm (Eckner et al., 
1991; Williams et al., 1994), loading onto polyribosomes (Sun et al.. 1992) and re
gulation of mRNA stability (Pandey and Marzluff, 1987; Graves et al., 1987). In 
addition to the replication-dependent histone genes, there are also replacement, 
or basal histone genes, which are not dependent in their expression on the S-
phase of the cell-cycle. They produce polyadenylated mRNAs and most of them, 
with the exception of the genes, incoding some linker histone variants and hi
stone H2A.X, contain introns (for review see Zweidler, 1984; Schiimperli. 1986). 

Although the major portion of replication-dependent histone messengers are 
not polyadenylated, utilization of the poly (A) sites, localized downstream from 
the stem-loop sequence can result in formation of polyadenylated mRNAs. In 
some cases such mRNAs represent a very minor part of the total mRNA pool 
(Levine et al., 1987). In several histone HI transcripts in chicken (Kirsh et al.. 
1989) and mouse (Cheng et al., 1989), as well in transcripts, encoding the hi
stone H2A.X variant (Mannironi et al., 1989; Nagata et al., 1991) the two modes 
of the 3' processing occur with comparable efficiency in the same cell or tissue 
type. In all these cases the polyadenylated messengers behave as replacement 
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type historie mRNAs, which are not destabilized at the end of the S-phase, in 
contrast to the non-polyadenylated ones. The existence of such poly(A)-contain-
ing mRNAs is probably necessary to insure the basal synthesis of the respective 
histone variants (Kirsh et al., 1989; Cheng et al., 1989; Mannironi et al., 1989; 
Nagata et al. 1991). 

Polyadenylated mRNAs, generated from replication-dependent histone genes, 
were also found in round spermatids of chicken (Challoner et al., 1989) and 
mouse (Moss et al., 1994). The addition of poly(A) tails to these messengers 
occurs downstream from the stem-loop region and the polyadenylation sites are 
not preceded by the conventional polyadenylation signal, AAUAAA. These poly
adenylated mRNAs are translated in round spermatids, although the function of 
histone gene expression at this stage of spermiogenesis is unclear because his
tories are being replaced by transitional proteins and protamines. 

While a wealth of information is available on the expression of histone 
genes in various vertebrates and sea urchins, comparatively little is known about 
the expression of these genes in Drosophila. However, due to the fact that 
Drosophila is becoming one of the most important systems in chromatin stu
dies, detailed understanding of structure and function of the histone genes in 
this organism is essential. In the present work we have addressed the question 
of polyadenylation of Drosophila replication-dependent histone gene transcripts. 
We have found that the majority of these transcripts is not polyadenylated, as 
was shown before (Anderson and Lengyel, 1984), but that in addition two types 
of polyadenylated transcripts can be detected. Firstly, a small proportion of the 
histone mRNAs bears a short poly(A) tail which is added to the 3' terminus of 
a partially degraded stem-loop structure. Secondly, similar to what has been 
described in vertebrate systems, polyadenylation signals downstream of the 
stem-loop region can be utilised to generate mRNAs with a poly(A) tail. At 
least for the H2B gene this type of processing occurs preferentially in the 
testis. 

2. Materials and Methods 
2.1. Fly strains 
The wild-type strains of D. hydei (Tübingen) and D. melanogaster Canton S 
were from our laboratory collection. 

2.2. RNA isolation and Northern blotting 
Total RNA was isolated by guanidinium-chloride method (Chirgwin et al., 1979) from 
whole male and female flies, from adult testes and ovaries and male and female 
carcasses (carcass is the remainder of the F]> after the removal of the gonads. 
The poly(A) RNA was prepared with the aid of a mRNA purification kit (Phar
macia). Approximate!} 20 μg of total or pol>(A)~ RNA or 1 μg of poly(A)+ RNA per 
lane were separated on 2% agarose-formaldehyde gels and blotted to Hybond nylon 
membrane (Amersham). The blots were hybridized in 0.5 M phosphate buffer, pH 
7.2, 7% SDS, 1% BSA and 1 m M EDTA at 60°C and washed in 0.04 M phosphate 
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buffer at the same temperature. Probes were labeled by PCR or b> nick-translation 

in the presence of Ca- 3 2PldCTP. The position of the D. melanogaster probes, 

according to the numbering in Matsuo and Yamazaki. 1989, was as follows: histone 

H2B. positions 677-832; histone H3, 3303-3357; histone H4, positions 4316-4427 

(see also Fig. 2). The D. hydei H2B probe was a subclone from the D. hydei his

tone repeat, positions 4357-4804 according to the numbering in Kremer and Hennig, 

1990. The length of the transcripts was determined with the help of the GIBCO 

BRL RNA ladder and by comparing to the positions of the ribosomal RNAs. 

2.3. Determination of polyadenylation sites by RT-PCR 

Rapid amplification of the 3' ends of the cDNAs was performed essential I ν as 

described by Frohman, 1990. cDNA was synthesized from 10 μ£ of total RNA in 

the presence of 20 pmol of oligo(dT)-adapter primer with the sequence 

5'-GCGGATCCGAATTCATCGT17 and Moloney-Murine Leukemia Virus re>erse 

transcriptase (GIBCO BRL). PCR was performed with a gene-specific primer and 

the oligo(dT)-adapter primer or an adapter primer with the sequence 

5'-GCGGATCCGAATTCATCGT. The following gene-specific primers were used 

(the part of the primer, present in the corresponding gene, is underlined; see 

also Fig. 2): histone H2B, 5-CATCTAGACCAAGTCGGGAGATCCAAAC; histone 

H3, 5-GATGATCACGGCATTAACTTGC; histone H4. 5-GATGATCACAGCCATG-

GATGTTGT; histone H3.3A, 5-CAGGATCCGATAAGTAATCAATAC (positions 

678-695 of the D. melanogaster histone H3.3A mRNA, Akhmanova et al., 1995). 

PCR products were separated on 2% or 3% agarose minigels and in some cases 

analysed by Southern blotting. The D. melanogaster histone H3.3A probe was as 

described by Akhmanova et al., 1995. 

To compare non-polyadenylated and polyadenylated 3" ends, RNA ligase 

mediated rapid amplification of cDNA ends (RLM-RACE; Liu and Gorovskv. 1993) 

was used. Oligo 1 with the sequence 5'- TTTCTAGACTGGCCGTCGTTTTACA was 

ligated to the 3' ends of total RNA as described before by Liu and Gorovsk>. 

1993. The cDNA first strand was subsequently synthesized in the presence of 

oligo 2 with the sequence 5'-TGTAAAACGACGGCCAGT, which was complemen

tary to the 3' part of the oligo 1. PCR was performed in the presence of a gene 

specific primer and oligo 2 or (for identification of polyadenylated molecules 

only) with the oligo 3 with the sequence 5-TGTAAAACGACGGCCAGTCTA-

GAAATTT. 

PCR products were subcloned in pBluescriptKS+ and sequenced either 

manually or with the aid of an Autoread kit (Pharmacia) on an ALFexpress 

automatic sequencer (Pharmacia). 

3. Results 

3.1. A minor part of the replication-dependent histone m RNAs contains a poly(A) tail 

To assess the polyadenylation status of replication-dependent histone mRNAs 

from D. melanogaster, total and poly(A)+ RNA from whole female and male 

flies was analysed by Northern blotting with probes, specific for histone H2B 
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H I S T O N K H 2 B H I S T O N E H 4 
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Fig. 1. N o r t h e r n b l o t analys is of t o t a l RNA (20 μg per lane) and poly(A) + RNA 
(1 μβ per lane) from D. melanogaster wi th D. melanogaster h i s tone H2B and H 4 
p r o b e s . F - RNA from whole female flies, M - RNA from w h o l e male flies, Τ -
RNA from fly t e s t e s . 

and H4 (see Fig. 1). Both probes contained a small carboxy-terminal part of the 

corresponding open reading frame and the 3' untranslated region (UTR) up to 

and including the stem-loop region. They displayed no cross-reaction with re

placement-^ pe mRNAs. such as the H4r mRNA (Akhmanova et al., 19%). Strong 

signals, corresponding to the 500 nucleotides (nt) histone H2B and 400 nt his

tone H4 mRNAs. were observed in total RNA samples. These transcripts are 

accumulated in the ovaries and stored in oocytes (Anderson and Lengyel, 1984). 

Therefore. the> are more abundant in RNA from females than from males. 

The transcripts of the same length could be also readily detected in 

polv(A)+ RNA samples. Such samples, isolated by purification on oligo(dT)-

cellulose are strongly enriched in polyadenylated mRNAs. However, they are still 

contaminated by non-polyadenylated RNAs, such as ribosomal RNAs. The latter 

is due to the high AT content of the Drosophila ribosomal RNAs. Such conta

minants can amount to 50% of the poly(A)+ fraction. Total RNA samples consist 

mosth of the ribosomal and transfer RNAs. The hybridization signals, obtained 

from 1 ug of poly(A)+ RNA were several times weaker than those obtained from 

20 |ig of total RNA (4 to 10 times, depending on the sex of the flies and the 

histone gene analysed). If one assumes that polyadenylated mRNAs represent 1% 

of total RNA (0.2 μg per lane) and 50% of the poly(A)+ RNA (0.5 μg per lane), 

the proportion of polyadenylated histone mRNA fraction may be estimated to be 

not more than 107. of the entire histone mRNA. This estimate is not accurate, 

since the retention of a particular mRNA molecule on the oligo(dT)-cellulose 

depends on several factors, such as the length of the poly(A) tail or occurence 

of internal Α-rich stretches. However, it can be regarded as an indication that 

pol\aden_\lated molecules represent a minor fraction of the short histone mRNAs. 

Also with a histone H3 probe we could detect in the poly(A)+ RNA frac-
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λ historia Η2Β 

671 ACCATCACCAGTCGGGAGATCCAAACGGCTGTTCGCCTGCTTTTGCCTGGAGAGTTGGCCAAGCATGCTG 

741 TCAGTGAGGGAACCAAGGCTGTCACCAAGTACACCAGCTCTAAAISSTTTTCTCCTGCGAATGCGGACAA 

811 TAATCCAAAACGGCCCTTTTCAGGGCCACAATGTGTTATACCAAAGAAATGCATTTTTCAACCACCAATC 
+ 

881 ATCGAATATGAATTTACAAArAAAACTTATTTACCCGrAATATGGGTAATTGGGTAATGTTCAAATAAAT 

951 ACAAAAAAATCGGGAACGAAAACTGAATGCGACCAACATTCAATGTAATTCATGACATGAAACGTTTTAT 

1021 TGTTGCTGCGAACGTCAGCTAArAAATAAGTGGAAGAAAArAAMGrrrrrrrCTCTTGCAACGGAACGT 

В hietone НЗ 

3370 GTGCTIÎSGCTGACACGGCATTAACTTGCAGATAAAGCGCTAGCGTACTCTATAATCGGTCCTTTTCAGG 

3300 ACCACAAACCAGATTCAATGAGATAAAATTTTCTGTTGCCGACTATTTATAACTTAAAAAAAATAAGAAC 

3230 AAAATTCATATTCTATTATTTATGGCGCAAACGGTACTGGGTCTTAAATCATATGTAAAAATACTAATTC 

3160 TGCCAGAGAAGGAATAAAAATAATCTTATTTTAATTGTCAGCTCAACATTTATTAAATTAAAGAAGAGGT 

С historie H4 
" STOP 

4 3 1 4 TTACAGCCATGGATGTTGTGTACGCTCTGAAGAGGCAAGGCCGCACCCTCTACGGATTTGGCGGTTAAAA 
* # + 

4 384 AGTGTACATCCTGTGTACCCCTATTAAGCAATCGGTCCTTTTCAGGACCACCATTCAGTTTTTAAAAGGA 

4 4 54 GGAAGATTTTCAAAAAGTATTTAATTTTATTGGTCGGGACTCCCAAAAAATATGTTAAACTAAAAArAAA 

4 5 2 4 TGTCTGTCGTTCGTACTCTTTCAAATAGAArGrGTArrrCTAACATGGATTTGTACAGACTGTACAAATG 

Fig. 2. The posit ion of polyadenylation s i tes in the sequences of the З'-termi-
nal regions of the D. melanogaster h istone H2B (A), H3 (B) and H4 (C) genes. 
The numbering corresponds to that in Matsuo and Yamazaki, 1989 and the coding 
strand of all three genes Is shown. The s top codon Is shown in bold and marked 
with STOP. Long arrows above the sequence indicate the posit ions of the gene-
specific primers. The inverted repeats of the s tem-loop regions are indicated by 
inverted arrows below the sequence and the purine-rich regions are underlined. 
The polyadenylation signals are shown In italics and underlined and the putative 
GU-rich e lements are shown In italics. Experimentally determined pol>aden> lation 
s i tes are shown in bold and Indicated with an asterisk above the sequence. 

tion transcripts, similar in length to the major non-polyadenylated mRNA of 

this histone (not shown). Transcipts of the histone HI and H2A genes were not 

analysed. 

As the polyadenylated molecules were not much different in their length 

from the non-polyadenylated ones, we assumed that they beared short poh(A)-

tails, added in the vicinity of the normal processing site, the stem-loop. This 

assumption was confirmed by a reverse transcription - polymerase chain reaction 

(RT-PCR) experiment with histone H2B, H3 or H4-specific primers (see Fig. 2) 

and oligo(dT). The major products of ~200 bp for histone H2B. ~100 bp for 

histone H3 and ~160 bp for histone H4 were obtained (see Fig. 3). The only 

exception were the longer (300-400 bp) products, obtained with the histone 
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H I S T O N E H 2 B H I S T O N E H 3 

A B A B 
length, E о т с E о т о length, F ci τ г Ε ο τ с 

Fig. 3 . A n a l y s i s o f t h e 3' e n d s o f 
h i s t o n e m R N A s by R T P C R . P C R w a s 
p e r f o r m e d w i t h o l i g o ( d T ) - a d a p t e r 
p r i m e r a n d a h i s t o n e H 2 B , H 3 o r H 4 
s p e c i f i c p r i m e r o n p o o l s o f c D N A s 
f r o m e m b r y o s (H). o v a r i e s ( O ) , t e s t e s 
(T) a n d fly c a r c a s s e s (C) ( c a r c a s s i s 
t h e r e m a i n d e r o f t h e fly a f t e r r e m o v a l 
o f t h e g o n a d s ) . PCR p r o d u c t s w e r e 
s e p a r a t e d o n a 2% a g a r o s e g e l . b l o t t e d 
a n d h y b r i d i z e d t o t h e c o r r e s p o n d i n g 
h i s t o n e p r o b e . P a n e l A r e p r e s e n t s a n 
e t h i d i u m b r o m i d e s t a i n i n g p a t t e r n o f 
t h e g e l s , a n d p a n e l В r e p r e s e n t s t h e 
S o u t h e r n b l o t s o f t h e s a m e g e l s . 

H I S T O N E H 4 

A Ü 
length, г ο τ с ь о т с 

bp 
400-
300 
200 
100-

H2B-specific primer from testis RNA, which are discussed below. The length of the 
PCR products corresponded to the distance between the gene-specific primer used 
and the stem-loop sequence of the particular histone gene, if the length of the 
oligo(dT)-adapter primer is taken into account. Such PCR products could not be 
obtained if only one primer (oligo(dT)-adapter primer or the gene specific primer) 
was used for PCR or if the amplification was performed with D. melanogaster 
genomic DNA as a template (data not shown). However, the products ver> similar 
to those shown in Fig. 3 were reproducibly obtained, using different cDNA pools, 
and also when the oligo(dT)-adapter primer in the PCR reaction was substituted 
for an oligonucleotide, which contains onlv the adapter part of the primer, but 
not the oligo(dT) part of it (see Materials and Methods). These controls indicate 
that the PCR products, obtained with oligo(dT). are unlikely to be PCR artifacts. 

The PCR products were cloned and several subclones, corresponding to each 
of the three analysed histone genes were sequenced in order to determine the 
exact position of polyadeny lation sites (see Fig. 4). As expected, the subclones 
contained the normal histone 3' UTR up to the stem-loop, and in two histone H3 
subclones the poly(A) tail was present after the normal processing site. However, 
in most cases the subclones contained an incomplete stem-loop sequence. The 5' 
part of the stem was intact in all subclones analysed, while the poly(A) tail was 
added either to one of the loop nucleotides or in the middle of the 3' part of the 
stem. The preferred position of the poly(A) addition was after the 3' terminal loop 
nucleotide, С (or after the subsequent A residue, the two possibilities being im
possible to distinguish in this type of experiment). 
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H I S T O N E H 2 B H I S T O N E H 3 H I S T O N E H 4 

T T 
Τ С 
Τ - А * 1 
С - G * 1 
С - G 
С - G 
G - С 

A A A C G - C A C A A T 

T T 
Τ С 
Τ - Α * 4 
С - G 
C G 
Τ - Α « · 2 Ζ 

G - С * 
A A T C G - С А С А А А 

1 li 
* T T 

τ с 
Τ - А *• 2. 
С - G 
C G 
T A 
G - С 

A A T C G - C A C C A T 

Fig. 4. S e c o n d a r y s t r u c t u r e o f t h e З ' - t e r m i n a l s t e m - l o o p r e g i o n s o f t h e D. 
melanogaster h i s t o n e H 2 B , H 3 a n d H 4 g e n e s i s s h o w n w i t h p o l y a d e n y l a t i o n s i t e s 
i n d i c a t e d b y t h i c k b l a c k a r r o w s . T h e n u m b e r n e a r e a c h a r r o w is t h e n u m b e r o f 
i n d e p e n d e n t s u b c l o n e s , w i t h t h e p o l y ( A ) t a i l s t a r t i n g a t t h a t p a r t i c u l a r p o s i t i o n . 
T h e o p e n a r r o w b e l o w t h e h i s t o n e H 3 s e q u e n c e i n d i c a t e s t h e e x p e r i m e n t a l 1> d e 
t e r m i n e d З ' - t e r m i n a l n u c l e o t i d e o f t h e n o n - p o l y a d e n y l a t e d h i s t o n e H 3 m R N A . 
T h i n a r r o w s i n d i c a t e t h e p o s i t i o n s c o r r e s p o n d i n g t o t h e e n d s o f t h e d e c a y p r o 
d u c t s o f t h e h u m a n h i s t o n e H 4 m R N A , d e s c r i b e d by R o s s e t a i . , l ' )86 ( i t s 
s t e m - l o o p s e q u e n c e i s i d e n t i c a l t o t h a t o f t h e £>. melanogaster h i s t o n e H 2 B g e n e ) . 

3.2. The distribution of the polyadenylation sites does not correspond to the 
distribution of the ends of the non-polyadenylated molecules 
As the next step, we have analysed the 3' ends of the non-polyaden> lated hi
stone mRNAs, using the RNA ligase mediated rapid amplification of the cDNA 
ends (RLM-RACE) techique (Liu and Gorovsky, 1993). An oligonucleotide (oligo 1, 
see Materials and Methods) was ligated to the 3' ends of the RNA. and this 
RNA was used as a template for cDNA synthesis in the presence of the oligo 2, 
which was complementary to the 3' part of the oligo 1. The same oligo 2 and a 
histone H3 gene-specific primer were then used for PCR. Using this approach 
one can amplify the 3' ends of cDNAs irrespective of their pol\aden>lation 
status. The major product (see Fig. S, lanes 1 and 3) corresponded to the 3' UTR 
sequence, containing an intact stem-loop structure. This was confirmed b> 
sequencing of 8 independent subclones, which were all identical and were de
rived from mRNAs that were cleaved after the nucleotide indicated by an open 
arrow in Fig. 4 (the actual sequence is shown in Fig. 6). It is clear, therefore. 

length, 
bp 

length, 
bp 

250-
110- • 

Fig . S. A n a l y s i s o f t h e l e n g t h o f 
n ie R N A by l i g a t i n g t o i t o l i g o 1 
a n d r e v e r s e t r a n s c r i p t i o n in t h e 
p r e s e n c e o f o l i g o 2, c o m p l e m e n 
t a r y t o o l i g o 1 ( s e e M a t e r i a l s a n d 
M e t h o d s ) . P C R w a s p e r f o r m e d w i t h 
t h e h i s t o n e H 3 - s p e c i f i c p r i m e r a n d 
e i t h e r o l i g o 2, w h i c h a m p l i f i e s a l l 
c D N A e n d s ( l a n e s 1 a n d 3) o r 
o l i g o 3, w h i c h a m p l i f i e s o n l y p o l y -
a d e n y l a t e d c D N A e n d s ( l a n e 2 a n d 
4) . T h e p r o d u c t s w e r e s e p a r a t e d 
o n a 3% a g a r o s e g e l a n d h y b r i 
d i z e d t o t h e h i s t o n e H 3 p r o b e . An e t h i d i u m b r o m i d e s t a i n i n g p a t t e r n of t h e g e l 
is s h o w n in l a n e s 1 a n d 2 a n d t h e S o u t h e r n b l o t o f t h e s a m e g e l is s h o w n in 
l a n e s 3 a n d 4 . A s a c o n t r o l t h e s a m e p o o l o f c D N A s w a s u s e d f o r a m p l i f i c a t i o n 
w i t h an Н З . З А - s p e c i f i c p r i m e r a n d e i t h e r o l i g o ( d T ) ( l a n e 5) o r o l i g o 2 ( l a n e 6) . 
T h e P C R p r o d u c t s w e r e s e p a r a t e d o n a 2% a g a r o s e g e l a n d h y b r i d i z e d t o t h e 
H 3 . 3 A p r o b e ( t h e r e s u l t s o f t h e S o u t h e r n b l o t a r e s h o w n ) . 
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i TTGC^GATAAAGCGCTAGCGTACTCTATAATCGGTCC^TTCAGGACCAC TTTCTAGA (8) 

2 . TTGCAGATAAAGCGCTAGCGTACTCTATAATCGGTCCTTTTCAGGACCACRAAAAATrrcrAGA ( 1 ) 

3 TTGCAGATAAAGCGCTAGCGTACTCTATAATCGGTCCTTTTCAAAAAAArrrCrAGA (1) 

4 . TTGCAGATAAAGCGCTAGCGTACTCTATAATCGGTCCTTTTCAGGACCAMrrrCTAGA (1) 

F i g u r e 6 S e q u e n c e s o f t h e p r o d u c t s o b t a i n e d by R L M - R A C E o f t h e h i s t o n e H 3 
t r a n s c r i p t s d e r i v e d f r o m e m b r y o s PCR w a s p e r f o r m e d w i t h t h e H 3 - s p e c l f i c 
p r i m e r and o l i g o 2 ( s e q u e n c e t) or w i t h o l i g o 3 ( s e q u e n c e s 2, 3 a n d 4) T h e p a r t 
o f t h e s e q u e n c e p r e s e n t in t h e h i s t o n e H 3 g e n e , i s s h o w n in b o l d T h e h o r i z o n 
ta l a r r o w s a b o v e t h e s e q u e n c e s i n d i c a t e t h e e n d o f t h e g e n e - s p e c i f i c pr imer, 
u s e d f o r PCR S e q u e n c e o f t h e S p a r t o f t h e o l i g o 1, u s e d in t h e RNA l i g a t i o n 
s t e p is s h o w n in i t a l i c s T h e i n v e r t e d r e p e a t s o f t h e s t e m - l o o p r e g i o n s are i n 
d i c a t e d b> i n v e r t e d a r r o w s b e l o w t h e s e q u e n c e T h e p o l y ( A ) tai l s e q u e n c e s are 
u n d e r l i n e d N u m b e r o f i n d e p e n d e n t s u b c l o n e s w i t h a p a r t i c u l a r s e q u e n c e i s 
i n d i c a t e d in p a r e n t h e s e s 

that the distribution of the polyadenylation sites in the stem-loop sequence is not 

just a reflection of the 3' end constitution of the non-pol>adenylated molecules 

3.3 Poly(A) tails added to the stem-loop sequence are short 

Comparison of the lengths of histone transcripts from total and pol>(A)+ RNA 

samples suggested that the poly(A) tails added to the hairpin structure, cannot 

be long (Fig 1, see above) This was confirmed by RLM-RACE As was men

tioned before the use of a gene-specific primer and the oligo 2 allows to 

amplify ends of all cDNAs, whether polyadenylated or not However, when the 

oligo 2 is substituted for oligo 3, which is fully complementary to the oligo 1, 

used in the initial RNA ligation step, but contains 3 additional Τ residues at its 

3' end only the cDNAs, which do contain at least a short poly(A) tail, can be 

amplified The PCR products, obtained with the oligo 3 and the histone H3-

specific primer are quite similar to those, obtained with oligo 2 and histone 

H3-specific primer (fig S, lanes 2 and 4) Taking into account that most of the 

polvadenylated mRNAs are lacking a few nucleotides at the 3' end of the stem-

loop one can conclude that the majority of the molecules have a very short tail 

(less than 10 nt) This was confirmed by cloning and sequencing several PCR 

products obtained by RIM-RACE In three such subclones analysed, polj(A) 

tails of 3 6 and 7 nucleotides were observed and in two of these three sub

clones the stem-loop sequence was partially truncated (Fig 6) These cDNA 

fragments obtained b> PCR without involving oligo(dT), provide direct evidence 

for the existence of histone mRNAs with short poly (A) tails 

The length of the longest PCR products obtained with oligo 3 (Fig S, lane 

4) exceeds the length of the major PCR product obtained with oligo 2, by not 

more than 25-30 bp This indicates that the poly(A) tails, added to the stem-loop 

sequence of histone mRNAs are not longer than 30 nt This is in contrast to the 

length of the pol>(A) tails in the normal polyadenylated mRNAs, which is usually 
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in the range of 100-300 nt (Brawerman, 1981). We confirmed this by using the pre
viously described procedure to amplify the 3" ends of the histone H3.3A mRNAs. 
Histone H3.3A gene encodes a replacement type histone and its mRNA is pro
cessed via the normal polyadenylation pathway (Akhmanova et al.. 1495). The 5' 
end of the НЗ.ЗА-specific primer used was ~70 bp upstream from the polyadeny
lation site and the amplification with this primer and an oligo(dT)-adapter (35 nt 
long) results in products of ~110 bp (Fig. 5, lane 5). The PCR products obtained 
with НЗ.ЗА-specific primer and oligo 3 were in the range 120-250 bp (Fig. 5, lane 
6). Taking into account the length of the ligated primer (25 nt), one can conclude 
that the poly(A) tails of the histone H3.3A mRNAs are 20-150 nt long. 

3.4. Long polyadenylated transcripts of histone H2B are synthesized preferen

tially in the testis 
In addition to short (-500 nt) histone H2B transcripts, longer (~600-900 nt) 
histone H2B mRNAs are present in RNA samples from male flies (Fig. 1). These 
mRNAs are polyadenylated and are derived from the testis, where they consti
tute the predominant part of the polyadenylated histone H2B transcripts (lane Τ 

in Fig. 1). An RT-PCR experiment with oligo(dT) and the H2B specific-primer on 

the testis RNA resulted in products, that were 100 to 200 bp longer, than those 

obtained from other tissues (Fig. 3). This indicates that the histone H2B mRNAs 

are polyadenylated in the testis at positions 100-200 nt downstream of the 

stem-loop. 

The analysis of the 3' flanking sequence of the histone H2B gene revealed 

the presence of four polyadenylation signals, localized 60 to 230 bp downstream 

of the H2B stem-loop sequence (see Fig. 2A). The position of polyadenylation 

sites were determined by cloning and sequencing of the testis histone H2B 

RT-PCR products. As one can see from Fig. 2A, these polyadenylation sites are 

localized approximately 20 bp downstream from either one of the three polya

denylation signals. The positions of these sites are in good agreement with the 

length of the polyadenylated transcripts, observed on the Northern blot, if a 

poly(A) tail of ~150 nt long is taken into account. Small amount of such longer 

H2B transcripts could also be detected by RT-PCR in the RNA samples from 

ovaries and embryos (see Fig. 3), where they constitute a minor proportion of 

the pool of the histone H2B mRNAs. 

There is also a single polyadenylation site in the 3' flanking region of hi

stone H4 gene. It is utilized to generate a polyadenylated mRNA which is pre

sent in very low abundance, mainly in the testis. It could be detected by RT-

PCR, but not by Northern blotting. Subcloning and sequencing of the testis 

RT-PCR product indicated the presence of a polyadenylation site "30 bp down

stream of the poly (A) signal (see Fig. 2C). 

For the cell-cycle regulated histone H3 no long transcripts, resulting from 

the utilization of the downstream polyadenylation sites could be detected, 

although several such sites are present to the 3" of the histone H3 stem-loop 

region (the most upstream polyadenylation site is indicated in Fig. 2B). 
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3.5. Polyadenylation signals downstream of the replication-dependent histone 

H2B gene are not conserved in Drosophila evolution 

The sequences of the replication-dependent histone genes are available from an

other Drosophila species, D. hydei (Kremer and Hennig, 1990), which is separated 

from D. melanogaster by 60 million >ears of evolution (Throckmorton. 1975). 

Contrar> to the situation in D. melanogaster no polyadenylation signals are 

found downstream of the histone H2B gene of D. hydei. We analysed the tran

scripts of the H2B gene of D. hydei RNA b) Northern blotting (see Fig. 7). The 

major type of H2B mRNAs both in testes and in carcasses is 500 nt long. Simi

lar as in D. melanogaster. short histone H2B transcripts are also present in the 

poly(A)+ RNA fraction. Such pol>adenylated mRNAs are more abundant in the 

RNA from testis than from male fly carcasses. Additional weak signals corre

sponding to RNA species of 700 nt are present in both testis and carcass 

polv(A)+ RNA samples. Finali), a testis-specific transcript of 1200 nt and a 

carcass-specific transcript of 1500 nt, were observed. These RNAs are unlikely 

to be synthesized from the replication-dependent histone H2B gene, because the 

strength of the signals is reduced with increasing hybridization stringency. This 

indicates that the) have low homology to the probe and are probably derived 

from replacement-Upe H2B genes. Also by RT-PCR we could detect no long 

polvadenylated messengers of the replication-dependent histone H2B gene in D. 

hydei RNA samples. This is in agreement with the absence of polvaden) lation 

signals in the 3' flanking sequences of the H2B gene in this species. 

Figure 7. Northern blot anal>sis of testis 

and male carcass pol>(A) + RNA (1 (ig per 

lane) and pol\(A) RNA (20 μg per lane) 

trom Γ>. ίι\ tie/ with О. h\ dei histone H2B 

probe. 

4. Discussion 
4.1. Polyadenylation of the 3' terminal stem-loop sequence of histone mRNAs 
In this stud_\ we report that a part of replication-dependent histone messengers 
in Drosophila bears a poh (A) tail added to one of few positions in their 3' 
stem-loop structure. Such poly aden) lated molecules constitute a minor part of 
the pool of the histone mRNAs and their proportion can var) to a certain 
extent in different tissues. 

The pol)(A) tails added to the 3' terminus or to one of the internal posi
tions of the stem-loop structure of the Drosophila replication-dependent histone 

TESTIS CARCASS 
RNA RNA 

length, 
nt 

I500-
1200-

700-

500-

Г 
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mRNAs are clearly distinct from the normal poh (A) tails of other mRNAs. 
These tails are quite short (up to 30 nt) and they are not preceded b> a con
ventional polyadenylation signal. The positions of poh (A) sites in the stem-
loops of histone H2B, H3 and H4 mRNAs are similar, being confined to the 
loop and the 3' half of the stem. Since the upstream 3' UTR sequences, with 
the exception of the stem-loop itself and a few nucleotides around it, are 
different, it is reasonable to assume that the position of the poly (A) addition is 
somehow directed either by sequence or the secondary structure of the stem-
loop or by proteins bound to it. It seems not unlikely that the pol}(A) tail 
addition occurs after the normal histone mRNA 3' processing, either in the nu
cleus or in the cytoplasm. 

Comparison of the distribution of the polyadenylation sites to the distri
bution of the ends of the non-polyadenylated molecules showed that our data 
cannot be interpreted as a simple random addition of the poly(A) tails to the 
minor proportion of all the histone mRNAs. While the non-polyadenvlated mo
lecules contain an intact stem-loop sequence, the latter is partially absent in 
most of the polyadenylated ones. 

One possible explanation of our data is that an addition of the short po-
ly(A) tails occurs concomitantly with histone mRNA degradation and that the 
relatively stable degradation products, which may serve as a good substrate for 
polyadenylation, receive a poly(A) tail. It is noteworthy in this respect that the 
preferred position of the poly(A) tail, the CA dinucleotide at the base of the loop, 
is the dinucleotide which is found in the majority of the normal polyadenylation 
sites (Sheets et al., 1990). However, the localization of the polyadenylation sites 
within the stem-loop does not support this hypothesis, being in no apparent 
correlation with positions of the termini of the products of the initial steps of 
histone mRNA degradation. As was demonstrated for the human histone H4 
mRNA, the degradation proceeds from the 3' terminus and discrete decay pro
ducts, lacking 5 and 12 nucleotides from the 3' end can be observed (Ross et 
al., 1986; see thin arrows in Fig. 4). We found no polyadenylated mRNAs, corre
sponding to such decay products. One should bear in mind, however, that the 
degradation of Drosophila histone mRNAs might proceed in a way, different 
from that of mammals or that the -5 and -12 degradation products are espe
cially poor substrates for polyadenylation. 

Short poly(A) tails (less than 20 nt), added to the 3' end of an intact 
stem-loop sequence, were observed before for histone mRNAs in Xenopus 
oocytes (Ballantine and Woodland, 1985). These tails were removed upon fertili
zation and they were implied in the control of histone mRNA translation (Ru-
derman et al., 1979). The polyadenylated histone mRNAs that we observed in 
Drosophila are quite distinct, however, because in most cases at least a part of 
the stem-loop is missing. The normal stem-loop structure is essential for dif
ferent aspects of histone mRNA metabolism and is apparently bound to protein 
factors, which mediate these functions. One such factor, a 45 kDa stem-loop 
binding protein, has been identified in mammalian cells and the sequence requi-
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rements for its binding to the histone mRNA 3' end have been determined (Wil
liams and Marzluff, 1995). An intact stem and sequences 5' and 3' of it are 
essential for its binding. It is reasonable to assume that at least a part of 
pol>aden>lated molecules will not bind this protein any more and will therefore 
be excluded from the normal pathway of histone mRNA turnover. On the other 
hand, presence of poly(A) could stabilize these mRNAs or stimulate their t rans
lation, as it was shown for polyadenylated mRNAs in a variety of systems (for 
reviews, see Munroe and Jacobson. 1990; Jackson and Standart, 1990; Sachs, 1993). 

4.2. Utilization of the downstream polyadenylation signals 
Similar to what has been observed in vertebrate systems, poly(A) signals local
ized 3' to the stem-loop region can be utilized to generate polyadenylated mes
sengers in Drosophila. This utilization is not very efficient, probably because of 
the absense of introns in replication-dependent histone genes. It has been sug
gested that splicing and polyadenylation are coupled processing events (see 
Nesic and Maquat, 1994 and references therein). It was shown that introducing 
an intron into a gene containing the histone 3' end interferes with histone 3' 
end formation and favors usage of cryptic downstream polyadenylation sites 
(Pandey et al., 1990). 

Comparing the amount of polyadenylated mRNAs synthesized from the hi
stone H2B and H4 genes, one can conclude that polyadenylation efficiency cor
relates with the number of poly(A) signals. Only one such signal is present 
downstream of the H4 gene and the polyadenylated transcripts resulting from 
its utilization are detectable only by RT-PCR. In contrast, considerable amount 
of polyadenylated messengers are generated from the H2B gene, which contains 
four poly(A) signal downstream of the stem-loop. At least three of these four 
signals are used. Their utilization displays no apparent correlation with the 
presence of downstream GU or U-rich sequences, which have been shown to 
stimulate 3- processing (Wähle and Keller. 1992; Wähle, 1995; Keller, 1995). For 
instance, there is a GU 7 sequence 25 bp to the 3' of the third polyadenylation 
signal in H2B gene (see big. 2A), while no GU or U-rich elements can be found 
downstream of the other three polyadenylation signals. However, there is no in
dication, either from the Northern blot or from the RT-PCR, that the third po
lyadenylation signal is preferred to the other three (see Fig. 1 and 2A). 

Remarkably, histone H2B mRNA polyadenylation occurs preferentially in 
the testis. Also in chicken (Challoner et al.. 1989) and mouse (Moss et al., 1994) 
the synthesis of polyadenylated mRNAs from replication-dependent histone 
genes is observed in the male germ line cells. It seems, therefore, that forma
tion of such type of histone transcripts represents a general feature of sperma
togenesis both in vertebrates and invertebrates. However, histone mRNA polya-
den\lation in Drosophila is in several aspects different from that observed in 
chicken and mouse. Firstly, in the two latter systems the poly(A)-containing 
histone mRNAs were specifically expressed postmeiotically, i.e. in round sper
matids (Challoner et al., 1989; Moss et al., 1994). In Drosophila no transcription 
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occurs after meiosis (Hennig, 1967), and the polyadenylated H2B mRNAs must 
be synthesized in spermatogonia or spermatocytes. It is possible, of course, that 
these transcripts are stored to be translated after meiosis. Secondly, both in 
chicken and mouse the polyadenylation sites of histone mRNAs are not preceded 
by a normal polyadenylation signal (Challoner et al., 1989; Moss et al., 1994). 
The authors suggested that cryptic signals, deviating from the consensus might 
be used. In Drosophila, however, a strict correlation was observed between po
lyadenylation and the presence of normal polyadenylation signals. 

The function of these polyadenylated transcripts in the male germ cells is 
not clear. It is possible that they are necessary for expression of histone pro
teins after the cessation of DNA replication in the course of spermatogenesis. 
As it has been mentioned above, due to the presence of a poly(A) tail such 
mRNAs are usually more stable in the absence of DNA synthesis, than normal 
non-polyadenylated histone messengers. This interpretation is contradicted by 
the apparent lack of conservation of downstream polyadenylation signals in 
replication-dependent histone H2B genes of different Drosophila species. 

On the other hand, the synthesis of such polyadenylated mRNAs might be 
spurious and result from the special properties of the polyadenylation machiner> 
in the male germ cells, such as a less tight coupling of polyadenylation and 
splicing. It is known that the effect of transcriptional regulation on the level 
of histone gene expression in the different phases of cell-cycle are quite mode
rate and that the main regulatory events occur at the level of 3' processing and 
mRNA stability (Schiimperli, 1988; Marzluff and Pandey, 1988; Osley, 1991). It is 
reasonable to assume, therefore, that also during spermatogenesis no efficient 
transcriptional silencing of replication-dependent histone genes takes place. 
Under these circumstances an increase of polyadenylation efficiency of histone 
mRNAs will result in a higher level of such mRNAs in male germ cells com
pared to somatic tissues. Such an interpretation is supported by the fact that in 
mouse spermatids poly (A) - transcripts are synthesized from the histone H2A 
gene and translated along with the polyadenylated ones (Moss et al.. 1994). 
Moreover, in this system the non-polyadenylated mRNAs of all four core hi-
stones are more prominent than polyadenylated ones, which indicates that the 
latter play a minor role in histone gene expression. 

In contrast to the histone H2B and H4 genes, we could observe no utili
zation of the downstream poly(A) signals of the histone H3 gene. Our prelimi
nary data suggest that at least in the testis this might be accounted for by the 
specific silencing of this gene in primary spermatocytes. 
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Abstract 
While analysing the transcription of the cluster of cell-cycle regulated histone 
genes in Drosophila hydei we have found transcripts, that were spanning both 
histone H3 and H4 genes and were antisense for histone H3. As the two hi
stone genes are in opposite orientation, these transcripts contained the sense 
strand of the histone H4 gene. Such transcripts were present in both pol\(A) + 

and poly (A)~ RNA fractions. The polyadenylated molecules contained a poh (A) 
tail at the 3' end of the stem-loop structure, which is characteristic for cell-
cycle regulated histone mRNAs. The antisense RNA of histone H3 is s\nthesized 
exclusively in testes and is restricted to the nuclei of primary spermatocytes. 
Possible functions of this RNA are discussed. 

1. Introduction 
Histones are small proteins that bind to the DNA of all eukarvotic cells and 
form nucleosomes, the basic structural units of chromatin. In metazoa, histones 
are encoded by several types of genes (Zweidler, 1984; Schümperli, 1986). The 
replication-dependent histone genes are expressed during the S phase of the cell 
cycle and are responsible for the major part of the histone synthesis in dividing 
cells. These genes produce predominantly short non-polyaden>lated transcripts, 
which have a characteristic hairpin structure at their 3' ends (Birnstiel et al.. 
1985). The regulation of replication-dependent histone gene expression was 
shown to occur at multiple levels, such as transcription. 3' processing and 
mRNA stability (Schümperli, 1988; Marzluff and Pandey, 1988). Histone genes of 
another type, replacement genes, are not linked in their expression to the S 
phase and produce polyadenylated messengers (Zweidler, 1984; Schümperli. 1986). 
Their function and mode of regulation are still poorly understood. Final 1>, while 
most of the histone genes are expressed in cells of all t>pes, also certain 
tissue-specific histone variants are found (Schümperli. 1986). 

The histone expression patterns are especially complex during male germ 
line development. During spermatogenesis of most animal species chromatin 
organization undergoes drastic rearrangements (Poccia, 1986; Hecht, 1989a). So
matic histones are substituted by testis-specific histones and/or bv small highly 
basic proteins such as protamines (Hecht, 1989b). It is clear, therefore, that as 
far as histone expression is concerned, the male germ line represents a special 
situation and is likely to possess special regulator) mechanisms. 

Although Drosophila is one of the best studied model svstems in chromatin 
research, surprisingly little is known about chromatin reorganisation during 
spermatogenesis. Visualisation of DNA by fluorescent microscopy revealed seve
ral cycles of chromatin condensation and decondensation in male germ line cells 
of D. hydei (Kremer et al., 1986). Histone HI is apparent!) eliminated from the 
chromatin early in spermatocyte development, while histone H2A persists in the 
spermatid nuclei until late elongation (Kremer et al.. 1986). Cytochemical experi
ments with D. melanogaster implicated that 1)sine-rich nuclear proteins are 
substituted for arginine-rich ones at late postmeiotic stages (Hauschteck-Jungen 
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and Hartl, 1982). However, no Drosophila testis-specific histones were described 
so far. Among the replacement variant genes, histone H3.3 was shown to be 
strongly expressed in the testis, at least at the mRNA level (Akhmanova et al., 
1995). 

We have undertaken a systematic analysis of histone transcription in testes. 
D. hydei. rather than D. melanogaster, was our model of choice, because of the 
larger size of the testis and the ordered arrangement of male germ cells in this 
species. We have identified a novel testis-specific antisense transcript of histone 
H3, which displays an unusual pattern of polyadenylation. With an improved 
protocol for in situ hybridization of oligonucleotide probes to Drosophila testis 
we have shown that this transript is localized in the spermatocyte nuclei. This 
transcript is likely to have a regulatory function. 

2. Materials and Methods 
2.1. Fly strains 
The wild-type strains of D. hydei (Tübingen) and D. melanogaster Canton S 
were from our laborator) collection. 

2.2. Isolation of RNA and Northern blotting 
Total RNA was isolated from different samples by the guanidinium-chloride me
thod (Chirgwin et al., 1979). For separation of the poly(A)+ and poly(A)- RNA, a 
mRNA purification kit (Pharmacia) was used according to the protocol of the 
manufacturer. Approximately 20 μg of poly(A)- RNA or 1 μg of poly(A)+ RNA 
per lane were electrophoresed on 2% agarose-formaldehyde gels and transferred 
to Hybond nylon membrane (Amersham). The blots were hybridized in 0.5 M 
phosphate buffer. pH 7.2, 7% sodium dodecyl sulfate (SDS), 1% bovine serum 
albumin (BSA) and 1 mM EDTA at 60°C. Non-stringent washing was done in 0.3 
M phosphate buffer. pH 7.2. 1% SDS at 50°C and stringent washing in 0.02 M 
phosphate buffer at 70°C. Double-stranded DNA probes were labeled by nick-
translation in the presence of o£-[32P3dCTP. The position of the probes (accord
ing to the numbering in Krcmer and Hennig (1990)) was as follows: H3 probe, 
positions 2160-2581, Ш probe, positions 26+8-3201. Strand-specific histone H3 
probes were generated by in vitro transcription with the T7 RNA polymerase in 
the presence of tx-L32P]UTP of a linearized plasmid. containing a fragment of the 
H3 gene, corresponding to the nucleotide positions 2252-253-1-. 

2.3. cDNA isolation by RT-PCR 
The RT-PCR reactions were performed essentially as described earlier (Akhma
nova et al., 1995). The 3' part of the D. hydei H3 antisense cDNA was amplified 
with primers H3-II ((Akhmanova et al., 1995), see Fig. 2A) or HAS4 with the 
sequence 5-GTGCGATTTGTATATGTACAAGGCAGA and oligo(dT)-adapter primer 
on the pool of testis cDNA, synthesized in the presence of oligo(dT). For the 
amplification of the 5' end of this cDNA. RT reaction on D. hydei testis RNA 
was primed with the oligonucleotide H3-I (Akhmanova et al., 1995), then oligo(dC) 
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tails were added, and the tailed cDNAs were amplified with oligo(dG)-adapter 

primer and the primer H3-IV (Akhmanova et al., 1995). PCR products were cloned 

and sequenced. 

2.4. In situ hybridization to testis squashes 

Oligonucleotides were labeled by tailing with terminal transferase and digoxige-

nip-labeled dUTP (Boehringer Mannheim) in the presence of dATP according to 

the protocol of the manufacturer. The following oligonucleotides were used (see 

Fig. 2A): H3 antisense probe: HAS1 5-ATAAGGCTTGCCTCCAGTTGATTTGCGAGC. 

HAS2 5-CGACGAATTTCACGCAGAGCAACAGTGCCA, HAS3 5-CCAGTT-

GAATGTCCTTGGCGCATGATTGTGA and HAS4 (see above). H3 sense probe: HS1 

S-GCTCGCAAATCAACTGGAGGCAAGGCTC, HS2 5-TGGCACTGTTGCTCTGCGT-

GAAATTCGTCG, HS3 5-TCACAATCATGCCCAAGGACATTCAACTGG and HS4 

5-TCTGCCTTGTACATATACAAATCGCAC. To detect H3.3A mRNA we used sepa

rately a 5" untranslated region (UTR) oligonucleotide with the sequence 

S-CAATTAGAGCACTTTTGTCACGGAIAAAGTGACGTCCG and a 3' UTR oligonu

cleotide with the sequence S'-TCTTATGAAACTTAAGGCTAAGCAGACACAGCAGC. 

Testes of D. hvdei were prepared in testis buffer (Hennig. 1967), squashed 

gently under a siliconized coverslip and heat-fixed for 3 minutes at 50°C in a 

humid chamber. The squashes were frozen in liquid nitrogen, the coverslip was 

removed and the slides were transferred immediately into chloroform for 3 mi

nutes. The squashes were subsequently fixed in 4% paraformaldehyde/phos-

phate-buffered saline (PBS; contains 137 mM NaCl, 27 mM KCl. 1.5 mM KrbPCH 

and 6.5 mM N a 2 H P 0 4 (pH 7.4)) for 10 minutes and washed once with PBS for 5 

minutes and twice with 2xSSC for 5 minutes (lxSSC is 150 mM NaCl, 15 mM 

sodium citrate, pH 7.2). Prehybridization was performed at 37°C for 30-60 mi

nutes in hybridization buffer (4xSSC, 10% dextran sulfate, 0.02% Ficoll 400, 

0.02% polyvinyl pyrolidone, 0.02% BSA, 2 mM EDTA, 50% formamide). 40 μΙ of 

hybridization solution (hybridization buffer containing 100-300 pmol/ml of a 

digoxigenin-labeled oligonucletide mix) was applied to each squash and the 

hybridization was carried out overnight in a humid chamber at 37°C. Slides were 

washed once in 2xSSC at room temperature for 3 minutes, in 0.2xSSC at 37°C 

two times for 15 minutes and then in PBT buffer (2 mg/ml of BSA and 0.1% 

Triton X-100 in PBS) for 30 minutes at room temperature. Squashes were incu

bated for 90 minutes in 1:50 dilution of polyclonal sheep anti-digoxigenin-Fab 

fragments conjugated to alkaline phosphatase (Boehringer Mannheim) in PBT at 

room temperature. Slides were washed twice with PBT for 10 minutes, once 

with PBS for 10 minutes and then equilibrated for 10 minutes in the NBT buffer 

(100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCI?). Staining was per

formed in a solution, containing 5-bromo-4-chloro-3-indol>l phosphate 4-tolui-

dine salt at 1 mg/ml and 4-nitroblue tetrazolium chloride at 2 mg/ml in NBT-

buffer for 5-8 hours at room temperature, and the reaction was stopped in PBS. 

Photographs were taken with a Zeiss photomocroscope III on Kodak Ekta

chrome 400 film. 
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3. Results and discussion 

3.1. Identification of histone H3 ant isense transcripts 

In o r d e r t o c h a r a c t e r i z e t h e t r a n s c r i p t i o n of t h e h i s t o n e s H3 and H4 in Droso-

phila t e s t i s , we have p r o b e d N o r t h e r n b l o t s with poly(A) + and poly(A)" RNA 

from t e s t e s and c a r c a s s e s ( remainder of t h e fly a f ter removing t h e tes t i s ) wi th 

d o u b l e - s t r a n d e d DNA f r a g m e n t s , conta in ing t h e D. hydei ce l l-cycle r e g u l a t e d 

h i s t o n e H3 and H4 g e n e s (Fig. 1A and B). As was e x p e c t e d for cel l-cycle r e g u 

lated h i s t o n e s , b o t h p r o b e s hybridized t o s h o r t n o n - p o l y a d e n y l a t e d t r a n s c r i p t s 

of approx imate ly 500 n u c l e o t i d e s (nt) for h i s tone H3 and of 400 n t for h i s t o n e 

H4. In addi t ion, t h e h i s t o n e H3 p r o b e c r o s s - r e a c t e d with h i s t o n e H3.3A and 

H3.3B mRNAs, which are very a b u n d a n t in t h e poly (A)* s a m p l e s . The ident i ty of 

t h e s e t r a n s c r i p t s was e s t a b l i s h e d before with t h e help of 3' u n t r a n s l a t e d region 

(UTR) p r o b e s (Akhmanova e t al.. 1995). 

The h i s t o n e H4 probe a l s o recognized a po lyadenyla ted t r a n s c r i p t , g e n e r a t e d 

from a h i s t o n e r e p l a c e m e n t gene, H4r (Akhmanova e t al., 1996). All t h e s e t r a n 

s c r i p t s d isplayed no t e s t i s specificity, a s they were p r e s e n t in t h e RNA i so la ted 

from fly c a r c a s s e s as well . 

In addi t ion, b o t h h i s t o n e p r o b e s hybridized t o a te s t i s - spec i f ic RNA species 

of 1300 nt . p r e s e n t in t h e poly(A) + as well as in t h e poly(A)" RNA fract ions . 
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histone H4 

t A + tA" cA + cA" 

В 

histone H3 

t A + tA" cA 4 cA" 

С 

histone H3 

AS SEN 

t A + t A + 

ф 4ЦЦ <>1300 nti*> 

H4r ; 

H4sense• 
500 nt 

. 1 

• нз.зв 
0H3 anti 

«• НЗ.ЗА • 

ψ ИЗ sense« 

Fig . I. N o r t h e r n b l o t s w i t h t e s t i s ( t) a n d c a r c a s s (c) R N A . A b o u t 1 μg o f 
p o l \ ( A ) a n d 2 0 μ% p o l \ ( A ) R N A p e r l a n e w e r e l o a d e d . A. B l o t s w e r e h y b r i d i z e d 
w i t h t h e d o u b l e s t r a n d h i s t o n e H-l· D N A p r o b e a n d w a s h e d n o n - s t r i n g e n t l > . В . 
B l o t s w e r e h> b r i d i z e d w i t h t h e d o u b l e s t r a n d h i s t o n e H 3 D N A p r o b e a n d w a s h e d 
n o n - s t r i n g e n t I \ . С B l o t s w e r e h> b r i d i z e d w i t h t h e a n t i s e n s e (AS) a n d s e n s e 
( S b N ) h i s t o n e H 3 R N A p r o b e s a n d w a s h e d s t r i n g e n t l y . O p e n a r r o w s i n d i c a t e t h e 
p o s i t i o n o f t h e h i s t o n e H 3 a n t i s e n s e t r a n s c r i p t s . T h e s i g n a l , r e s u l t i n g f r o m t h e 
t r o s s - r e a c t i o n of t h e s e n s e R N A p r o b e t o a n R N A s p e c i e s o f --2000 n t i s i n d i 
c a t e d b \ ¿in a s t e r i s k . . 

78 Chapter V 



H2A H2B 

нз amsens« probe ι— 

HWV HWI 
» • 

HAS priman 

HS punten 

4 3 

4 3 

H3 éntrense RNA p , g 2 A Organization of the Г). 

hydei cell-cycle regulated histone 
genes within a repeat unit and the 
position of the histone H3 anti-
sense transcript. Histone open 
reading frames are indicated by open 
arrows and the positions of the 
inverted repeats by small inverted 
arrowheads. The TTGTCAAAT ele
ment Is represented by a black box. 
Relative positions of double-strand 
(ds) and single strand (sense and 
antisense) probes and primers, used 
in this study, are Indicated. Posi
tions of the cDNAs for the antisen
se transcript, isolated by RT-PCR, 
are shown. B. Sequence of the 'J' 
end of the histone H3 antisense 
cDNA and the corresponding geno
mic sequence. Numbering of the 
nucleotides corresponds to that in 
Kremer and Hennig (1990). Position 
of the 3' terminal inverted repeat 
of histone H4 gene is indicated by 
horizontal arrows. С Sequence 
around the transcription start site 
of the histone H3 antisense tran
script. Numbering of the nucleo
tides corresponds to that in Kre
mer and Hennig (1990). Transcrip
tion start is shown in bold and 
italic. Similarities to the known 
testis promoter elements, inclu
ding testis-speci fie promoter ele

ment (tspe) consensus (Lan kenau et al. 1994) are shown in bold. Sequences, 
complementary to the 3' inverted repeat of the histone H3 gene are indicated by 
horizontal arrows. 

НЭ a n t i s e n s e cDNA Э' end 
AACTTACACTCGCACCAATCGGTCCTTTTCAGGACCACCAAAAAAAAAAA 

AACTTACACTCGCACCAATCGGTCCTTTTCAGGACCACCAACATGTTTCC 
H4 g e n o m i c s e q u e n c e 

TCAAACOÄ hsp¿6 element: 
TOTCGTC gài eienent 

J.TCOKAGTAQ t-spe consensus 
ATCAACTCAAATTCAAAATGATTUl1_(.riTAAACOAAAATXCGAATCTCC 2 1 0 0 

ГАГА box 
TTGTrATAAATATTGTGGTÇÇTGA 

f* transcription scare 
AflfflfcCCGATTTGTTGGGTGCGATT 

Because of this unusual property we expected both probes to hybridize to the 
same RNA molecules. The tandem genomic organization of cell-cycle regulated 
histone genes in D. hydei would permit such a transcription pattern (see Fig. 
2A). However, as H3- and H4 mRNAs are transcribed from opposite DNA strands, 
a transcript spanning both genes would necessarily be antisense for one of 
them. We checked this possibility with strand specific histone H3 and H4 RNA 
probes. While no signals were obtained with the H4 sense probe, it was the 
sense, rather than the antisense histone H3 probe that hybridized to the test is-
specific 1300 nt transript (see Fig. 1С). In addition, this probe also reacted with 
an RNA species of ~2000 nt (indicated by an asterisk in Fig. 1С). This additional 
signal was strongly reduced, but not eliminated completely by increasing the 
washing stringency. Such cross-hybridization is not uncommon for RNA probes, 
generated by in vitro transcription (Witkiewicz et al., 1993) and is probably 
caused by high stability of RNA-RNA hybrids. This signal was not due to the 
vector sequences, present in the probe, because those were identical for both 
sense and antisense H3 probes. It was never observed when the same fragment 
was used as a labeled DNA probe, rather than an RNA probe. 
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The results of Northern blotting indicated that the testis-specific transcript 
contained the antisense strand of histone H3 and the sense strand of histone 
H4 gene. This was confirmed by isolating this transcript from the pool of oli-
go(dT)-primed testis cDNA by using reverse transcriptase - polymerase chain 
reaction (RT-PCR). By using primers derived from the antisense strand of hi
stone H3 (see Fig. 2A) in combination with oligo(dT) as the second primer we 
isolated cDNA fragments which contained the full length histone H3 open read
ing frame (ORF), the H3-H4 intergenic spacer, the full length histone H4 ORF 
and 3' UTR including the inverted repeat as well as a poly(A) tail added directly 
to the expected 3' processing site of histone H4 (Fig. 2A and 2B). These frag
ments could not be the result of amplification of genomic DNA contamination 
in the testis RNA, because the genomic DNA sequence immediately downstream 
of the histone H4 З'-terminal inverted repeat is not Α-rich (see Fig. 2B). 

The poly(A)-tails, present in the H3 antisense transcripts, can not be long, 

because the antisense RNAs, found in the poly(A)+ and poly(A)" fractions have 

almost the same size (Fig. 1). Comparing the amounts of poly(A)+ and poly(A) -

RNA analysed and taking into account the fact that most of the poly(A)" frac

tion is represented by rRNA and tRNAs, we can conclude, that not more than 

10% of all antisense transcripts are polyadenylated. We can not exclude, how

ever, that all the antisense transcripts contain a poly(A) tail at the 3' end, but 

it is too short to ensure efficient binding to the oligo(dT) cellulose. 

The fact that most of the histone H3 antisense RNA is apparently non-po-

lyadenylated together with the structure of the 3' end of the polyadenylated 

molecules suggest that the 3' processing of these molecules occurs via the usu

al U7 snRNP-mediated pathway, as it is common for the cell-cycle regulated hi

stone mRNAs (Mowry and Steitz, 1988; Marzluff, 1992). The addition of a poly (A) 

tail to these molecules is probably a secondary event, distinct from normal 

mRNA polyadenylation, since no polyadenylation signals are present in the 3' 

part of the transcript. This type of polyadenylation is unlikely to be unique for 

the H3 antisense transcripts, because some of the sense H3 and H4 transcripts 

are present in the poIy(A) + fraction too (this is particularly apparent in Fig. 1С). 
The only other case where a short poly (A) tail, added to the histone 3' termi
nal stem-loop was found, is in Xenopus oocytes. In this system, the poly (A) is 
added during oogenesis and removed during oocyte maturation (Ballantine and 
Woodland, 1985). It was suggested to be involved in the regulation of transla
tion (Ballantine and Woodland, 1985). 

No significant polyadenylation of cell-cycle regulated histone mRNAs was 
found either in DrosophiJa oocytes or embryos (Anderson and Lengyel, 1984). 
From our Northern blots it is apparent that the extent of such polyadenylation 
is higher in testis than in carcass RNA. 

3.2. Analysis of the promoter sequences of the antisense transcript 
The 5' part of the cDNA was isolated by rapid amplification of the cDNA ends 
technique (Frohman, 1990). Surprisingly, the antisense transcription apparently 
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initiates within the 3'- inverted repeat sequence of the histone H3 (see Fig. 2C). 
Because we used C-tailing of the cDNA first strand it is impossible to sa> whether 
the first nucleotide is one of the two G residues (positions 2128 or 2129) or the 
subsequent A residue (Fig. 2C). This result is unlikely to represent an RT-PCR 
artifact, caused by the stability of the stem-loop structure in the antisense tran
script, because even if the progression of the reverse transcriptase was hindered 
by the stem, the enzyme would stop at its 3' end rather than in middle of it. 

Sequence analysis showed that there is a TATA-box at a position around -25 
of the transcription start (Fig. 2C). We searched the upstream sequences for pro
moter elements identified in other genes, expressed in Drosophila testis. One se
quence motif that acts as a promoter element to drive testis-specific transcription 
was originally identified in the ß2-tubulin gene (Michiels et al.. 1991). Similar se
quence elements were subsequently found in a number of other testis-specific pro
moter regions, including that of the antisense transcript of the D. h\dei micropia 
retrotransposon (Lankenau et al., 1994). A consensus sequence was proposed (Fig. 
2C; Lankenau et al., 1994). We find an imperfect match to this consensus sequence 
40 bp upstream of the transcription start (Fig. 2C), which coincides in its position 
with the localization of this motif in the ß2-tubulin gene. In addition, we found 
within the proximal promoter sequences good matches to the elements, that were 
proposed to be involved in the testis-specific transcription of gdl (Schulz et al.. 
1990) and hsp26 (Glaser and Lis, 1990) genes (Fig. 2C). Finally, a perfect match to 
the TTGTCAAAT box is localized at -860 bp upstream of the transcription start 
of the histone H3 antisense transcript. This box was identified in the promoters 
of the Mst87F, Mst84Da-d genes (Kuhn et al.. 1991) and in the promoter of the 
testis-expressed myosin heavy-chain isoform (Miedema et al.. 1995). Copies of this 
motif were found several hundred base pairs upstream of the transcription start 
site of these genes. Although the significance of all the mentioned promoter ele
ments for the regulation of the histone H3 antisense transcription remains to be 
tested, it seems likely that at least some of them contribute to it. 

3.3. Histone H3 antisense transcripts are testis-specific 
The results of the Northern blotting indicated that the histone H3 antisense 
transcripts were testis-specific. This was confirmed by PCR with an antisense 
histone H3 primer HAS4 (see Fig. 2A) and oligo(dT) on pools of cDNAs derived 
from the RNA of embryos, ovaries and fly carcasses (Fig. 3). We could detect 
no transcripts similar to the ones described above, in tissues other than testis. 

Fig. 3. Southern blot with products of PCR 
with the primers HAS* and oligo(dT) on the 
pools of oligo(dT) primed cDNAs from D. h\ -
dei t e s t e s (T), carcasses <C), ovaries (O) and 
embryos (E) was hybridized to the histone H4 
probe. As control PCR was performed on the 
same pools of cDNAs with primer H3-IV and 
oligo(dT) and hybridized to the D. hy dei h is
tone H3.3A 3' LITR probe (Akhmanova et al., 
1Q9S). 

Τ С O E 

НЭ anti 

НЗ.ЗА 
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Using the same strategy, we could find no significant amount of histone H4 
antisense transcripts, ending downstream of the H3 gene. One should bear in 
mind, that histone H3/H4 antisense transcripts, lacking the poly(A)-tail or 
heterogeneous in their 3' ends, could have avoided our detection by PCR. How
ever, due to the fact that Northern blot analysis provides no indication for the 
presence of such transcripts, they are either absent or present in low abun
dance. 

Our Northern blot results indicate, that there are no abundant testis-spe-
cific antisense transcripts of histones HI, H2A and H2B (not shown). 

3.4. Histone H3 antisense transcripts are localized in the nuclei of primary 
spermatocytes 
We have adapted the in situ hybridization protocol, developed for tissue sec
tions (Dijkman et al., 199S), for the squashes of Drosophila testis. This protocol, 
in contrast to the previously published modifications of the proteinase K-based 
procedure used for Drosophila embryos (Tautz and Pfeifle, 1989), allows reliable 
detection of both nuclear and cytoplasmic transcripts in the male germ line 
cells and has the advantage of a better resolution than whole mount testis in 
situ hybridization. To avoid problems posed by crossreactions of in vitro tran
scribed RNA probes (see above), we used as probes mixtures of long sense or v 

antisense oligonucleotides. 
The antisense histone H3 probe hybridized strongly to a limited number of 

spermatogonia! cysts (see Fig. 4.1A). This was in accordance with our expecta
tions, because histone sense transcripts should be present in the mitotically 
dividing gonial cells. Due to the fact, that the histone expression is linked to 
the DNA replication, only those cells, which are in the S phase are expected to 
have large amounts of histone mRNA. After the completion of the DNA replica
tion, the histone messengers are destabilised and disappear quickly (Schiimperli, 
1988; Marzluff and Pandey, 1988). All spermatogonia within one cyst are con
nected by cytoplasmic bridges and proceed through the cell cycle synchronously 
(Lindslej, 1980). That explains why only gonial cysts in the S phase display 
strong hybridization to the antisense histone probe, while neighbouring non-re
plicating cysts do not react. 

The antisense histone H3 probe did not react either with nuclei or the cy
toplasm of the primary spermatocytes (Fig. 4.IB). However, very early spermato
cytes, which undergo DNA replication, are very small in size and are difficult to 
distinguish from spermatogonia after squashing and subsequent treatment used. 

The sense probe displaced no reaction in the testis t ip, but it hybridized to 
the nuclei of primary spermatocytes (Fig. 4.2A and 4.2B). The label was distri
buted throughout the nucleus and showed no clear association with any of the 
lampbrush loops, formed b\ the Y chromosome. The histone H3 antisense tran
scripts were most abundant in the stage II spermatocytes. Their level decreased 
rapidl> during meiosis and they were undetectable in postmeiotic stages. 

To confirm the specificity of our in situ hybridization procedure we used as 
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smaller size of male germ cells in D. melanogaster, their shorter developmental 
period or to species-specific differences in the accumulation and stability of 
these transcripts. 

Sequence anal.)sis of the D. hydei histone H3 antisense transcript has shown 
that the only long ORF, present in it, is that of the histone H4 protein. It is, 
however, preceded by multiple start and stop codons, which create highly un
favorable situation for the initiation of translation (Kozak, 1991). The longest 
ORF in the 5' part of the transcript consists of 40 codons and the encoded po
lypeptide does not display significant similarity to any proteins in sequence da
tabases. Due to the fact that the antisense transcripts are not exported from 
the nucleus into the cytoplasm (see Fig. 4), it is highly unlikely that they are 
translated. 

One has to conclude, therefore, that the function of the antisense tran
scripts is a regulatory one. Antisense RNAs were shown to regulate a variety of 
processes in prokaryotes (Wagner and Simons, 1994). Also in eukaryotes natural
ly occurring antisense transcription was observed for a number of genes (Kindy 
et al., 1987; Kimelman and Kirschner, 1989; Miyajima et al., 1989; Khochbin and 
Lawrence, 1989; van Duin et al., 1989; Hildebrandt and Nellen, 1992; Vellard et 
al., 1992; Dolnick, 1993: Laabi et al., 1994; Hsieh Li et al., 1995; Bedford et al., 
1995; Murashov and Wolgemuth. 1996). However, only in a few cases their regu
latory role was proven (Kimelman and Kirschner, 1989; Krystal et al., 1990; Mun-
roe and Lazar, 1991; Hildebrandt and Nellen, 1992). It is possible that the anti-
sense transcripts represent components of the mechanism for silencing of the 
cell-cycle regulated histone H3 genes in primary spermatocytes. 

During the primary spermatocyte development DNA synthesis occurs very 
early (Hennig, 1967), and one would expect the cell-cycle regulated mRNAs to 
be quickly degraded afterwards, similar to what has been observed in other 
systems (Schümperli, 1988; Marzluff and Pandey, 1988). However, male germ line 
cells represent a special situation. Both in D. melanogaster and in D. hydei, 
normal polyadenylation signals are found downstream of the inverted repeat 
sequences of the cell-cycle regulated histone genes (Matsuo and Yamazaki, 1989; 
Kremer and Hennig, 1990). These polyadenylation signals are utilized to generate 
polyadenylated mRNAs, which, at least in case of the D. melanogaster H2B and 
H4 genes are most abundant in the testis (Akhmanova, unpublished). Such po
lyadenylated cell-cycle histone messengers are more stable than their non-po-
lyademlated counterparts (Kirsh et al., 1989; Nagata et al., 1991) and therefore 
are likely to persist during spermatocyte development. Several polyadenylation 
signals are present downstream of the D. hydei replication-dependent H3 gene. 
However, we could observe in the D. hydei testis RNA preparations no polyade
nylated histone H3 mRNAs, resulting from the utilization of these signals. This 
could be due to the histone H3 gene repression by the antisense mechanism. 

It is noteworthy that the histone H3.3A gene remains active in the sperma-
tocjtes (see above). An intriguing possibility is that the repression of the cell-
cycle regulated H3 gene is necessary to achieve the substitution of the cell-
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cycle regulated H3 histone by the H3.3 variant in male germ cells. Such a sub
stitution might be important either for proper gene activation in spermatocytes 
or for the subsequent chromatin condensation-decondensation cycles (Kxemer et 
al., 1986). The fact that we could find no significant histone H4 antisense tran
scription correlates with the absence of protein variants of histone H4 in Dro-
sophila. We have shown that the cell-cycle regulated and the recently disco
vered replacement histone H4 genes encode exactly the same protein (Akhmano-
va et al., 1996). Hence, a substitution of the H4 protein is not required. 

One can imagine several mechanisms for the antisense-mediated histone H3 
gene repression. Antisense transcription could impair sense transcription by 
interfering with the RNA polymerase progression along the opposite strand 
(Elledge and Davis, 1989). It could also inhibit transcription initiation from H3 
and H4 promoters by preventing the stable binding of transcription factors to 
the H3-H4 intergenic region. Finally, the antisense RNA could form duplexes 
with the sense RNA and interfere with its processing, stability or nuclear 
export. Duplex formation between sense and antisense transcripts from the 
same gene was implied in the regulation of the pre-mRNA splicing (Krystal et 
al., 1990, Munroe and Lazar, 1991), stability (Hildebrandt and Nellen, 1992) or 
conversion of adenine residues to inosine (Kimelman and Kirshner, 1989). The 
fact that we could not detect histone H3 sense transcripts in spermatocytes 
does not necessarily contradict the possibility of duplex formation. In several 
cases where the regulatory function of the antisense RNAs was proven, the 
latter were found in a considerable excess over the sense RNA molecules (Ki
melman and Kirshner, 1989; Hildebrandt and Nellen, 1992)). Sense histone H3 
mRNA may therefore be low in abundance and escape our detection. 

The antisense histone H3 RNA represents one of the few examples of natu
rally occuring antisense transcription in Drosophila (Lankenau et al., 1994; Heni-
koff et al., 1986; Spencer et al., 1986; Chen et al., 1987; Contursi et al., 1993). In 
most of such cases antisense transcription results from a complex gene arran
gement, for example where genes either overlap in their 3' regions (Spencer et 
al., 1986) or are localized in an opposite orientation in introns of another gene 
(Henikoff et al, 1986; Chen et al., 1987). Non-coding antisense transcripts with 
putative regulatory functions were found in two types of retrotransposons: the 
F elements (Contursi et al., 1993) and the micropia elements (Lankenau et al., 
1994). Remarkably, also the micropia antisense RNA is testis-specific. This sug
gests that antisense transcription is not uncommon in Drosophila male germ 
line cells. It should be noted, however, that the micropia antisense RNAs are 
preferentially localised in the cytoplasm, while the histone H3 antisense RNA is 
found in the nuclei of the primary spermatocytes (Lankenau et al., 1994). There
fore, if both antisense transcripts are involved in gene regulation, the molecular 
mechanisms of their action may be different. 

Histone H3 antisense transcripts 85 



Acknowledgements. We thank Petra Bindeis, Harry Harhangi and Wenli Gu for 
help with conducting the experiments and valuable discussions. This research 
was supported by the European Community Human Capital Programme (Net
works), contract No. CHRX-CT94-0511. 

86 Chapter V 



C h a p t e r V I 

Characterization of an antiserum, specific for the histone H3.3 replacement variant, 
and analysis of the histone H3.3 distribution in Drosophila male germ line cells 

Anna Akhmanova1, Koos Miedema1, Yaxian Wang2. Mieke van Bruggen3, 

Sylviane Muller4, Jo H.M. Berden3, Evangelos N. Moudrianakis5 

and Wolfgang Hennig1·2 

Department of Molecular and Developmental Genetics, Faculty of Sciences. 

Catholic University of Nijmegen, Nijmegen, The Netherlands 
2 Max Plank Guest Laboratory at the Institute of Cell Biology, Academia Sinica, 

Shanghai, China 
3 Division of Nephrology, University Hospital, Nijmegen, The Netherlands 
4 Institut de Biologie Moleculaire et Cellulaire, CNRS, Strasbourg, France 
s Department of Biology, The Johns Hopkins University, Baltimore, USA 





Abstract 
A rabbit antiserum, specific for the histone H3.3 replacement variant, has been 
raised. An H3.3 peptide, derived from the histone H3 sequence region 83-91, 
where most of the differences between the repacement histone H3.3 protein and 
the cell-cycle regulated variants H3.1 and H3.2 are localized, was used for the 
immunization. Western blot experiments have shown the specificity of this 
polyclonal antibody for the H3.3 histone variant protein. In addition, we have 
shown on Western blots that two antinuclear monoclonal antibodies (MAbs) 
displa) strong reactivity with the H3.3 histone, but not with its replication-de
pendent counterparts. These MAbs were isolated from mice with systemic lupus 
erythematosus (SLE). an autoimmune disease which is characterized by the pre
sence of anti-DN'A and anti-nucleosome antibodies. This indicates that the H3.3 
histone might play a role as autoantigen in SLE. 

We have applied the antiserum, raised against the H3.3 peptide, to cytologi-
cal preparations of Drosophila testes, because our previous studies have shown 
that a histone НЗ.З-encoding gene is strongly expressed in Drosophila male 
germ line cells. The antiserum reacted with some of the lampbrush loops, 
formed by the Y chromosome during the meiotic prophase and with chromatin 
of the post-meiotic male germ cells. Our data indicate that histone H3.3 is not 
randomly distributed, but concentrated in certain parts of chromatin. The H3.3 
histone is removed from the spermatid nuclei along with the other core hi-
stones during the late stages of spermatogenesis. In Drosophila polytene chro
mosomes a rather uniform distribution of the histone H3.3 was observed. 

1. Introduction 

Histones are the elementary constituents of the nucleosome, which is the struc
tural unit of chromatin. In higher eukaryotes, histone genes can be divided into 
three categories, replication-dependent, replacement variant, and tissue-specific 
variant genes. Most of the histone replacement variant genes differ from their 
replication-dependent counterparts not only by their mode of regulation, copy 
number, gene structure and the type of mRNA they synthesize, but also in the 
amino acid sequence of the encoded proteins. For example, the animal histone 
H3 replacement variant, histone H3.3, differs by several amino acid substitutions 
from the replication-dependent histones H3 (see Fig. 1) and these differences are 
highly conserved throughout the animal kingdom (Brush et al., 1985: Wells and 
Kedes. 1985: Wellman et al.. 1987; Swenson et al., 1987; Fretzin et al., 1991; Fucci 
et al.. 1994). The evolutionary conservation of the histones H3.3 suggests that 
their protein structure is of functional significance. However, since the replace
ment H3 variants have apparently arisen independently in plants, animals and 
Tetrahymena (Thatcher et al.. 1994). it was argued that only the replication in
dependence of gene expression is functionally important. The differences in the 
protein structure were suggested to be selectively neutral polymorphisms. 

At present, little direct data on the function of the replacement variants of 
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the histone H3 and their chromosomal distribution are available. In a number of 
studies the H3.3 protein synthesis was analysed in relationship to the cell-c>cle 
phase. A classical example is the work of Wu et al. (1482), where it was shown 
that H3.3 histone is the only histone H3 variant synthesized during Gl, G2 and 
GQ stages of Chinese hamster ovary cells. Newly synthesized histone H3.3 is 
preferentially found in the chromatin fraction, enriched in transcriptionally 
active or competent chromatin of non-replicating cells (Hendzel and Davie. 
1990). In differentiated cells histone H3.3 accumulates with time and gradually 
becomes the predominant H3 subtype (Zweidler, 1984). 

The most common way to analyse the distribution of a particular protein within 
a cell is by applying antibodies, specific to this protein. This approach was success
fully used for studying the variants of histone H2A (Stargell et al. 1993) and his
tone Hl (Mohr et al., 1989) and for analysing the distribution of differentially 
acetylated isoforms of histone H4 (Turner et al., 1992; for review see Turner, 1993). 
We have addressed the question whether it is possible to distinguish immunolo
gically between the histone H3.3 variant and its replication-dependent counterparts. 
Due to the very small number of differences between the H3 variants and the 
fact that most of these differences are clustered within a rather hydrophobic part 
of the H3 protein (amino acid positions 87-90), such a possibility is not directly 
evident. We have found that an antiserum, raised against the histone H3.3 pep
tide, corresponding to amino acid positions 83-91 (anti-НЗ.Зр antiserum), can 
indeed recognize specifically the H3.3 variant protein. In addition, we have also 
found that certain mouse auto-antibodies can also distinguish between replica
tion-dependent and independent histone H3 variants. 

To test whether the anti-НЗ.Зр antiserum can be applied for studving chro
matin, we have used Drosophila male germ line cells and polytene chromosomes. 
Histone H3.3 distribution in the male germ cell chromatin was of a particular 
interest to us, since we have shown previously, that one of the two Droso

phila histone НЗ.З-encoding genes, H3.3A, is strongly expressed in testes 
(Akhmanova et al., 1995). Also, at least for D. hydei, quite detailed information 
is available on the organisation and rearrangements of chromatin in the deve
loping male germ line cells (Kremer et al., 1986). We demonstrate that the 
anti—H3.3 antiserum can indeed react with the chromatin, provided that the DNA 
is at least partially removed. This observation is agreement with the data on 
the nucleosome structure, which shows that the part of the histone H3. re
cognized by our antiserum (residues 83-91), is lying under the path of the DNA 
(Arents et al., 1991; Arents and Moudrianakis, 1993; this paper). Non-uniform dis
tribution of the histone H3.3 in the chromatin of the male germ cells was 
observed. The implications of our findings are discussed with respect to chro
matin structure and function in male germ cells. 

The polytene chromosomes from salivary glands reacted with the anti-НЗ.Зр 
antiserum in a rather uniform way, providing no clues about the possible func
tions of the H3.3 histone variant. 
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2. Materials and Methods 

2.1. Preparation of antisera, affinity purification and antibody reactions 

The H3.1/2 peptide with the sequence RFQSSAVMAC and the H3.3 peptide with 

the sequence RFQSAAIGAC (see Fig. 1) were synthesized in the laboratory of Dr. 

J. Zimmermann, Jena. The C-terminal cysteine residue is not present in the his

torie H3 sequence and was introduced for coupling to the carrier. The peptides 

were coupled to maleimide-activated keyhole limpet hemocyanin (KLH) (Boehringer 

Mannheim) according to the instructions of the supplier. Immunization of rab

bits was performed with 500 μg of the KLH-coupled peptide in Freunds com

plete adjuvant (Harlow and Lane, 1988). Rabbits received three injections with 

intervals of four weeks. 

The polyclonal antibodies were affinity purified over the peptide H3.3 

coupled to a Sulfolink column (Pierce). After washing with PBS (phosphate-buf

fered saline, containing 137 mM NaCI, 27 mM KCl, 1.5 mM K H 2 P 0 4 and 6.5 mM 

N a 2 H P 0 4 (pH 7.4» and 0.5 M NaCl/10 mM Tris-HCl pH7.5, H3.3 specific anti

bodies were eluted with 0.1 M glycine, pH 2.6 (Harlow and Lane, 1988). Eluted 

antibodies were immediately neutralized with 1 M Tris-HCl pH 9.5. Bovine serum 

albumine (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 immunocytology. 

The pohclonal anti-H3 serum (Termaat et al., 1992) was diluted 1 : 500 

(PBS/1% BSA) for Western blotting and 1:50 for immunocytology. The polyclonal 

antibodies against histone H2A (serum 1 in Muller et al., 1986), histone H2B ( se

rum 1 induced in the presence of RNA in Muller et al., 1991), histone H3 (serum 

1 induced in the presence of RNA in Muller et al., 1991) and anti-H4 (serum 2 

induced in the presence of RNA in Muller et al., 1991) were diluted 1 : 100 

(PBS/1% BSA) and 1:10 for immunocytology. The monoclonal antibodies »42, »56 

(Smeenk et al., 1988; Stemmer et al., 1996) and KM2 (Kramers, 1995; van Bruggen 

et al., 1996) were used as undiluted culture supernatants. Incubations were per

formed for 1 hr at room temperature or overnight at 4°C. Secondary goat anti-

rabbit or goat anti-mouse antibodies were diluted at 1 : 2500 and the blots 

were incubated for 30-60 min. The affinity purified anti-НЗ.Зр antibodies were 
tested on PVDF blots spotted with 1 μg of H3.3 and H3.1/2 peptides and H3 

protein from calf thymus (Boehringer Mannheim). Dot blots were treated and 

incubated as described below for Western blots. 

2.2. Separation of histones on acetic acid-urea-Triton (AUT) gels and Western 

blotting 

The calf th\mus histones (Boehringer Mannheim) were separated on 5% acetic 

acid/6M urea/0.4% Triton X-100 12% pol>acrylamide gels (0.4 mm thick), essen

tially according to Lennox and Cohen (1989). Special care was taken to prevent 

oxidation of methionine-containing proteins during electrophoresis by a cysteamine 

scavenge step according to Lennox and Cohen (1989). After electrophoresis 

gels were either stained directly in 0.25% Coomassie Brilliant Blue R-250 (45% 
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methanol/10% acetic acid) for 20 min and destained in +5% methanol/10% acetic 

acid or placed directly for 2 hrs in 0.025 M Tris/0.192 M Gl>cine/1% SDS to equi

librate before Western blotting (Whitfield et al., 1986). Subsequent!), gels were 

transferred to a semi-dry blot apparatus (Phase). Proteins were blotted to PVDF 

membrane (Millipore) for 45 min at 300 mA. After blotting, the membrane was 

blocked in 3% BSA/2% milkpowder/PBS for 1 hr at 37°C, air dried and stored at 

4°C or washed in PBS prior to antisera incubations. 

2.3. Indirect immuno-fluorescence cytology 

2.3.1. Testis squashes 

Testis squashes were prepared as described earlier (Kremer et al., 1986) and fixed 

in ethanol for 30 sec. After fixing for 10 min in 4% paraformaldehyde/PBS, slides 

were washed once for 5 min in PBS. Slides were incubated for 15 min in 1% Triton 

X-100 in PBS and washed twice in PBS. If a DNase treatment step was included, 

slides were washed twice in nick-translation buffer (50 mM Tris-HCl (pH 7.5), 

10 mM M g S 0 4 , 50 μg/ml BSA) and incubated with 4% DNase I in nick-translation 

buffer for one hour at room temperature. After that the squashes were washed 

three times for 10 min in PBT (PBS containing 2 mg/ml of BSA and 0.1% Triton 

X-100). The incubation with the first antibody was performed overnight at 4°C 

and after washing 3 times for 10 min in PBT, the squashes were incubated for 

1 hr with the secondary antibody (FITC-conjugated goat anti-rabbit Fab fragments, 

diluted 1:50 in PBT). The slides were washed again 3 times in PBT for 10 min and 

once in PBS and mounted in the p-phenylenediamine/glycerol mountant. The slides 

were examined with a Zeiss photomicroscope III with epifluorescence equipment. 

Photographs were taken on Kodak Ektachrome 400 film. 

For chemical degradation of the DNA trichloracetic acid (TCA) treatment 

was used. Testis squashes were prepared and fixed with ethanol as described 

above. The slides were subsequently incubated in 4% paraformaldeh}de/PBS at 

4 С for 16-20 hrs, washed several times in water and incubated in 5% TCA at 
60°C for 3 hrs (Hauschteck-Jungen and Hartl, 1982). After washing in 70% etha
nol and in PBS slides were incubated for 1 hr in PBT. The squashes were 
washed in PBS and PBT and incubated with the first and second antibodies as 
described above. 

2.3.2. Polytene chromosomes 

Polytene chromosomes were prepared essentially as described b> Ashburner 

(Protocol 30 in Ashburner, 1989) and treated as described for testis squashes 

(see above). 

3. Results 

3.1. Isolation of an antiserum specific for the histone H3.3 protein 

The histone H3 variant proteins in different organisms are strongh consened 
and vary only by a few amino acids. For example, the vertebrate H3 I and H3.2 
proteins differ by one amino acid (position 96, C->S) from each other (Fig. 1). 
The Drosophila cell-cycle regulated histone H3 corresponds in sequence to the 

92 Chapter VI 



Bt H3.1 ARTKQTARKST(KKAPRKQIATKAARKSAPATGGVKKPHRYRPGTVbLREIRRYQKSTEIJ,IRKLPFa 6Θ 
Bt H3.2 
Dm ВЗсс 

H3.3 s 

Η3.1/2ρβρ RFOSSAVMAC 
Bt H3.1 НЬ НЕІАОРРКТРІДРдЗЗД МЫДЕАСЕАУЬ СЬГЕРТНЪСіаНАКВ ТІМРКРІОІАКаіНСЕіи 135 
Bt H3.2 S 
Dm НЗсс S 

H3.3 pep RFQSAAIGAC 

R g . 1. A m i n o ac id s e q u e n c e a l i g n m e n t o f t h e a n i m a l h l s t o n e H 3 v a r i a n t s . Bos 
taurtis (Bt) H3.1 a n d H3.2, a n i m a l H 3 . 3 a n d D. melanogaster ( D m ) c e l l - c y c l e 
r e g u l a t e d H 3 a r e s h o w n . T h e or ig ina l D. melanogaster h i s t o n e H 3 a m i n o a c i d 
s e q u e n c e ( M a t s u o a n d Yamazak i , 1989) c o n t a i n e d an i s o l e u c i n e (I) a t p o s i t i o n 
117. W e r e s e q u e n c e d t h i s r e g i o n in s e v e r a l c D N A c l o n e s a n d f o u n d t h a t i t 
e n c o d e d v a l i n e (V) a t p o s i t i o n 117 in a l l c l o n e s , s i m i l a r t o t h e H 3 . 1 / 2 a n d H 3 . 3 
s e q u e n c e s . T h e i d e n t i c a l r e s i d u e s are i n d i c a t e d w i t h d a s h e s . T h e tx-hel ica l r e 
g i o n s o f t h e C - t e r m i n a l d o m a i n are i n d i c a t e d w i t h l i n e s a b o v e a n d b e l o w t h e 
s e q u e n c e ( A r e n t s e t al.. 1991; W o l f f e and P r u s s , 1996b). T h e s e q u e n c e s o f t h e s y n 
t h e t i c p e p t i d e s , u s e d in t h i s s t u d y a r e s h o w n a b o v e a n d b e l o w t h e a l i g n m e n t . A 
C - t e r m i n a l c y s t e i n e , p r e s e n t in b o t h p e p t i d e s , i s a b s e n t in t h e h i s t o n e s e q u e n c e . 
It w a s i n c l u d e d t o f a c i l i t a t e t h e c o u p l i n g t o t h e carr ier . 

vertebrate H3.2. The histone H3.3 variant is identical in all vertebrates and in

vertebrates studied so far. It differs from the histone H3.2 subtype only by 

four amino acid substitutions (positions 31, 87, 89, and 90, Fig. 1). In order to 

distinguish immunologically between the histone H3.1/2 and H3.3 proteins, we 

used the region 83 to 91 from the histone H3 amino acid sequence to synthesize 

two peptides, specific for the H3.1/2 and H3.3 variants. These peptides were 

used to raise polyclonal antibodies. 

Fig. 2. Dot b lo ts with 1 μβ of H3.1/2 and 
H3.3 peptides and ralf thymus histone H3 
incubated with the affinity purified anti-
НЗ.Зр antibodies. Middle and right c o 
lumns show the reaction of the anti-НЗ.Зр 
antibodies, preincubated, respectively, with 
H3.1/2 and H3.3 peptides. 

anti-НЗ.Зр antiserum 

+H3.1/2p +H3.3p 

H3.1/2 peptide 

НЭ.З peptide 

histone H3 

• 

' * 

* * . 

• 

іШц in. » " ъ 

Two different antisera induced against the H3.1/2 peptide displayed very 

low reactivity with the histone H3 protein and were not analysed further. In 

contrast, the antibodies against the H3.3 peptide (anti-НЗ.Зр antibodies) were 

quite reactive, especially after affinity purification over the H3.3 peptide. The 

immunoreactivity of the affinity purified anti-НЗ.Зр antibodies with H3.1/2 and 

H3.3 peptides and the histone H3 fraction (from calf thymus) on dot blots is 

shown in Fig. 2. The anti-НЗ.Зр antibodies react with the H3 protein and with 
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both peptides. The latter is not surprizing since only three out of nine amino 
acids in the two peptides are different. Nevertheless the reaction of the anti-
НЗ.Зр antibodies with the H3.1/2 peptide on the dot blot can be completely in
hibited by the preincubation of the same antibodies with this peptide added as 
competitor in solution. Such preincubation hardly reduces the reaction of the 
antibodies with the H3.3 peptide and the histone H3 protein. However, if the 
H3.3 peptide is used for the preincubation, all the signals disappear. This shows 
that the anti-НЗ.Зр antibodies specifically recognize the H3.3 peptide, when 
preincubated with the H3.1/2 peptide as competitor. 

Characterization of the anti-НЗ.Зр antibodies was extended by Western blot 
analysis of calf thymus histones separated on AUT gels. We used AUT gels 
with 6M urea and 0.4% Triton, which are optimal for separation of histone H3 
variants (Zweidler, 1978). Histone mix from calf thymus is well suited for this 
analysis, because relative positions of all calf thymus histone variants in these 
separation conditions are well defined (Zweidler, 1984; Boulikas, 1985) and can 
be used as a reference. The affinity purified anti-НЗ.Зр antibodies showed a 
specific reaction with a single major band which corresponded in mobility to the 
histone H3.3 variant (Fig. 3a). This reaction could be completely inhibited b> the 
preincubation of the antibodies with the H3.3 peptide, but not with the H3.1/2 
peptide (Fig 3a). 

For comparison, we have used an antiserum raised against the whole histone 
H3 fraction from calf thymus (Termaat et al., 1992). This anti— H3 serum shows 
strong reaction with histone H3.1 variant, which is the most abundant H3 sub
type in calf thymus histone mix (Fig.3a, lane aH3). The band in the upper part 
of the gel (marked with an asterisk in Fig. 3) probably corresponds to a histone 
H3 dimer, judging from its mobility and the fact that all sera with affinity to 
the histone H3 react with it (see below). The anti-H3 serum is not completely 
specific for histone H3, since a number of additional weak bands are present on 
Western blots. It apparently crossreacts with histone H2B and histone H2A.Z 
(Fig. 3a). 

The serum against total H3 fraction shows only a weak signal at the level 
of the H3.3 variant (Fig. 3a and b). This reflects the low concentration of this 
histone in the calf thymus histone mix. However, this signal was considerably 
increased, when the serum was affinity purified over the H3.3 peptide (Fig. 3b. 
lane аНЗар). At the same time, the reaction with the H3.1 variant was reduced, 
although not completely abolished, while the signals corresponding to other 
histone types, such as H2B, disappeared completely. This supports the correct
ness of our assignment of the position of the H3.3 variant on the Western blot. 

The positions of other core histones on the blots were confirmed with the 
help of antisera raised against individual chicken histones H2A, H2B, H3 (marked 
with aH3*), and H4 (Muller et al. 1986; Muller et al., 1991; Briand et al. 1992: 
see Fig. 3b). Due to the extremely high degree of conservation of core histones 
these sera where expected to crossreact with calf thymus histones. All four 
sera reacted with proteins of the expected mobility on the AUT gel, which was 
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diseases, among them SLE (Monestier and Kotzin, 1992; Kramers et al.. 1993). 
Our interest in these auto-antibodies was stimulated b> the finding that some 
MAbs, isolated from lupus mouse strains, when tested in ELISA, displaced 
strong reaction with the peptide 83-100 of the histone H3, but not with any 
other peptides, covering the entire amino acid sequence of histone H3 and other 
core histones (Kramers, 1995; Stemmer et al., 1996). Since the region, where 
most of the differences between variants of animal histone H3 are localized, is 
situated between amino acids 83 and 100 (see Fig. 1), we were interested if 
these antibodies were specific for one of the H3 variants. From the two MAbs 
analysed, one (»42) did not react with any histone proteins on Western blot 
(not shown), while the other one (»56) reacted specifically with the H3.3 variant 
(Fig. 3c). In addition, we found another antinuclear MAb, KM2, which displayed 
strong reactivity with the histone H3.3 but not with the H3.1 variant (Fig. 3c). 
This antibody also recognized histones H2A and H4, which is in agreement with 
the data on characterization of this MAb by ELISA (van Bruggen et al., 1996). 

3.3. Immiinocytology with the anti-НЗ.Зр antibodies 
The structure of the octameric histone core of the nucleosome has been deter-

o 
mined to a resolution of 3.1 A (Arents et al., 1991). According to this structure. 

the region 87-90, where the histone H3.3 differs from the histones H3.1/2. is 

localized at the N-terminal end of the long α-helix (helix 3) of the histone H3 

C-terminal domain (Arents et al. 1991; see also Fig. 1). The residues 86. 87. 89 

and 90 are all clustered together on the surface of the histone octamer (see Fig. 

4a). According to the model of the nucleosome (Arents and Moudrianakis, 1993), 

these residues are covered by the DNA double helix, which is wrapped around 

the octamer (Fig. 4b). The presence of the DNA, therefore, is likely to make the 

histone НЗ.З-specific epitope inaccessible for antibodies. 

Since the H3.3 variant is conserved in all animals, the anti-НЗ.Зр antibodies 
can be applied to any animal system. We have chosen to test the anti-НЗ.Зр 
antibodies on cytological preparations of Drosophila tissues, because in our 
earlier studies we have characterized the expression of the histone H3.3 genes 
in this organism on the RNA level (Akhmanova et al., 1995). In addition, analysis 
of the histone H3.3 distribution in Drosophila is necessary to form a basis for 
subsequent genetic studies of the function of this protein. 

When we used standard fixation protocols, which leave most of the DNA 
intact, the anti-НЗ.Зр antibodies were completely unreactive (not shown). Therefore, 
special effort has been taken to remove the DNA, either enzymatically (with high 
concentrations of DNase I) or chemically (with hot TCA). As expected, the degra
dation of the DNA led to a considerable increase in the stength of binding of the 
anti-НЗ.Зр antibodies. In all cases control preincubations of the anti-НЗ.Зр anti
bodies with H3.1/2 and H3.3 peptides were performed. The preincubation with the 
H3.1/2 peptide had little impact on the binding of the antibodies, while the pre
incubation with the H3.3 peptide almost totally abolished it (an example of such 
a preincubation experiment for the spermatocyte nuclei is shown below). 
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Fig. 4. P o s i t i o n s o f t h e h i s t o r i e Н З . З - s p e c i f i c s u b s t i t u t i o n s in t h e h i s t o n e o c t a m e r . 
a. T h e v iew o f t h e h i s t o n e o c t a m e r a s i t a p p e a r s by l o o k i n g d o w n a t a p l a n e 
w h i c h ' c o n t a i n s t h e d y a d and t h e s u p e r h e l i c a l a x e s . T h e d y a d a x i s r u n s f r o m t o p 
t o b o t t o m . T h e H 2 A - H 2 B d i m e r s are s h o w n in b l u e , h i s t o n e H 3 in w h i t e a n d h i s 
t o n e H 4 in g r e e n . R e s i d u e 8 4 o f t h e h i s t o n e H 3 i s s h o w n in p u r p l e , 8 5 is l i g h t 
grey, 8 6 i s dark grey, 87 i s red, 8 9 i s y e l l o w and 9 0 i s o r a n g e . 
b. T h e s a m e v i e w o f t h e o c t a m e r , a s in a. T h e b a c k b o n e o f t h e D N A d o u b l e h e 
l ix, w r a p p e d o v e r o n e h a l f o f t h e h i s t o n e o c t a m e r , i s s h o w n . 

3.4. Poly tene chromosomes 

Treatment of the preparations of D. melanogaster polytene chromosomes with 
DNase I and with TCA gave very similar results. In both cases, a rather general 
staining of the chromosomes was observed. Neither the heterochromatic regions 
(the chromocenter) nor the highly transcribed regions (the puffs) showed prefe
rential staining with the anti-НЗ.Зр antibodies (Fig. 5). The intensity of the 
antibody reaction roughly followed the DNA concentration, being somewhat 
higher in the bands of the polytene chromosomes. The signals were not very 
strong, indicating that the H3.3 variant represents a minor component of the 
polvtene chromosomes. 

3.5. Male germ cells 

We were particularly interested in the histone H3.3 distribution in the chromatin 
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of the Drosophila male germ cells, because we have shown earlier, that the his
torie H3 ЗА gene is strongly expressed in Drosophila testes (Akhmanova et al , 
1995) The process of spermatogenesis was described in detail both in D mela

nogaster (Lindsle> and Tokuyasu 1980) and in D hydei (Hennig and Kremer, 
1990) In addition the distribution of the DNA at different stages of male germ 
cell development was analysed in D hydei (Kremer et al , 1986) and will be used 
here as a reference 

3 S 1 Premeiotic stages 

Spermatogenesis s tarts with the division of the stem cells giving rise to primary 
spermatogonia, which then undergo several mitotic divisions Spermatogonia are 
small round cells which fill the apex of Drosophila testis Using the anti-
H3 3p antibodies on TCA or DNase 1-treated testes squashes, we could detect 
no signal in the nuclei of spermatogonia (Fig 6a) In contrast, the antisera 
against total histone H3 (Fig 6b), as well as antisera against other core his-
tones (not shown) strongly labeled the spermatogonia! nuclei The distribution 
of the label was similar to that observed earlier for the DNA (Fig 1 in Kremer 
et al 1986) 

After the male germ cells enter the meiotic profase (primary spermatocyte 
stage) the} start to enlarge and become highly transcriptionally active One of 
the manifestations of this transcriptional activity is the unfolding of the Y-
chromosomal lampbrush loops which fill most of the nuclear volume (for re
view see Hennig 1987) The condensed autosomes and the X-chromosome are 
localised at the nuclear peripher} (Fig 2 of Kremer et al , 1986) 

Staining of the TCA-treated primary spermatocytes of D melanogaster 

with the anti-H3 3p antibodies is shown in Fig 6c One or two strongly fluorescent 
foci per nucleus were observed This immunofluorescence pattern is clearly 
distinct from that obtained with the similarly treated spermatocytes after staining 
with the serum against total histone H3 (Fig 6e) In TCA-treated cells the 
anti-H3 serum (as well as the sera against H2A H2B and H4 not shown) labels 
mainlv the condensed chromatin The distribution of the label corresponds to 
the DNA distribution as judged from DAPI staining (Fig 2 in Kremer et al , 
1986) Comparison of the anti-H3 and anti-H3 3p patterns indicates that in 
the most of the condensed chromatin the concentration of the H3 3 histone 
variant is low It contains apparently predominantly the cell-cycle regulated 
H3 subtype 

The decondensed chromatin gave no reaction in the TCA-treated prepara
tions We thought that this might result from the complete loss of decon
densed chromatin fibrils due to extensive hydrolysis in hot TCA Therefore, we 
applied to testis squashes a milder treatment with DNase I After such treat
ment strong signals in the nuclei of the D melanogaster spermatocytes were 
obtained (Fig 7a, b) The distribution of the label partially coincided with the 
localization of some of the Y-chromosomal lampbrush loops. Similar signals 
were obtained with the total H3 serum (not shown) 
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Due to the large size, characteristic position and morphology, the assign
ment of particular Y-chromosomal lampbrush loops is considerably easier in D. 

hydei, than in D. melanogaster. After staining of the DNase I-treated primary 
spermatocytes of D. hydei with the anti-НЗ.Зр antibodies, the strongest reaction 
was obtained with the loop pairs pseudonucleolus (Ps) and clubs (CI) (Fig. 7d, 
e). The reactions could be completely inhibited by the preincubation with the 
H3.3 peptide (Fig. 7g), but not by the preincubation with the H3.1/2 peptide 
(Fig. 7f). Similar labeling patterns were obtained when the D. hydei spermato
cytes were stained with sera against other core histones, H2B and H4 (Fig. 
8a ,b) . It should be noted that in the absence of TCA treatment the condensed 
chromatin was almost unreactive with all anti-histone sera. The nucleolus was 
also devoid of label, irrespective of the fixation protocol. 

3.S.2. Postmeiotic stages 

Meiotic chromosomes, due to their highly condensed nature, are not suited for 
immunofluorescence studies of the distribution of the histone variants (not 
shown). 

Staining in postmeiotic male germ cells with anti-НЗ.Зр antibodies could only 
be obtained after a TCA treatment of the tissue . This correlates with the absense 
of transcription and high chromatin compaction in Drosophila spermatogenic cells 
after meiosis. The patterns, obtained in D. melanogaster and D. hydei were very 
similar. The early spermatid nuclei could be best observed in D. hydei. due to 
their larger size and more clear morphology (Fig. 9). In early spermatids a large 
round structure, called a protein body, is present in the middle of the nucleus 
(Kremer et al., 1986). The anti-НЗ.Зр antibodies gave strong labelling of this struc
ture (marked with Pb in Fig. 9). In addition, labeling of the chromatin was also 
observed (Fig. 9a). When the spermatids were stained with the antibodies against 
total H3 protein, the main signal was observed in the chromatin, with protein 
body showing only very weak fluorescence (Fig. 9 c). This indicates that most of 
the histone H3 in chromatin is represented by the cell-cycle regulated H3 variant. 
The concentration of histone H3 in the protein body is apparently low when com
pared to the chromatin and it is represented by the H3.3 histone. 

During spermatid elongation, some of the histone H3.3 protein remains 
bound to the chromatin. In addition to the protein body, the chromatin lying 
under the membrane on the one side of the elongating nucleus is strongly 
stained (marked with M in Fig. 9e). The H3.3 histone is apparently not evenly 
distributed in the chromatin. This is clear from the comparison of the staining 
with anti-НЗ.Зр and anti-H3 sera. The latter gives a pattern very similar to that 
obtained for the DNA with DAPI (Fig. 7 in Kremer et al.. 1986). with the label 
distributed throughout the elongating nucleus, and not concentrated on one side 
of it (Fig. 9g, h). 

In later elongation stages no major differences were observed between the 
staining with anti-НЗ.Зр and anti-H3 antibodies. It should be noted that the 
НЗ.З-specific signal appeared to be more dispersed, than that obtained with the 
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Fîg S Distribution of the his tone H3 3 in the TOA-treated poly tene chromo
s o m e s a. Immunofluorescence of the polytene chromosomes from third instar 
larvae after incubation with the anti-H3 3p antibodies Ь Enlargement of a part 
of the pol> tene chromosome, demonstrating the uniform staining pattern 

Fig 6 Pre-meiotic male germ ce l l s of D m&Ianogaster after TCA treatment of 
the t i ssue a Immunofluorescence of the tes t i s tip with spermatogonia after the 
incubation with anti-H3 3p antibodies The background was enhanced to show 
the absense of nuclear signals b Immunofluorescence of the test is tip with 
spermatogonia after the incubation with anti-H3 serum The nuclei of spermato
gonia are strongly labeled Bar represents 50 μπι 
c,d Primary spermatocytes after incubation with antl-H3 3p antibodies с Immu-
nofluoi escence d Phase contrast The reaction is observed in one or two foci 
in the nucleus Bar represents S μπι 
e, f Primary spermatocytes after incubation with anti-H3 serum e Immuno
fluorescence F Phase contract Condensed a u t o s o m e s and the X-chromosome 
reac t with the serum Nu - nucleolus Bar represents S μπι 

Fig 7 Primary spermatocytes after DNase I treatment а, Ь, с D melanogaster 
primary spermatocytes after the incubation with the anti-H3 3p antibodies 
а, Ь Immunoflourescence с Phase contrast 
d, e, f ( g Enlarged nuclei of the D hydet primary spermatocytes d Immuno
fluorescence after the incubation with the anti-H3 3p antibodies e Phase contrast 
image of the same nucleus f Immunofluorescence after the incubation with the 
anti-H3 3p antibodies preincubated with the H3 1/2 peptide g Immunofluo
rescence after the incubation with the anti-H3 Эр antibodies, preincubated with 
the H3 3 peptide Ps - pseudonucleolus, CI - clubs Bar represents ΙΟ μηι 

Fig 8 Nuclei of the £> hydet primary spermatocytes after DNase I treatment 
a Immunofluorescence after the incubation with the anti-H2B serum b Immuno
fluorescence after the incubation with the ant i-H4 serum Ря - pseudonucleolus, 
CI - clubs Bar represents ΙΟ μιτι 
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Fig 9. Early s p e r m a t i d s of D hydei a f ter TCA t r e a t m e n t 
a,b P r e - e l o n g a t i o n s p e r m a t i d s a f t e r t h e incubat ion wi th t h e a n t i - H 3 3p a n t i 
bodies a. I m m u n o f l u o r e s c e n c e Ь P h a s e c o n t r a s t T h e p r o t e i n body s h o w s 
s t r o n g reac t ion S o m e labeling in t h e c h r o m a t i n on one side of t h e p r o t e i n body 
is a l so observed 
c,d Рте-e longat ion s p e r m a t i d s a f te r Incubat ion wi th t h e a n t i - H 3 s e r u m с 
I m m u n o f l u o r e s c e n c e d Phase c o n t r a s t The c h r o m a t i n , b u t n o t t h e p r o t e i n body 
displays r e a c t i o n wi th t h e se rum 
e, f E longat ing s p e r m a t i d s a f ter t h e incubat ion with t h e a n t i - H 3 3p a n t i b o d i e s 
e I m m u n o f l u o r e s c e n c e f Phase c o n t r a s t The r e a c t i o n is observed in t h e p r o 
tein body and in t h e c h r o m a t i n , lying d i rec t ly u n d e r t h e nuclear m e m b r a n e 
g, h I m m u n o f l u o r e s c e n c e of t h e e l o n g a t i n g s p e r m a t i d s a f ter t h e i n c u b a t i o n wi th 
t h e a n t i - H 3 a n t i b o d i e s The label ing is d i s t r i b u t e d t h r o u g h o u t t h e n u c l e u s The 
p r o t e i n body s h o w s a l m o s t no label Pb - p r o t e i n body, N - n u c l e u s , M n u c l e a r 
m e m b r a n e , Nk - n e b e n k e r n Bar r e p r e s e n t s ΙΟ μηι 

Fig. IO. S p e r m a t i d s of D melanogaster a f te r TCA t r e a t m e n t 
a, с I m m u n o f l u o r e s c e n c e af ter t h e i n c u b a t i o n wi th t h e a n t i - H 3 3p a n t i b o d i e s 
b, d I m m u n o f l u o r e s c e n c e a f ter t h e incubat ion with t h e a n t i - H 3 a n t i b o d i e s e S H 
- e longat ing s p e r m a t i d heads , SH - fully e l o n g a t e d s p e r m a t i d heads in a b u n d l e 
1SH - l a te ( p o s t - e l o n g a t i o n ) s t a g e of s p e r m a t i d head d e v e l o p m e n t N o t e t h e d i s -
s a p e a r a n c e of t h e h i s t o n e H3 dur ing l a t e s t a g e s of s p e r m a t i d d e v e l o p m e n t Bar 
r e p r e s e n t s ΙΟ μηι 
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serum against total H3 (compare Fig. 10a and 10b). This, however, might be due 
to the fact that the НЗ.З-specific signal was much weaker. 

Staining of the post-elongation spermatid cysts with both anti-H3 and 
anti-НЗ.Зр antibodies showed that a transition occurs from almost even distri
bution of the label to a rather dispersed pattern (Fig. 10c and lOd). In some 
cysts label remains only in small patches shifted to the anterior part of the 
spermatid nuclei. This observation most likely reflects the substitution of the 
histones with other proteins. Such substitution of histones by arginine-rich pro
teins was observed by histochemical methods (Das et al., 1964; Hauschteck-Jungen 
and Hartl. 1982). It was shown to occur in post-elongation spermatids and 
to initiate at the posterior end of the nucleus (Hauschteck-Jungen and Hartl, 
1982). 

No staining was observed with the antibodies against core histones (H3, 
H3.3, H2A, H2B and H4) in the TCA-treated preparations of the mature sperm, 
prepared from the seminal vesicle (not shown). This indicates that the histones 
are either completely substituted by argine-rich proteins or inaccessible to anti
bodies. The first possibility seems more likely, since we could observe the 
gradual dissapearance of the histone H3-specific label in post-elongation sper
matids. 

4. Discussion 
Histone replacement variants are present in most eukaryotes. Some of them, 
like histone H2A.F/Z and H3.3, are highly conserved in evolution. For the histone 
H2A.F/Z it is shown, that this variant is preferentially localized in active chroma
tin (Stargell et al., 1993) and that it is essential in Tetrahymena and in Drosophila 

(Liu et al.. 1996: van Daal and Elgin. 1992). The function of the histone H3.3 
variant is so far unclear. One way to address this function is to study the dis
tribution of the H3.3 protein in chromatin. This can be achieved with the help 
of an antiserum, specific for the H3.3 variant. 

4.1. Specificity of the anti-НЗ.Зр antibodies 

Only four amino acid substitutions distinguish the replacement histone H3.3 
variant from the cell-cycle regulated variants H3.1 and H3.2. Three of these 
substitutions are clustered in the region 87-90 of the histone H3 amino acid se
quence, making it an obvious place for targeting of antibodies which could 
specificali} recognize the H3.3 variant but not its cell-cycle regulated counter
parts (Fig. 1). It was demonstrated that even histone isoforms, differing only by 
the acetvlation of particular lysines in the N-terminal domain, can be distin
guished with the aid of polyclonal antisera raised against synthetic peptides, 
containing acetvlated lysine residues (Turner and Fellows. 1989; Turner et al., 
1989. Turner et al., 1992). This encouraged us to develop an НЗ.З-specific antise
rum by immunization of rabbits with a synthetic peptide, covering the region 
87-90. 

When tested with histone peptides, the anti-НЗ.Зр antibodies reacted equally 
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well with both the H3.1/2 and the H3.3 peptides. However, they became highly 
specific for the H3.3 peptide after preincubation with the H3.1/2 peptide (Fig. 2). 
The specificity of the antiserum was tested further on Western blots with calf 
thymus histone proteins, where the histone H3 variants were separated from 
each other in the AUT gel system (Fig. 3). The relative positions of all histone 
subtypes from the calf thymus mix were extensively characterized (Zweidler. 
1984; Boulikas, 1985) and were used by us as a reference. The assignment of in
dividual histone fractions was confirmed by using antisera, specific for each in
dividual core histone. Our anti-НЗ.Зр antibodies reacted mainly with one protein, 
which corresponds in mobility to the histone H3.3 variant. The reaction could be 
completely inhibited by the preincubation with the H3.3 peptide, but not with 
the H3.1/2 peptide. The same protein reacted, though weakly, with an antiserum, 
raised against the total histone H3 fraction (anti-H3 serum), as one could 
expect for a histone H3 subtype. The reaction of the anti-H3 antibodies with 
this protein was enhanced when these antibodies were purified over the H3.3 
peptide, confirming the idea that it is indeed histone H3.3. It should be noted 
that these anti-H3 antibodies could not be made НЗ.З-specific by affinity purifi
cation over the H3.3 peptide, since even after such purification they still cross-
reacted with histone H3.1. This is not surprising, since 5 out of 9 amino acids 
in the H3.3 peptide are also present in the H3.1 variant protein. 

Taken together, our data indicate that the anti-НЗ.Зр antibodies are specific 
for the H3.3 replacement variant. This is quite remarkable, because the antibo
dies bind equally well to both H3.1/2 and H3.3 peptides, yet on Western blots 
they react almost exclusively with the histone H3.3 but not with H3.1, although 
the latter is much more abundant in the calf thymus mix. The reason of such a 
difference in reactivity between the peptides and the whole histone H3 protein 
is unclear. Most likely, the conformation of the H3.1/2 peptide in solution is 
distinct from the conformation of the corresponding region of the H3.1/2 histone 
protein. This might explain our failure to produce an H3.1/2-specific antiserum. 

4.2. SLE-derived antibodies with specificity to histone H3.3 
SLE is an autoimmune disease which is characterized by the presence of a wide 
variety of auto-antibodies (for review see Monestier and Kotzin, 1942; Kramers 
et al., 1993; Tax et al., 1995). Among a number of different targets, antibodies 
against nuclear antigens like DNA, histones or nucleosomes are often found. It 
has been shown that anti-DNA antibodies are complexed to DNA and histones 
(or nucleosomes) and interact with heparan sulfate in the glomerular basement 
membrane (see Kramers et al., 1994 and references therein). This deposition of 
immunoglobulins and complexed molecules leads to nephritis, one of the most 
serious manifestations of the disease. The nucleosome seems to be the antigen 
driving the autoimmune response in SLE. Therefore the specificity of anti-nu-
cleosome antibodies has been a subject of intensive study. 

We have analysed the ability of three MAbs, derived from lupus prone mice, 
to distinguish between different histone H3 variants. Two of these MAbs. »56 
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and KM2. showed strong affinity to the H3.3, but not to the H3.1 histone variant 
on Western blot. In ELISA experiments, the MAb »56 displays strong reactivity 
with double stranded DNA, with the histone H3 peptide 83-100 (mostly with its 
dimer) and with mononucleosomes (Kramers, 1995; Stemmer et al., 1996). On 
Western blot this MAb reacts almost exclusively with the H3.3 histone. MAb 
KM2 strongly reacts with histone H3.3 on Western blot, but it also recognizes 
H2A and H4 histones. This is in agreement with the data from ELISA, showing 
that KM2 reacts with the N-terminal domains of histones H2A and H4 (van 
Bruggen et al., 1496). 

The existense of auto-antibodies with affinity to the H3.3 variant in SLE 
mice is not surprising, since many mouse tissues contain the histone H3.3 pro
tein (Zweidler, 1984). This histone variant has the interesting property of gradu
al accumulation in non-dividing tissues. With increasing age it can even become 
the prevalent histone H3 subtype in some of the tissues, for example, in liver 
or in cortical neurons (Zweidler, 1984, Pina and Suau, 1987). This might contri
bute to its capacity to serve as an autoantigen in adults, since its abundance in 
young individuals at the time when tolerance against autoantigens is established, 
is low. Analysis of a more representative group of SLE-derived antibodies is 
necessary to get insight into the role of the H3.3 variant as an autoantigen in 
SLE. 

4.3. Application of the anti-НЗ.Зр antibodies for immunocytology 
4.3.1. Accessibility of the НЗ.З-specífic epitope in chromatin 
The current model of the nucleosome structure predicts that the amino acid re
sidues 87-90, the target region of the H3.3 antibody, are on the surface of the 
histone octamer core, but covered by the DNA (see Fig. 4). In agreement with 
this model, our experiments have demonstrated, that the H3.3 specific epitope is 
inaccessible in the presence of DNA. 

The necessity to remove the DNA prior to antibody binding creates obvious 
problems for the interpretation of the data. Hot TCA treatment, though rather 
unselective, is probably too harsh for decondensed chromatin, which might be 
completely dissolved and lost. The fact that we could detect with a serum 
against total histone H3 on TCA-treated testis squashes only the condensed 
part of chromatin supports this assumption. However, the TCA treatment is 
essential to obtain reproducible reactions of the anti-НЗ.Зр antibodies and some 
other antibodies directed against the core histones with compacted chromatin. 
For example, no nuclear labeling of postmeiotic male germ cells was obtained 
with the histone H4 serum, used in this study, unless the tissues were treated 
with TCA. After the TCA treatment this anti-H4 antiserum gave a pattern iden
tical to that obtained with the anti-НЗ 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. This observation also explains some previous failures in immunological 
detection of histones in condensed autosomes and X-chromosome of the Droso-
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phila primary spermatocytes (Rungger-Brändle et al., 1981). 
As an alternative way of DNA degradation, DNase I digestion was used. Re

sults of this treatment have to be interpreted with even more caution, since the 
differential accessibility of active and inactive chromatin to this enzyme is a 
generally accepted fact. To overcome this problem at least partially, a pro
longed digestion with a very high enzyme concentration was used. 

4.3.2. Histone H3.3 distribution in polytene chromosomes 
Anti-НЗ.Зр antibodies gave no specific pattern on polytene chromosomes. Our 
data indicate that the H3.3 histone is only a minor component of these chromo
somes with a rather uniform distribution. This argues against a specific function 
of the H3.3 variant in salivary gland nuclei. 

Analyses of the distribution of another histone replacement variant, H2AvD, 
which is a Drosophila homologue of the the histone H2A.F/Z, indicated a wide
spread, but not general presence of this histone in the polytene chromosomes, 
with accumulation at particular genomic loci (van Daal and Elgin, 1992). Earlier 
studies with the antibodies against H2A.2 (D2), which probably corresponds to 
the H2AvD, showed its preferential accumulation in the interbands, which are 
supposed to be transcriptionally active (Donahue et al., 1986). The interpretation 
of the observed differences in distribution of the H2A and H3 replacement 
variants is not straightforward, because the experiments with anti-H2A antibo
dies were performed without removing the DNA, which might have influenced 
the accessibility of these proteins in certain chromosomal domains. 

4.3.3. Histone H3.3 in Drosophila male germ line chromatin 
Our previous studies have shown that one of the two Drosophila genes, encod
ing histone H3.3 (H3.3A), is strongly expressed in the testes (Akhmanova et al., 
1995). Transcript in situ hybridization with the НЗ.ЗА-specific probes demon
strated that this gene is transcribed in spermatogonia and in primary spermato
cytes (Akhmanova, unpublished). 

To analyse the distribution of the histone H3.3 variant within male germ 
cell chromatin, we compared the reactions, obtained with the anti-НЗ.Зр serum 
with those obtained with the an anti-H3 serum. The latter was raised against 
the total H3 protein and was expected to react with all histone H3 variants, 
because they share most of their epitopes. 

We could not detect the H3.3 protein in spermatogonia despite of the fact 
that it is transcribed in these cells. Spermatogonia undergo quick mitotic divi
sions and, therefore, strongly express the cell-cycle regulated H3. Histone H3.3 
represents probably only a minor part of the total histone H3 in these cells 
and the sensitivity of our experiments was insufficient to detect it. 

Comparison of the reactions of the TCA- treated spermatocytes and young 
spermatids with the anti-H3 and anti-НЗ.Зр sera indicates that in the chromatin 
of these cells the histone H3.3 distribution is not uniform. Only part of the 
chromatin, which reacts with the anti-H3 serum, reacts also with the H3.3 se-
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rum. This is particularly apparent in primary spermatocytes, where most of the 
condensed chromatin does not react with the anti-НЗ.Зр antibodies. 

The strong transcription of the histone H3.3A gene in primary spermatocytes 
makes it an attractive hypothesis that histone H3.3 is incorporated in the active 
chromatin of these cells, substituting the cell-cycle regulated H3. The tran
scriptional activity in Drosophila spermatocytes is very high, since it has to 
provide the mRNAs for all subsequent steps of spermatogenesis, including the 
postmeiotic differentiation. Such intensive transcription might require or cause 
significant histone replacement. Histone replacement might also be required for 
transcriptional activation of the normally heterochromatic genes, such as the 
lampbrush loop forming genes of the Y-chromosome. Some support for this 
idea can be found in the literature. For example, biochemical studies have 
shown that newly synthesized nucleosomal H3.3 protein of chicken immature 
erythrocytes is preferentially found in active or competent chromatin fragments 
(Hendzel and Davie, 1990). The plant analog of the animal histone H3.3, the H3.2 
or H3.III variant, also shows preferential accumulation in active chromatin (Wa
terborg. 1991, 1993). 

To see, whether the correlation between transcriptional activity and the 
presence of H3.3 variant holds true in Drosophila spermatocytes, we have tried 
to remove the DNA enzymatically. Treatment with DNase I is milder than treat
ment with hot TCA, which destroys most of the intranuclear structures. We 
hoped that the DNase digestion will make the core histone epitopes available 
for reaction with antibodies, without fully destroying active chromatin. 

Strong signals with the anti-НЗ.Зр antibodies was obtained in the DNase-
digested spermatocyte nuclei of both D. melanogaster and D. hydei. This is in 
agreement with the idea of the preferential accumulation of the histone H3.3 
variant in active chromatin. It should be noted that considerable part of the la
bel was associated with particular Y-chromosomal lampbrush loops (pseudonu-
cleolus and clubs in D. hydei). Most of the nuclear signals were dependent on 
the DNase digestion, although a very weak reaction of the pseudonucleolus loop 
of D. hydei with the anti-НЗ.Зр antibodies was also observed in nuclei, not 
treated with DNase (not shown). The significance of these antibody reactions is 
supported by the fact the same lampbrush loops are also stained with antibo
dies 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 before (Rungger-Brändle et al., 1981). 

However, the interpretation of such labeling patterns requires extreme 
caution. The main components of the lampbrush loops are not the chromatin 
fibrils but extremely long transcripts and proteins (for review see Hennig, 1987, 
Hennig et al.. 1989). Therefore it is doubtful that the loop chromatin on itself 
can be the source of the observed strong reactions. One cannot exclude that 
the histones are at least partially bound to transcripts, although such a possi
bility would seem rather exotic. Based on immunological studies, a variety of 
proteins were reported to be present in the Y-chromosomal lampbrush loops, 
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including not only RNA-binding proteins (Glätzer, 1984), but also laminin B2 
(Wang et al., 1992) and tektin (Pisano et al., 1993), which are not even expected 
to enter the nucleus. Accumulation of this type of data raises the question of a 
possible artifactual nature of some of the observed immunoreactions. We would 
like to conclude, therefore, that although our data indicate the présense of 
histones, including the H3.3 variant, in the lampbrush loops, additional studies 
are necessary to prove it. Epitope tagging of histone proteins might provide a 
solution to this problem. 

Strong staining with anti-НЗ.Зр antibodies was observed in the protein bo
dies in the nuclei of early spermatids. Similar correlation between the présense 
in the lampbrush loops before the meiois and in the nuclear protein bodies in 
postmeiotic cells was observed for histone Hl (Kremer et al., 1986) and some 
RNA-associated proteins (Glätzer, 1984). Little is known about the function of 
these structures. It was shown, that they undergo a charateristic sequence of 
changes in structure and size, which occur in parallel with the changes in the 
degree of chromatin condensation (Lindsley and Tokuyasu, 1980; Grond, 1984, 
Hennig and Kremer, 1990). They contain basic proteins and are devoid of DNA 
(Grond, 1984; Kremer et al. 1986). It is possible that the protein bodies serve as 
a reservoir or a sink for chromosomal proteins during chromatin rearrangement. 

4.4. Histone substitution during sperm maturation in Drosophiia 
The ways of packaging of 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, Xenopus; see 
Dimitrov et al., 1994, and references therein), in many other species they are 
replaced by small very basic proteins, called protamines (for review, see Hecht, 
1989b). Almost nothing is known about the composition of the chromatin in 
spermatozoa of Drosophiia. Histochemical observations indicate the appearance 
of arginine-rich proteins in late spermatid nuclei (Das et al., 1964; Hauschteck-
Jungen and Hartl, 1982). Our data, demonstrating that histones are removed in 
late spermatids, are complementary to these observations. We did not observe 
labeling of the mature sperm heads with any of the antisera against core his
tones even after prolonged treatment with hot TCA. This probably indicates 
their absense in mature sperm, although epitope masking cannot be completely 
excluded. 

Taken together, the data presented in this paper demonstrate that the re
placement histone H3.3 can be distinguished immunologically from its cell-cycle 
regulated counterparts. The anti-НЗ.Зр antibodies can be used to analyse the lo
calization of this histone variant in the chromatin. The possibility to detect the 
histone H3.3 protein in cytological preparations will be very useful for subse
quent genetic analysis of the function of this variant. Due to the high degree of 
evolutionary conservation of the histone H3.3 our serum can be applied to dif
ferent animal systems. 
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Abstract Replacement variant genes for different histones have 
been described in most higher eukaryotes. However, so far no 
such gene has been found for histone H4. We have isolated from 
both Drosophila melanogaster and D. hydei a novel histone H4 
encoding gene, H4r, which displays all the properties of a histone 
replacement variant gene: it contains intron«, generates poly-
adenylated mRNA, represents the predominant H4 transcript in 
non-dividing tissues and is present in the genome as a single copy. 
The encoded polypeptide is identical to the Drosophila cell-cycle 
regulated histone H4. The Tact that it is a single copy gene makes 
it prone to genetic analysis and it might be a useful tool for 
studying nucleosome structure and function. 

Ke\ Horcls Historic H4 Histone replacement gene, 
Fvolulion, Drouiphila melunogauer, Drosophila hydei 

I. Introduction 

Histones in higher eukaryotes are encoded by two types of 
genes Genes for replication-dependent histones are active pre
dominantly in the S phase of the cell cycle, they are usually 
present in multiple copies, contain no introns and their tran
scripts arc not polyadenylated [1] Replacement histone genes 
arc usually single copy, contain introns and produce polyade
nylated mRNAs [I] All histone replacement genes character
ized so far encode proteins which are at least in a few posi
tions different from their replication-dependent counterparts 
Although cell-cycle regulated genes, encoding all five histones 
(HI. H2A. H2B HI and H4), have been isolated from many 
organisms, m no species has a full complement of replacement 
genes been found For example, replacement variants of his
tone HI were described in different animal species, plants and 
protozoa [2] Since newly synthesized histones H3 and H4 
lorm a complex before they arc assembled into chromatin 
[3] one would expect to find histone H4 replacement genes 
as well Until now no such gene has been described 

In this study. v>e report the identification and charactenza-
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The nucleuiide sequence data reported in this paper will appear in the 
FMBl GenBank and DDBJ nucleotide sequence databases with the 
following iccession numbers D mc'lanogaster mRNA for histone H4r 
— N97418 D ¡mlanogmlir histone H4r gene — X97437 D Indei 
mRNA lor hislonc H4r - X97416 

Hon of histone H4 replacement genes from Drosophila mela-
nogasler and D hydei The implications of our finding for 
understanding of histone gene evolution are discussed 

2. Materials and methods 

2 l Reterse transcriptase-polymerase chain reaction (RT-PCR) 
Total RNA was isolated from flies of both Drosophib species by the 

guanidinium-thiocyanate method [4] and reverse transcribed in the 
presence of ohgo(dT) wilh the aid of Moloney Murine Leukemia 
Virus (M-MLV) reverse transcriptase (Gibco BRL) PCR was carried 
out on the resulting cDNA with ohgo(dT)-adapter primer with the 
sequence 5'-GCGGATCCGAATTCATCG(T)i- and a degenerale his
tone H4 primer mh4 I with the sequence 5'-AAAGATCTAYGAR-
GARACNCGNGGNGT (see Fig 1A) For the amplification of the 
5' part of the D melanogastcr cDN A 10 μg of total RNA were reverse 
transcribed in the presence of 0 5 pmol of the oligonucleotide m4-I 
with the sequence 5' TTTGATCAAGTATTTTGAATGTAGT-
TAAG The resulting RT mix was diluted 1 50 and ohgo(dC) tails 
were added with Ihc terminal transferase (Boehnnger Mannheim) in 
the presence of 1 mM dCTP PCR was performed wilh ohgo(dC)-
adapler pnmer with the sequence 5'-AGCTCAGAGCGGGCC-
GCAAGCTT(G),j and primer m4-II S'-CAAGATCITGCGCT. 
TGGCGTGCTCG For the amplification of the 5' part of the 
D hydei cDNA. a pool of total cDNA was C-tailed and PCR was 
performed with oligo(dG)-adapter primer and primer h4-l with the 
sequence 5'-GAGAATTCTTGGCTGCTGCTrCAG PCR products 
were subcloncd and several independent subclones were sequenced 

2 2 Screening of the genomic library 
A D melanogastcr cDNA fragment, obtained by PCR with oli-

gofdT) and pnmer mh4-I was labeled with [ct-^PJdCTP by PCR 
with the same pnmcrs and used as a probe to screen the cosmid 
genomic library of D melanogastcr Canton S strain in Lawnst4 [5] 
Two high-density filters with arrayed cosmid clones ol this library 
were kindy provided by Dr J Hoheisel The filters were hybridised 
in 0 5 M Na-phosphate buffer (pH 7 2) 7% SDS, 1 mM EDTA and 
1% BSA at 60°t and washed in 0 1 M Na-phosphate buffer 0 1% 
SDS at 25°C After exposure to the X-ray film the fillers were 
stripped and rcscreened with a D melanogastcr histone H2B probe 
derived from the cluster of the cell-cycle regulated histone genes ([6] 
positions 677-968) Clones which hybridized to the histone H4, but 
not the H2B probe, were analysed further 

2 3 DNA sequencing and sequence anahsis 
DNA sequence was determined on both strands with the help of the 

ALFexpress automatic sequencer (Pharmacia) Sequence analysis was 
performed using the programs of the GCG Sequence Analysis pack
age [7] The number of synonymous substitutions per site (K.) was 
calculated according to Nei and Gojobory [8] Standard errors (SE) 
were calculated according to Nei and Jin [9] 

2 4 Northern blotting 
Total RNA (10 μg per lane) was separated on 1 2% agarose-for-

maldehvde gel and transferred to Hybond nylon membrane (Amer-
sham) Hybridization was performed under the same conditions as 
described for library screening and the fillers were washed in 0 3 M 
Na phosphate buffer 0 1% SDS at 60°C All probes were labeled by 
PCR The D melanogaster H4r 3'UTR probe was amplified with 
primers m4-III S'-GAGGATCCTAAGCGAGTTTGTTGGACCT 
and Ш4-І S'-TTACGGATTTGGCGGTTAAG (Fig 1A) 
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E E T R G V L K cO 
413 GASGAAACTCGCGGTGTGCTAAAGgtacgt tc tggcgaaacgaagggaaagtggtgaaaaactgat taat t tc tcggaaa 

V F L E N V I R D A V T Y T E H A K R K T V T A θ 4 
4 53 attcacagGTATTCCTTGAGAACGTTATCCGTGACGCTGTCACCTACACCGAGCACGCCAAGCGCAAGACCGTGACCGCC 

M D V V 1 A L K R Q G R T L Y G F G G * 103 
5 "> 3 ATGGACGTGGTCTATGCCCTCAAGCGCCAGGGACGCACCCTTTACGGATTTGGCGGTTAAGCACGCCCTCTAACCTCCAC 
653 TTGATAAATAACCATGGAGTTAACTTAACTACATTCAAAATACTTGATCCAATTGAATCTTAATCAGTAGTATTCAACGC 
n
 3 i AAACTTAACCCAACGCAAATATTTTAIAAT"TCACAATATACGGACTAAAIAAATCAAAAGATATCACATAGAGAACTCA 
813 ATATCA-GCATATGTGCAttttcacttggggcggt-aatcatccgaaaataaggtccaacaaactcgcttagggagcaca 

Fig 1 (A) Structure of the D melanogaster H4r gene Transcription start sites are indicated by horizontal arrows Black boxes represent trans
lated parts and open boxes represent untranslated parts of the exons of the H4r and the punt gene The vertical arrow indicates the polyadeny-
lation signal in the H4r gene Horizontal arrowheads indicate the positions of the oligonucleotides used for PCR (В) Nucleotide sequence and 
the encoded amino acid sequence of the D melanogasier histone H4r gene The nucleotides of the D meianoga\ter sequence are numbered at 
the left starting from the transcription initiation site, which is indicated in bold and italic Amino acids are numbered at the right and the stop 
codon is indicated by an asterisk Introns and the intergenic region between the H4r and the punì genes are shown in lower case letters The 
polyadenylation signal is underlined and the experimentally determined polyadenylation sites are shown in bold 

3. Results and discussion 

3 I Isolation of the H4r cDNA and genomic clones 
We have undertaken a systematic search for histone H4 

replacement variants m Drosophila It was assumed that, 
due to the extremely high evolutionary conservation of his
tone H4. a replacement gene would encode a protein quite 
similar to cell-cycle regulated H4 and that its mRNA would 
be polyadenylated A degenerate oligonucleotide primer was 
designed from the histone H4 sequence and used in combina
tion with ohgo(dT) for RT-PCR on total RNA from flies 
One major fragment was obtained The 5' part of the frag
ment encoded a polypeptide, identical to the C-termmus of 
the Drosophila histone H4 The 3' part of the fragment was 
novel m its sequence and had no similarity to the 3'UTR of 
the cell-cycle regulated histone H4 It contained no inverted 
repeat sequence, characteristic for the replication-dependent 
histones Rather, it contained a polyadenylation signal near 
its 3' end, as was expected for a replacement histone gene 
(Fig 1) We called this gene histone H4r (H4 replacement 
gene) The sequence of this fragment was used to design 

two new primers to isolate the 5' part of the cDNA using 
the rapid amplification of cDNA ends procedure [10] One 
PCR product was obtained It was cloned and several inde
pendent subclones were sequenced The fragment overlapped 
with the V cDNA fragment and was identical to it in the 
overlapping region The 5' ends of the different subclones 
were the same, so we concluded that the isolated cDNA was 
complete in its 5' part The same approach was used to isolate 
the H4r cDNA from D hydet The 5'UTR of this cDNA is 
probably not complete, because we used a total pool of oli-
go(dT)-pnmed D hydei cDNA to isolate it 

The obtained H4r cDNA fragment was used to screen a 
cosmid genomic DNA library of D melanogaMer The filters 
with arrays of cosmid clones, representing together four geno
mic equivalents, were hybridized to the probe under non-strin
gent conditions Approximately 60 clones gave a positive sig
nal Most of these signals were the result of a cross-reaction оГ 
our probe with the histone H4 gene of the histone repeat 
cluster (which is present in the genome in ~ 100 copies 
[11]) We assumed that histone H4r gene is localised outside 
of the histone cluster, similar to the replacement genes 
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Kig. 2. Northern blot analysis of the H4r expression. Total RNA 
(10 pg) was prepared from: F — female flics. M — male flies. E — 
embryos. С — fly carcasses. О — ovaries. Length of the transcripts 
in nucleotides (nt) is indicated on the left. 

H2AvD [12] and H3.3A and H3 3B [13]. To eliminate the 
cosmids containing the histone cluster copies, we rescreened 
the library with the cell-cycle regulated histone H2B probe 
and analysed those clones which did not react with it. Three 
of these clones. JHDI:72G2. JHD4:19G11 and JHD5:58C4. 
hybridized strongly to the probe. They proved to be overlap
ping cosmids. which contained the same 2 kb £V»RI fragment 
encompassing the entire H4r gene (Fig. I). We also analysed 
several weaker hybridizing clones. In none of them was an 
H4-like gene found. 

Taken together, the results of the PCR experiments on the 
cDNA pool and the genomic library screen suggest that the 
isolated gene. H4r. is the only replacement histone H4 gene in 
the D. melanogaster genome. Also genomic Southern blotting 
(results not shown) and Northern blotting (see below) pro
vided no indication for the presence of additional copies of 
the H4-encoding replacement histone gene in this species. The 
fact that the H4r is a single copy gene makes it susceptible to 
genetic analysis. It provides a good opportunity to perform 
genetic experiments with a histone H4 in a higher eukaryote. 

.Î.2. Genomic organization of the D. melanogaster histone H4r 
Comparison of the cDNA and genomic sequence of the 

histone H4r showed that the gene contains two introns: one 
of ~200 bp interrupts the 5'UTR while the second one is 
located in the ORF of the gene (Fig. 1). This structure is quite 
similar to that of the Drosophila H3.3B genes except that the 
lirst intron of H4r is much shorter than that of histone H3.3B 
[13] The small size of the H4r 3'UTR makes this gene more 
similar to the H3.3A than to the H3.3B gene. 

Analysis of the sequence flanking the histone H4r gene 
showed that there is another gene. puni, which is localized 
immediately upstream from the H4r gene and is transcribed 
from the opposile DNA strand (Fig. I A), ¡nini encodes a type 
II ίί/ψ receptor and is expressed at all developmental stages 
[14,15]. The transcription start sites of the two genes are sep
arated by only ~ 120 bp. This does not leave much space for 
the promoters of the two genes and suggests that they might 
be to a certain extent coregulated Similarly close linkage to л 
housekeeping gene, encoding the oligosaccharyltransferase 48 
kDa subunit, was also observed for the D melanogaster his
tone H3.3B [13]. 

Analysis of the promoter region revealed no presence of a 
TATA-bo\ around position —25. which is again similar to the 
promoter of H3.3B gene The GAGA-factor binding sites [16]. 
present in the Drosophila cell-cycle regulated H4 promoter. 

were not found either. Further, we could not identify any 
promoter elements, common for the Drosophila H2AvD, 
H3.3B and H4r genes. So even if these histone replacement 
genes are coregulated, it is not apparent from the comparison 
of their promoter sequences. 

The H4r gene was mapped by hybridizing the 2 kb EcoRl 
genomic fragment to the polytene chromosomes (not shown) 
and was found in the locus 88C of chromosome 3. This is in 
agreement with the localization of the punt gene [14,15] 

3.3. Analysis of the histone H4r gene expression by Northern 
blotting 

Hybridization of the D melanogaster H4r cDNA probe to 
Northern blots with total fly and embryonic RNA revealed 
two bands of ~400 nt and ~700 nt (Fig. 2A). The ~400 nt 
band corresponds to the cell-cycle regulated histone H4 
(H4cc) mRNA, while the ~700 nt band corresponds to the 
H4r transcript. This was confirmed by probing the same blot 
with the H4r 3'UTR probe (Fig. 2B). The cell-cycle regulated 
H4 mRNA is more abundant both in embryos and in females. 
The latter is caused solely by the storage of the histone cell-
cycle regulated messengers in the oocytes. To show that, we 
hybridized a Northern blot with D melanogaster RNA from 
ovaries and fly carcasses (remainder of the fly after removing 
the ovaries) to the D hydei H4r cDNA. This cDNA is almost 
equally diverged ( ~ 17%) from D. melanogaster H4 genes of 
both types in the ORF region and has no similarity to either 
of the genes in the untranslated regions. As one can see from 
Fig. 2C. H4cc mRNA is very abundant in the ovary, while the 
H4r is the predominant transcript in the fly carcass (somatic, 
mainly non-dividing tissues). This result is exactly as expected 
for a replacement histone and is very similar to that obtained 
for the H3.3 genes [13]. A single H4r transcript of ~800 bp 
was observed in D hydei (Fig. 2D). This size is in agreement 
with a longer 3'UTR of the H4r cDNA in this species. 

3.4. Sequence comparison of the Drosophila histone H4 genes 
The D. melanogaster and D. hydei H4r cDNAs encode a 

protein, identical to the Drosophila cell-cycle regulated H4. 
This is the first case when a replication-dependent and a re
placement histone gene of a particular species encode exactly 
the same polypeptide. The function of the replacement-type 
histone genes is not yet clear, but one can imagine two differ
ent possibilities. On the one hand, incorporation of the replace
ment variant histone proteins might be necessary to alter the 
structure of certain chromatin domains in the absence of re
plication. If this is true, one would expect to find functionally 
important differences between replacement and cell-cycle regu
lated histone proteins On the other hand, it is possible that 
low-level synthesis of histones per se is necessary for chroma
tin maintenance in non-dividing cells. In the latter case the 
proteins encoded by the genes of the two types might be 
identical or differ by neutral amino acid substitutions. Our 
data on replacement gene of H4 support the second hypoth
esis. However, one should bear in mind that histones H3 and 
H4 are assembled into the chromatin as an (H3 H4)? tetra-
mer. It is possible, therefore. ;hat in order to incorporate into 
chromatin the replacement variant histc-ne H3.3. replication-
independent expression of histone H4 is required and that the 
H4r gene fulfils this function. 

On the nucleotide level the four Drosophila H4 ORF se
quences are quite divergent, because of the presence of multi-
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pie synonymous substitutions As expected, phylogenetiL anal
ysis by different methods [7] indicates that the cell-cycle regu
lated and replacement genes of two species are more related to 
each other than the two types H4 genes within one species 
The number of synonymous substitutions per site between the 
H4r genes ( K s = l 10 S E =0 16) is somewhat higher than 
that between the cell-cycle regulated H4 genes (K, = 0 94, 
S E =0 10) This is in contrast to the values obtained for 
the Drosophila H3 histones, whose variants evolve slower 
than replication-dependent genes [13] The base composition 
at synonymous positions and the codon usage bias are quite 
similar between the two types of H4 genes This indicates that 
the type of genomic organization (single copy versus tandem 
repeats) and the mode of regulation do not have much influ
ence on the evolution of these histone-encoding sequences in 
Drosophila 

The untranslated regions of the D melanogaster and 
D hydei cDNAs display very little similarity The same lack 
of conservation was observed for the Drosophila H3 3 genes 
[13] This indicates that the evolutionary constraints on these 
regions of histone replacement genes are quite low in Droso
phila, in contrast to the vertebrate genes [17,18] 

3 5 Evolution of the H4 replacement gene 
Replacement variants of core histones are thought to be 

evolutionary ancient The histone H2A variant probably di
verged from its cell-cycle regulated counterpart before the 
separation of fungi and allâtes from the rest of the cukaryotic 
phyla [19] The histone H3 3 variant probably arose very early 
in animal evolution, before the split between invertebrates and 
vertebrates [2,13] One would expect a similar evolutionary 
history for a histone H4 replacement gene 

To establish the evolutionary relationships between genes, 
comparison of the intron positions is very useful Histone H4 
genes were sequenced in many different species, but most of 
them do not contain introns The exceptions are the H4 genes 
of certain fungi (from Neurospora, Aspergillus, Ph) sarum) 
The intron positions in all these organisms are different 
from that of the Drosophila H4r This correlates with their 
very early separation from the rest of the eukaryotes Re
cently, two nematode intron-containing H4 sequences were 
deposited in the data bases One of them, from С elegans 
cosmid C50F4 which was sequenced as a part of the С ele
gans Genome Sequencing Project [20], contains an intron at a 
position different from the H4r gene The other, an incom
plete genomic sequence from Ascaris lumbricoides (bMBL ac
cession numbers Z69289 and Z69290, Ρ Duda et a l , unpub
lished) contains an intron at a position identical to that of the 
Drosophila H4r The H4 gene from Ascaris displays other 
properties of a replication-independent histone gene — the 
absente of the 3' terminal palindrome and the presence of 
the polyadenylation signal Assuming thai this gene is ex
pressed, one can conclude that it is the nematode homologue 
of the Drosophila H4r gene This indicates that the histone H4 
replacement and cell-cycle regulated genes separated from 
each other early in animal evolution It is noteworthy that 
the polypeptide, encoded by the Asians gene is at lour posi
tions different from the Drosophila sequence while the two 
Drosophila histone H4 sequences arc identical However, judg

ing from the intron position and the 3' regulator) sequences 
the replacement H4 genes from Asians and DiosopluUi are 
evolutionary closer to each other than the replication depen
dent and the replacement H4 genes of Drosophila ι nis would 
mean that histone H4 genes undergo cocvolulion vwlhin a 
species and that establishing the phylogcnetic relationships 
between core histone genes based on protein alignments 
may be difficult This conclusion is strengthened by the lau 
that the intron containing H4 gene from the С ehgans cosmid 
C50F4 also encodes a protein identical lo the cell cycle regu
lated H4 of this species The fact that its intron is positioned 
differently from that in Drosophila and Asians H4 genes com
plicates the picture of the evolution ol the replacement histone 
H4 Characterization of the replacement histone H4 genes 
from other higher eukaryotes will hopefully clanly this pic
ture 
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Abstract 
We have isolated and characterized the genomic sequence of a Drosophila mela
nogaster histone H2B gene, which is localized outside of the cluster of the re
plication-dependent histone genes. This gene has all the properties of a retro-
pseudogene. It is highh homologous to the transcribed part of D. melanogaster 
histone H2B gene, but not to its flanking regions, and it is surrounded by short 
direct repeats. It also contains several point mutations which preclude its t rans
lation. The sequence of the 3' part of this pseudogene is compatible with the 
possibilité that the 3' terminal stem-loop structure has served as a primer for the 
reverse transcription event, from which this pseudogene has originated. Analysis 
of the regions, flanking the histone H2B pseudogene, revealed the presence of 
three different types of transposable elements, suggesting that this genomic 
locus represents a hotspot for transposition. 

1. Introduction 
Replication-dependent histones of higher eukaryotes are encoded by multicopy 
genes. In birds and mammals these genes are arranged in random clusters, 
interspersed bv relatively large regions of unrelated sequences (for recent pa
pers, see Tönjes et al.. 1989: Gruber et al.. 1990: Albig et al., 1993; Drabent et 
al.. 1993: Doenecke et al.. 1994; Dong et al., 1994; Brown et al., 1996). In Droso
phila. as well as in sea urchin (Kedes. 1979) and newt (Stephenson et al., 1981), 
histone genes are organized as tandemly repeated clusters. Each cluster contains 
all genes for the core histones and for HI. In D. melanogaster there are about 
100 copies of cluster repeats, which are localized in region 39 DE on chromosome 
2 (Lifton et al.. 1978). There are two types of repeat units, which differ only by 
a short insertion in the H1-H3 spacer (Matsuo and Yamazaki, 1989). 

In addition to the histone genes, present in the cluster, single copy histone 
genes are also present in the D. melanogaster genome. These include the genes, 
encoding replacement histone variants H2AvD (van Daal et al., 1988), H3.3A and 
НЗ.ЗВ (Akhmanova et al.. 199S) and H4r (Akhmanova et al., 1996). Early hybridi
zation studies suggested that isolated copies of histone H2B might also be 
present in Drosophila genome (Childs et al., 1981). We have searched for such an 
'Orphon" H2B gene b\ looking for genomic clones, that would hybridize to the 
H2B. but not to the other histone probes. One such genomic sequence was 
isolated. It contains a histone H2B retropseudogene of an apparently recent 
origin, which is surrounded by transposable elements of different types. 

2. Materials and Methods 
2.1. Screening of the genomic library 
A cosmid genomic librar) of D. melanogaster Canton S strain in Lawrist4 vector 
(Hoheisel et al.. 1991) was used for screening. Two high-density filters with 
arra\ed cosmid clones of this library were kindy provided by Dr. J. Hoheisel. 
The histone H2B probe corresponded to the positions 677-968 of the cluster of 
the replication-dependent histones (Matsuo and Yamazaki, 1989). The screening 
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procedure was described before (Akhmanova et al., 1996). The cosmid clones 

which hybridized to the histone H2B but not to the histone H4 probes were 

analysed by Southern blotting. 

2.2. DNA sequencing and sequence analysis 

DNA sequence was determined on both strands with the help of the ALFexpress 

automatic sequencer (Pharmacia). Sequence analysis was performed using the 

programs of the GCG sequence analysis package. The number of synonymous 

and non-synonymous substitutions per site was calculated according to Nei and 

Gojobory, 1986. 

3. Results and Discussion 
3.1. An "orphon** histone H2B sequence is a retropseudogene 

Clones from a genomic cosmid library, representing about four genomic equiva

lents of Drosophila, were successively screened with a histone H4 and a histone 

H2B probe (Akhmanova et al., 1996). Three clones hybridized only to the histone 

H2B probe and, therefore, were unlikely to originate from the histone repeat 

cluster, where all five histone genes are tightly linked. These three clones, 

JHD1:71B4, JHD5:57H7 and JHD5:64A1 were analysed in detail. They proved to be 

overlapping cosmids, containing the same 3 kb Hindi fragment which hybridized 

to the histone H2B probe. This fragment was sequenced (see Fig. 1 and 2). 

M DC 1 FB ψΗ2Β Le f к a XÍDGÍS4Í2 

Fig. t . S t r u c t u r e o f t h e g e n o m i c D N A f r a g m e n t , c o n t a i n i n g t h e ψΗ2Β g e n e . 
B l a c k b o x r e p r e s e n t s t h e r e g i o n , h o m o l o g o u s t o t h e o p e n r e a d i n g Frame o f t h e 
H 2 B g e n e a n d o p e n b o x e s r e p r e s e n t s e q u e n c e s , h o m o l o g o u s t o t h e u n t r a n s l a t e d 
r e g i o n s o f t h e H 2 B g e n e . S m a l l a r r o w s i n d i c a t e t h e p o s i t i o n s o f d i r e c t r e p e a t s , 
s u r r o u n d i n g t h e ψΗ2Β g e n e . Big g r e y a r r o w i n d i c a t e s t h e p o s i t i o n o f t h e FB 
t r a n s p o s o n . C r o s s - h a t c h e d b o x r e p r e s e n t s t h e Le/Jta-re la ted s e q u e n c e , w i t h a 
d i r e c t r e p e a t in i t i n d i c a t e d by h o r i z o n t a l a r r o w s . S t i p p l e d b o x e s r e p r e s e n t r e g i o n s 
s i m i l a r t o MDG1 a n d 4-12 r e t r o t r a n s p o s o n s . 

Fig. 2. S e q u e n c e o f t h e ψΜ2Β g e n e a n d f l a n k i n g r e g i o n s . S e q u e n c e s w i t h s i m i 
larity t o o t h e r D meianogaster s e q u e n c e s are s h o w n in u p p e r c a s e , a n d t h e r e s t 
in l o w e r с а ь е N u c l e o t i d e s are n u m b e r e d a t t h e l e f t . фИ2В s e q u e n c e Is s h o w n in 
b o l d , w i t h t h e e n c o d e d a m i n o a c i d s w i t h i n t h e H 2 B O R F i n d i c a t e d a b o v e t h e 
s e q u e n c e A s t e r i s k s r e p r e s e n t s t o p c o d o n s . T h e n u c l e o t i d e s , w h i c h are d i f f e r e n t 
in t h e f u n c t i o n a l H 2 B g e n e , a r e s h o w n b e l o w t h e s e q u e n c e , a n d in c a s e o f 
n o n - s y n o n y m o u s s u b s t i t u t i o n s , t h e d i f f e r i n g a m i n o a c i d s are s h o w n a b o v e t h e 
s e q u e n c e . D i r e c t r e p e a t s , f l a n k i n g t h e фМ2В g e n e , are I n d i c a t e d b y h o r i z o n t a l 
a r r o w s . F o l d b a c k (.FB) a n d Lefka s e q u e n c e s a r e s h o w n in b o l d a n d ' I t a l i c s . For 
MDGt a n d 4-Í2 r e t r o t r a n s p o s o n - r e l a t e d s e q u e n c e s , t h e e n c o d e d a m i n o a c i d s are 
s h o w n in t h e r e g i o n s o f s i g n i f i c a n t s i m i l a r t y ( d e t e r m i n e d w i t h a B L A S T X s e a r c h , 
GCG s e q u e n c e a n a l y s i s p a c k a g e ) . T h e c o r r e s p o n d i n g p a r t s o f t h e r e t r o t r a n s p o s o n 
O R F s are s h o w n a b o v e t h e s e q u e n c e a n d n u m b e r e d a t t h e r i g h t . I d e n t i c a l a m i n o 
a c i d s a r e s h o w n in b o l d . 
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MDGl ORF450 163 Τ Λ 164 
Τ Ρ 

1 acgaacgcgacatagtagcaataataagcagacataaaaaaaaatttttagtcaaagaagagaaaatgtgtatcACACCG 

R B Y V R Q I S S T I P E F D G K K L N L N R F L T A 1 9 1 
I E F P K E A T S F I P K F D G K A E N L K S F L D S 

81 ATTGAATTTCCAAAACTAGCCACATCATTCATCCCAAAGTTCGATGGAAAGGCTGAAAACCTAAAAAGCTTCTTAGATTC 

Ι R I I D 196 203 E M L A V S L I K T K 219 
L I L I N E A L A V E V I K T K 

161 TCTGATTTTAATAAATTCGCTAACATGAAGCTTTAGCAGTTAGCTTAATAAAAACTAAGccataccaggaatctaaaaga 
241 aaacgagatctcagtagaagaaattgatatatttcactcaacattttctacattgcccccqccatgcatactgaqtgtta 
321 agcagaacagaaaaagcaggaqagaaqtttaagcgattqtgcgatLg^qaaaattattcAßcTCAAeGAAGCTGGGGrCGC 
401 ААйААтсіААгггггаААА тттсЛААест<ХААХСвтттвссЫтігтттвсссАтвтттассАССААТТАСтттттттт 
481 GCCCACGTCCAGTTTTTGAlXWATGAATTTTCGAAAAAGTTCAAAAATTTTCGAAAATCAAAAnTTTAAATTTTTTTTTT FB 
561 TTAATCeCAATAACATCGTTTGCCCATCCTTTAGAATTTTGAAAAAATGTATACTTTAGAAAATATAAGGCTTTTAAGTT 
641 TACCTCGGTCTAATCAeAGAGTAAAI^GTTTGCCCATCTCTTAAAACAAAATATTATCAACAAAAAACGTTTGCCCAACC 
721 ATaTTATTAGTTTTTATCGTTTGCCCAttCTTTAAAAAACCTTTAACAAAAATTTTTTTTCeATTeGCCACATTTAAAA 
801 TACACCCAAMTCCrTAi^caiCCTCTrTAAAATÄAÄAAäTTgttactgcggcgctttctttctctagtttggaaarata 
8Θ1 agttttggaaaaattacaactaaaagaaaaacaaagaaaccccacaaaaatataaatcccaaacctcccgcactcgaact 
961 aaagtacccaaactgtaatgcctcccaagttgaaaaaaataattattgtttaaaaaaaaaagttattttttacattaagt 
1041 ctattgggttcaaattattttacttttagggccacaaacacaaaatcgaLttttaaacaatftaaacttgtacgaccagt 
1121 tcggataagtttcatgaacctgttcagaaccaatttttatcagtttttaagtttcttt tatgtataaaattaaaatttat 
1201 aatgtattgtttgtgtagatcaatcjctagcacccgcattaaataagtgatEgatacgtgccqagcgaqtagtqacgatag 
12B1 taaEtattcccctccctaaatctaccaagaattggtagccggaaccagcgggtcCGRTG^TGAATTGTGTTTGTGAAAA ψΗ2Β 

M G К Н2В 
T P P K T S R T A A K K A G K A Q K N I T ψΗ2Β 

1361 TATAAGTAACGTGAACAACGCCTCCGAAAACTAGTAGAACGGCAGCCAAGAAGGCTGGCAAGGCTCAGAAGAACÄTAACC ψΗ2Β 
Τ G A С Η2Β 

S О H2B 
K T D K K K K R K R K E S Y A I Y I Y K V L K T V H P ψΗ?Β 

1441 AAGACCGACJAGAAAAAGAAGCGCAAAAGGAAGGAGAGCTATGCCATTTACATTTACAAGGTTCTCAAGTAGGTCCATCC Ч'Н2В 
С С Н2В 

D T G I S S K A M S I M N S F V N D I F E R I A A E A ψΗ2Β 
1521 TGACACCGGAATTTCGTCGAAGGCGATGAGCATAATGAACAGCTTTGTAAATGATATTTTCGAGCGAATTGCTGCCGAAG ψΗ2Β 

R Η?Β 
S C L A H Y N K R S T I T S R E I Q T A V R L L L P ψΗ2Β 

1601 CGTCTTGTCTAGCTCACTACAATAAGCGCTCGACCATCACCAGTCGGGAAATCCAAACGGCTGTTCGCCTGCTTCTGCCT ψΗ2Β 
C C G Τ H2B 

G E L A K H A V S E G T K A V T K Y T S S K * ψΗ2Β 
1681 GGAGAGTTAGCCAAGCATGCTGTCAGTGAGGGAACCAAGGCTGTCACCAAGTACACCAGCTCTAAATAATTTTCTCCTGC ψΗ2Β 

G H2B 

1761 GAATGCGGACAATAATCCATAAtccagctacat t t taccatc tgc tcaggaaagtaa tacacgtag t tcgctacagta t t vH?B 

1841 t t t a t c a g a c a t c a g a c g g c a a a c a t c a g a c g t t c g t c c c c a a g t t c t c c a c a c g t t c a t c a a c t a a a g t a c g t t t g a a a 
1921 a a a a a a t t g c g a t c t a a a a c t c c a a a g g t t q t a t a t a t g g a t g c a g c c t g g t a a a g t t t t a g c g c a f t t g g c t c t t a a g c 
2001 c t c t a c t g a a a c c g t a a c a c t t a t t g t t g a t t c t t a t t a t t a t a t t a g a t t g t c e t a t t g t a g a c t g g g a a g a a t - t t t a g 
2081 c t a t t t a g c t t t a l t c c t g c g t c a t a a t t a g t t c a t t t a t t g t g t t a a t a c t t t a t g t L q t t a t t t t t a L t c c t t t t t t g 
2161 t t t a t t a a t c TTTGGTATAGAATTAAAGCAÁGATAGAACGCÍATAGTCGAGTTCCCCGACTATCAGATGCCCGTTACTCA 
2241 GCTAGTGTAAATGCGAACGCAGAATTTCATAATTTTTCTGGGATATCAAAAATGTGGGCGTGGAAGTTTTGGGCTGTTGT 
2321 AGGGCCTTAGAATeGGCGTCTCAAAATTCTTTGGCAAATCGATGTAAATTGACAAAAGTAAIAAAACeATAAAAAAñTAT Lefka 
2401 CCAAAAGTTTTTCAAAAGTGTGGGCGTGGCAGTTTTGTGCGGTTTGTGGGCATTGGAGGGGGCGTGTCAGCACGGTTCAA 
2481 CAAACTTGAGCTGCGTCTCTTTCTCAAGAATCTGTGTGCTGAATCTCACACCTTCTGTTTCTGAGTTTCTGAGATCTCGA 

MDGl ORF450 239 V K G E S P D V I K 248 
V M 6 * S V D V I S 

2561 СааХЯТАСввАОвСаіСЛСТАвсаЯААХСвАСТСввСТАТТвАТІ^СЛТС^^ 

A K M L S T O O RGKT A A Q Y T T E I E N L R G L L E A 2 7 7 
A K L P N L C O T A Y Q Y I * Q V E K L A K A L * G 

2 6 4 1 GCAAAATTACCAAATCTTCAACAAAAACAGCTTATCAGTACATATAACAAGTAGAAAAATTGGCAAAGGCCCTATAAGGA 

A Y I D D G L D S N N A D K F A T K E A I S A M T N 3 0 4 
A * I N G G L S S D L A T * Y I T T P S L E A I T N 

2721 GCATAAATAAATGGTGGATTGTCCTCAGACTTGGCAACATAGTACATCACAACTCCTTCACTTGAAGCCATAACGATAGA 

C G H D K L K T I L E A G N F N T M N S V I E K Y T 3 2 6 
C T I D K V K L I M E A G A F N T L G M M L K F L 

2 В 01 ACTGTACTATCGATAAGGTTAAACTTATCATGGAGGCTGGCGCATTTAACACTCTGGGGATGATGCTATGTCGAAATTTC 

H C S T E M T G N S M S V L F Y 346 
N S G T G A T E * I N T V L Y T 

2881 TAAATAGTGGCACAGGTGCAACTGAATAAATAAATACTGTCCTGTACTATAGACACCACAATTATAGTGGCAAGCATGGG 

MDGl ORF450 378 T Q N R G N G K L R 407 
T N N R G R G O Y R 

2961 AATTACCGTGGAGGTGGAAGTTACTACAACAATAGGGGAAGAGGCCAATATAGAGAAATCTCTATATGCCATGGTAACTC 

3041 AAGCAGAGGCCAAAATAACCAGGCCAAAAACCCTTCAAAAACTCTAAAAGAAGTTCTAAAGTATACACTACTAATCCTAG 

412 p r o t e a s e 5 8 L V F L L D T G A D I S 6 9 
L T F L H D T G A D I S 

3 1 2 1 TCTTAAGTCGTAATTAAAAATTCAAGTAGCAAAAAAAAAAATATCTAACATTTTTGCACGATACAGGAGCAGACATTTCC 

I L K E N S D K F 7 8 
L I K E N S D V F 

3201 TTGATAAAAGAAAATTCTGATGTATTCAAAGCAAACAAAAGGAAAATATTGTT 
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Sequence analysis has shown that the 3 kb Hindi fragment contained a region 

approximately 450 nt long which is 97% similar to the D. melanogaster histone 

H2B gene. This H2B gene is unlikely to be functional because of a point mutation 

in the translation start codon (ATG —>ACG) and a nonsense mutation in the Gin 

44 codon (CAG —>TAG) (Fig. 2). We can conclude, therefore, that the isolated 

histone H2B-homologous sequence is a pseudogene, which we will call φΗ2Β. 

The homology between фН2В and the normal histone H2B gene is confined to 
a region from position 371 to position 820 of the histone cluster (Matsuo and 
Yamazaki, 1989). Although the histone H2B transcription unit is not precizely map
ped, there are good reasons to believe that this region is within the limits of the 
normal H2B mRNA. First, the 3' end of the H2B mRNA at the position 840 is 
determined by the highly conserved stem-loop sequence (Marzluff, 1992). Second, 
the localization of the transcription start for the histone H2B gene is likely to be 
in the region 365-370 of the histone cluster. Such a position for transcription 
start is in agreement with the length of the H2B transcripts determined by Nor
thern blotting (Akhmanova, unpublished). Also, there is a TATA-box about 25 bp 
upstream of this region, which is the common distance between this element and 
the transcription start in eukaryotic promoters (Breathnach and Chambón, 1981). 
Therefore, the region of similarity between фН2В and its functional counterpart is 
confined to the transcribed part of the histone H2B gene. It seems likely that 
фН2В is a retropseudogene, which was derived from histone H2B mRNA by reverse 
transcription. This idea is supported by the presence of short (5 bp) direct re
peats at the 5* and 3' end of фН2В (see Fig. 1 and 2). Such direct repeats are a 
characteristic feature of all retroposons and probably result from a staggered 
chromosome break at the site of insertion (Werner et al., 1986). 

3.2 Comparison of фН2В with other pseudogenes 
Most of the known retropseudogenes of the protein-coding genes contain rem
nants of a poly(A) tail in their 3' part (Vanin, 1985; Weiner et al., 1986; Maestre 
et al. 1995). Even retroposons, derived from normally non-adenylated RNAs, such 
as 7SI. RNA or snRNAs usually contain an Α-rich sequence at their 3' end (Wei

ner et al., 1986). It was suggested that a poly(A)-tail is necessary for priming 

of the reverse transcription (Weiner et al., 1986). However, this was apparently 

not the case for the D. melanogaster ψΗ2Β gene. There is no Α-stretch present 

in its 3' part, which is in agreement with the fact that replication-dependent his

tone mRNAs in the animal kingdom are not poi ν ade ny la ted (Birnstiel, 1985). The 

homology between ψΗ2Β and the H2B gene stops one nucleotide upstream of the 

3' terminal stem-loop sequence (Fig. 3). An attractive hypothesis is that the 3' 

terminal stem-loop sequence has served as a primer for reverse transcription event, 

which resulted in the generation of the ψΗ2Β gene (see Fig. 3). 

So far no retropseudogenes of replication-dependent histone genes were 

found in animal kingdom. Numerous replication-dependent histone pseudogenes, 

as found in different species, are usually present in clusters together with 

functional histone genes and their homology to the functional genes extends 
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histone H2B mRNA 

AUGCGGACAAUAAUCCAAAACGGС CC U U 
U I I I I I I 

C C G G G A C

U 

С 
А 

I degradation of the mRNA 
from the 3' end 

histone H2B mRNA 

AUGCGGACAAUAAUCCAAAACGGCCCU U , , 

«- 4 - C C G G G A C

U 

4 
ψΗ2Β DNA 

reverse 
transcription 

ATGCGGACAATAATCCAAAA С 
T A C G C C T G T T A T T A G G T T T T e ^ o r m u t a t e d 

v upon insertion 

Fig. 3. Putative mechanism of generation of the ψΗ2Β gene through a histone H2B 
mRNA intermediate. The part of the histone H2B 3'UTR, present In the pseudo-
gene, is underlined. 

beyond of the transcribed region (Turner et al., 1983; Marashi e t al., 1984; Liu 

et al., 1987; Yang et al., 1987; Gruber et al., 1990; Kardalinou et al., 1993; Drabent 

et al., 1993; Dong et al., 1994; Brown et al., 1996). These pseudogenes apparently 

arose by mutational inactivation of the histone gene copies. The absense of 

retropseudogenes of replication-dependent histones was attributed to the lack 

of poly(A) tail in their mRNAs (Vanin, 198S). Our data on the D. melanogaster 

φΗ2Β gene show that the situation is not that simple and that replication-de

pendent histone genes can also be a source of retropseudogenes. 

3.3. фН2В was formed recently 
The comparison of the tpH2B sequence with that of the normal H2B gene 
showed that in addition to the two point mutations, mentioned above, there are 
also other 4 non-synonymous and 6 synonymous substitutions in the coding 
region (see Fig. IB). All the substitutions are transitions. The number of syno
nymous substitutions per site (K s= 0.08) is considerably higher than the number 
of non-synonymous substitutions per site (Kn=0.02). This could indicate that 
ψΗ2Β might have been under selection for some time prior to its inactivation 

(Miyata and Yasunaga, 1981). Using the average rate of synonymous substitution 

for D. melanogaster (16xl0_<Vsite/year, Moriyama and Gojobory, 1992), it can be 

estimated that the age of ψΗ2Β is about 2.5 MY. This is probably an overesti

mate, because pseudogenes evolve faster than synonymous sites in functional 

genes. For mammalian globin genes the rate of substistution per site in pseu

dogenes is 1.9 times higher than the synonymous substitution rate in functional 
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genes (Miyata and Hayashida, 1981). If similar relationship is true for Drosophila, 

the real age of φΗ2Β is more close to 1.5 MY. Because of such a recent origin 
of the фН2В gene, it can be predicted that it is not present even in the sibling 
species of D. melanogaster (divergence time with D. melanogaster is 2.5 MY, see 
Throckmorton, 1975). 

3.4. фН2В is surrounded by different transposons 
Analysis of the sequences upstream and downstream of фН2В revealed the pre
sence of several transposable elements (Fig. 1 and 2). A ~500 bp sequence up
stream of the ψΗ2Β is 97% similar to the external half of the terminal inverted 
repeat of the foldback (FB) transposon, FB4 (Potter, 1982). Downstream of φΗ2Β 

there is a region of ~450 bp, which is 60-80% similar to a number of Drosophi

la sequences, including the 3' UTR of the male-specific ¡ethal-2, flanking re
gions of suppressor of forked, beta subunit of integrili and 111 snRNA genes 
82.1 and 82.3. A small part of this sequence was identified as a repetitive ele
ment, which was called Lefka (Madueno et al., 1995). It seems likely that the 
whole 450 bp region represents a more complete copy of this repetitive element 
(Bashaw and Baker, 1995). 

The regions upstream of FB and downstream of Lefka display some similari
ty to MDGI and 412 retrotransposons. The similarities are only obvious when 
the encoded proteins are compared (see Fig. 2). The sequences 5' of FB and se
quences 3' of Lefka are similar to the middle part and the C-terminus, respec
tively, of the MDGI ORF 450 and of the ORF1 from the 4І2 retrotransposon. 
Still more downstream a region of similarity to the protease part of the ORF2 
of the 412 is present. Such sequence organization is similar to that found in the 
412 retrotransposon (Yuki et al., 1986). Large number of substitutions, resulting 
in frameshifts and stop codons, suggests that these sequences represent an 
inactive, degenerating copy of an MDGI - like retrotransposon. 

No similarities to MDGI were found in the sequences between FB and фН2В 
and between ψΗ2Β and Lefka. It seems likely, therefore, that the combination of 
РВ-фН2В^е£ка was inserted into the retrotransposon as a result of a single 
event. It is known that FB elements can mobilize large DNA regions (see Lover-
ing et al., 1991, and references therein). It is reasonable to propose that фН2В 
and Lefka were "passengers" of a FB element, which was inserted into the 
degenerating MDGI-like retroposon. Subsequent loss of the right inverted repeat 
of the FB element would result in the observed arrangement of transposons. 

Tight association of retropseudogenes with different transposable elements 
is not uncommon (see, for example, Wells and Bains, 1991; Koller et al., 1991). 
This is compatible with the idea that certain genomic regions represent hot 
spots for transposition. 
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Chapter TX 

General discussion 
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The work presented in this thesis has answered several questions, concerning 
the structure, organization and expression of replacement histone genes in Dro-

sophila. Some new features of the Drosophila replication-dependent histone gene 
expression have also been described. In this chapter I will shortly discuss these 
results in the context of possible future experiments. 

1. Does Drosophila have a full complement of replacement histone genes? 
The replication-dependent genes, encoding all five histones, were isolated from 
many different organisms, while no full set of replacement genes was de
scribed so far in any organism. Genes, coding for replacement histones Hl, H2A 
and H3 were found in many species (see Chapter I). In Drosophila, replacement 
genes were described for histone H2A (H2AvD, van Daal et al., 1988), НЗ (НЗ.ЗА 

and НЗ.ЗВ, this thesis, Chapter II) and H4 ІН4г, this thesis, Chapter VII). The 
question arises if the replacement genes for histones H2B and HI are also pre
sent in the fly genome. 

A replacement histone H2B variant was never described in any species. How
ever, our finding, that the replacement gene for histone H4 exists and encodes 
a protein, identical to the cell-cycle regulated H4, shows that a replacement 
gene does not necessarily encode a protein variant, detectable as a separate 
band on protein gels. It is quite possible that a replacement histone H2B gene 
indeed exists, but encodes a protein, very similar or even identical to the cell-
cycle regulated histone H2B. Northern blots with D. hydei RNA support this 
idea, because polyadenylated RNA species similar, but not identical in sequence 
to the cell-cycle regulated histone H2B probe, can be detected (see Kremer, 1991; 
this thesis, Fig. 5 in Chapter IV). This is exactly what one would expect for 
transcripts, generated from a replacement histone H2B gene. However, our 
attempt to isolate such a gene from a D. melanogaster genomic DNA library by 
screening for an H2B-homologous sequence, unlinked to histone H4 genes, has 
failed. We have isolated a histone H2B pseudogene, but not a replacement his
tone H2B gene (see Chapter VIII). This failure does not prove the absense of the 
H2B repacement gene in the fly genome, since a single library usually does not 
cover 100% of the genome. It seems worthwhile to use the same approach for 
screening of a different genomic library. Alternatively, one could try to isolate 
a cDNA for the replacement H2B gene, by using RT-PCR with degenerated histone 
H2B primers on polyadenylated mRNA from flies. This strategy proved to be very 
efficient for isolation of the histone H4r cDNA (Chapter VII). 

Replacement genes for linker histones were found both in vertebrates and 
invertebrates (Chapter I). Therefore, it seems quite likely that such gene(s) are 
also present in Drosophila. Since these genes undergo relatively rapid evolution, 
they are difficult to isolate by hybridization screening. The best approach is 
probably to use RT-PCR with degenerated primers, targeted against conserved 
regions in the globular domain of histone Hl (Schulze and Schulze, 1995). 

It should be noted that the effort to isolate replacement histone genes 
might be made unnecessary by the advancement of the Drosophila genome project. 
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Systematic sequencing of the genomes of other higher eukaryotes (man. Caeno-

rhabditis eJegans, Arabidopsis thaliana) will also eventually provide an answer to 
the question about the existence of a full set of replacement genes in these 
organisms and the structure of these genes. 

2. What is the function of replacement histone genes? 

Our interest in replacement histones in Drosophila was based on the fact that 
this organism provides good opportunities for genetic analysis. The isolation and 
characterization of the structure and localization of the H3.3A, H3.3B and H4r 

genes provides the necessary basis for searching for flies with mutations in 
these genes. 

Deletion in the Drosophila H2A replacement gene, H2AvD, is recessive lethal 
(van Daal and Elgin, 1992). It reasonable to expect, therefore, that mutations in 
the H4r gene and the НЗ.З-encoding genes will also have a phenotype. 

Searching for a mutant in histone H4r gene is facilitated by the fact that 
there is a fly strain with a P-element insertion only 150 bp upstream from the 
H4r transcription start site. Unfortunately, this P-element is inserted into the 
adjacent gene, punt, which encodes an essential receptor protein, and the inser
tion is recessive lethal (Ruberte et al., 1995). However, this P-element insertion 
can be used for generating deletions over the histone H4r gene by mobilization 
of the P-element. These deletions might be helpful for establishing the histone 
H4r function when introduced into the flies, bearing in their genome a rescue 
construct for the punt gene. The latter should not be a problem, since the 
rescue of the mutation in punt gene with P-element constructs was already 
described (Ruberte et al., 1995; Letsou et al., 1995). Deletions in the histone H4r 

gene might also be useful for subsequent genetic screens for mutations in this 
gene. 

Our preliminary data on mobilization of the P-element in the punt gene 
show that a high proportion (20%) of the males, which have lost the P-ele
ment, are sterile (Akhmanova, unpublished). The sterility is dominant, which is 
in agreement with earlier data about the existence in this locus of the chromo
some 3 (88D) of a region, haploinsufficient for male fertility (see Green et al., 
1990 and references therein). The sterility is not a result of the mutation in the 
punt gene itself, since the punt allele with the P-element insertion, which 
otherwhise behaves as a null allele, is not dominant male sterile (Ruberte et al., 
1995). 

The sterile males, which we obtained, produce no motile sperm (Akhmanova 
and Hennig, unpublished). It seems likely that these flies have a mutation in 
the gene whirligig, which was identified genetically in the same genomic region 
(Green et al., 1990). This locus is haploinsufficient for male fertility and the 
mutant males do not produce motile sperm (Green et al., 1990). The high fre
quency of such mutations upon mobilization of the P-element in the punt gene 
suggests that whirligig may be tightly linked to punt. It is unlikely, however 
that whirligig is histone H4r, since it was shown genetically that the product of 
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whirligig interacts with tubu I in-encoding genes. It is hard to imagine that his-
tone H4 would interact with tubulin, although such a possibility can not be 
completely excluded. It was shown, for example, that in sea urchin sperm flagella, 
axonemal microtubules are stabilized by a protein, identical to histone HI 
(Multigner et al., 1902). 

Genetic analysis of the histone H3.3 function is complicated by the presence 
of two non-allelic genes, H3.3A and H3.3B, which encode exactly the same 
protein. The expression patterns of these two genes partially overlap and their 
functions, therefore, might be redundant to a certain extent. To elucidate the 
function of the H3.3 protein it would be necessary to knock out both genes. 
Finding a mutant in the H3.3A gene should not be too difficult, since the re
gion, where it is localized (2SC), was extensively characterized genetically by 
Szidonya and Reuter (1988). 

Searching for the H3.3B mutant is more complicated, since the region, where 
it is localized (9D) is poorly characterized genetically. We have checked all the 
available P-element insertion strains, containing P-elements in the region 9A-9F 
(Akhmanova, unpublished). In none of them a P-element was found to be in
serted into or on the close vicinity of the histone H3.3B gene. 

In spite of the difficulties, mentioned above, searching for the mutants in 
the described histone replacement genes is the most promising line of research, 
since it will hopefully provide the answers about the function of these genes. 

3. How are replacement histones distributed in the chromosomes? 
In order to analyse the chromosome distribution of the histone H3.3 variant we 
have raised an НЗ.З-specific antiserum (Chapter VI). We have demonstrated that 
at least in male germ line cells histone H3.3 is distributed in chromatin in 
a non-random fashion, which supports the idea that it has certain specific func
tions in these cells. It would be interesting to apply our serum in other systems, 
such as mammalian cells. This is possible, because the histone H3.3 variant is 
identical in all animals. Anti-НЗ.З serum will also be very useful for the ana
lysis of the mutants in the H3.3 genes, when these mutants are obtained. 

A considerable limitation in the application of our anti-НЗ.З serum is the 
necessity to remove the DNA from the cytological preparations. As was extensively 
discussed in Chapter VI, the removal of DNA might lead to artifacts. An alter
native approach is to tag the replacement histones with an epitope, such as the 
influenza hemagglutinine epitope, hexahistidine tag or even green fluorescence pro
tein. Tagged histone proteins can be tolerated by the cell and are incorporated 
into chromatin, as was shown for the yeast histone H2B (Lorch and Kornberg, 
1994) and the centromeric histone H3-like protein, CENP-A (Sullivan et al., 1994). 
This approach can be used not only for the histone H3.3, but also for the histone 
H4r gene. For the latter it is the only possible way to discriminate its product 
from the product of the cell-cycle regulated histone H4 gene. 
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4. What is the function of the alternative polyadenylation and the long 3' UTR 
of the histone H3.3B gene? 
D. melanogaster histone H3.3B gene produces transcripts with long 3'UTRs, 
which are subject to tissue-specific alternative polyadenylation (Chapter II). We 
have identified the exact positions of the alternatively used polyadenylation 
sites (Chapter II). As an initial step to characterize these polyadenylation sites. 
we compared their efficiency in the in vitro polyadenylation system from He La 
cells (Chapter III). Our results form a basis for the study of the mechanism of 
alternative polyadenylation of the H3.3B mRNAs. However, this mechanism can 
be elucidated only in an Drosophila in vitro polyadenylation system. Until now, 
such a system has not been developed. 

The function of the long 3'UTR in the H3.3B gene expression can be addressed 
by making reporter gene constructs, containing a full-length 3'UTR or some parts 
of it. The sequence regions, conserved between D. melanogaster and D. hydei 
(see Chapter II), are good candidates for important regulatory elements. It would 
be interesting to know if their deletion has some impact on the reporter gene 
expression. 

5. What are the specific features of histone gene expression in the male germ 
line cells? 
While studying the various histone genes, described in this thesis, we have paid 
particular attention to their expression in Drosophila testes. As was mentioned 
in previous chapters, during male germ cell development in many organisms, 
chromatin undergoes severe rearrangements, which are accompanied by a com
plex pattern of expression of histone genes. Our data have shown that this 
conclusion holds true for Drosophila. 

Some, but not all replication-dependent histone genes produce in addition to 
the expected short non-polyadenylated mRNAs longer polyadenylated transcripts, 
which are generated because of utilization of polyadenylation signals down
stream of the stem-loop sequence. Such polyadenylated transcripts accumulate 
preferentially in the testis, where they might be used for synthesis of histone 
proteins after the cessation of DNA replication (Chapter IV). 

Certain replacement histone genes, such as H3.3A (Chapters II and V) and H4r 
(see Fig. 1 in Chapter V), also display strong testis expression. For the histone 
H3.3A gene we have shown that it is strongly transcribed both in spermatogonia 
and primary spermatocytes (Chapter V). Concomitantly with the presence of the 
H3.3A mRNA in the cytoplasm of primary spermatocytes, we observed antisense 
transcripts of the cell-cycle regulated histone H3 gene In spermatocyte nuclei 
(Chapter V). With the antibody, specific for the histone H3.3 variant, we could 
detect the presence of the histone H3.3 protein in the spermatocyte nuclei and all 
postmeiotic stages until post-elongation spermatids (Chapter VI). One possible 
interpretation of these observations is that the replication-dependent histone H3 
is partially substituted by the histone H3.3 in primary spermatocytes. Such sub-

128 Chapter IX 



st'itution might require silencing of the replication-dependent histone H3 genes, 
which could be achieved by an antisense RNA-mediated mechanism. 

Analysis of the regulatory functions of the histone H3 antisese transcripts will 
not be easy, since Drosophila testis is a very difficult tissue for biochemical 
studies due to its small size and problems in isolating of male germ cells of a 
particular developmental stage. The best way is probably to use constructs with 
a reporter gene, inserted instead of the histone H3 ORF in the replication-
dependent histone gene repeat. The role of the antisense transcript in testis ex
pression of the reporter gene can be then analysed by selectively mutating the 
sequences, controlling only the transcription of the antisense RNA. However, the 
latter might be difficult since the promoter of the antisense transcript coincides 
with the 3' processing site of the sense transcript (see Chapter V). 

Immunocytology with antisera against core histones on testis preparations 
with hydrolyzed DNA has shown that during late stages of spermatid develop
ment histones are removed from chromatin (Chapter VI). This is in agreement 
with earlier cytochemical data, demonstrating the appearance of arginine-rich 
proteins in the nuclei of post-elongation spermatids (Hauschteck-Jungen and 
Hartl. 1982). The substitution of histones by the arginine-rich proteins does not 
occur in males, homozygous for segregation distorter ( SD) (Kettanen and Hartl, 
1976). It would be interesting to apply our procedure for detecting core histones 
in the spermatid chromatin to the male germ cells from SD males in order to 
see if some abnormalities in the histone displacement can be detected. 
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Summary 

The studies presented in this thesis focus on the structure, organization and 
expression of the replacement histone genes in the fruit fly Drosophila. In addi
tion, some novel features of the cell-cycle regulated histone gene expression in 
Drosophila are described. 

In Chapter I the literature on the specific properties of the structure, organi
zation, expression and function of the replacement histone genes is reviewed. 

In Chapter II the structure, genomic organization and expression of the Droso

phila genes, encoding the histone H3.3 replacement variant, is described. It is 
shown that, similar to mammals, there are two non-allelic histone H3.3 encoding 
genes, H3.3A and H3.3B. Both genes encode exactly the same protein, but they 
differ in the sequence of their non-coding regions as well as the expression 
patterns. One of the two genes, H3.3B, produces several different transcripts as 
a result of alternative polyadenylation. 

In Chapter III the properties of the alternatively used polyadenylation sites from the 
D. melanogaster H3.3B gene are analysed in an in vitro polyadenylation system. 

In Chapter IV polyadenylated transcripts of the cell-cycle regulated histone 
genes in Drosophila are described. In metazoans, histone genes of this type are 
normally transcribed into short non-polyadenylated mRNAs with a characteristic 
stem-loop structure at the 3' end. However, in addition to such mRNAs without 
a poly(A) tail, cell-cycle regulated histone genes in Drosophila generate poly
adenylated messengers as well. Firstly, in some cases polyadenylation signals 
downsteam of the stem-loop are utilized to generate normal polyadenylated 
transcripts. Secondly, a small proportion of the histone transcripts bear a short 
poly(A) tail added directly to a partially degraded stem-loop sequence. 

In Chapter V a naturally occuring antisense RNA for the cell-cycle regulated 
histone H3 is described. This antisense RNA is present exclusively in the fly 
testis, in the nuclei of the primary spermatocytes. This RNA has no coding 
potential and is likely to have a regulatory function. 

In Chapter VI it is shown that the histone H3.3 replacement variant can be 
distinguished immunologically from its cell-cycle regulated counterparts with the 
aid of polyclonal antibodies. The НЗ.З-specific antiserum is used to localize this 
histone variant in the chromatin of Drosophila. 

In Chapter VII a novel Drosophila histone H4-encoding gene is described. This 
gene, H4r, encodes a protein, identical to the Drosophila cell-cycle regulated 
histone H4, but has all the properties of a replacement histone gene. This is a 
first replacement-type histone H4 gene described so far. 

In Chapter VIII the sequence of a histone H2B pseudogene is analysed. The struc
ture of this pseudogene suggests that it was generated recently from replication 
dependent histone H2B gene as a result of a retrotransposition event. 

In Chapter IX the results presented in the thesis are discussed in the context 
of possible future experiments. 
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Samenvatting 

Het onderzoek dat wordt gepresenteerd in dit proefschrift is gericht op de 
structuur, organisatie en expressie van de 'replacement' histon genen van het 
fruit vliegje Drosophila. In het bijzonder worden enkele nieuwe kenmerken van de 
cel-cyclus gereguleerde histon gen expressie beschreven. 

In hoofdstuk I wordt de literatuur betreffende de specifieke eigenschappen van 
de structuur, organisatie, expressie en functie van de 'replacement' histon genen 
samengevat. 

In hoofdstuk II wordt de structuur, genomische organisatie en expressie van de 
Drosophila genen, die coderen voor de histon H3.3 'replacement' varianten 
beschreven. Er wordt laten zien dat, net als bij zoogdieren, er twee niet-allelische 
histon H3.3 coderende genen zijn. ni. H3.3A en H3.3B. Beide genen coderende 
voor exact hetzelfde eiwit, maar zij verschillen in de DNA sequentie van hun niet-
coderende regio's. Tevens verschillen zij in hun expressie patronen. Het H3.3B gen 
kan enkele verschillende transcripten synthetiseren op grond van alternatieve 
pol\aden\latie. 

In hoofdstuk III worden de eigenschappen van de alternatief gebruikte poly-
adenvlatie regio's van het D. melanogaster H3.3B gen nader geanalyseerd m.b.v. 
een in vitro polyadenylatie systeem. 

In hoofdstuk IV worden de polyadenyleerde transcripten van de cel-cyclus gere
guleerde histon genen in Drosophila beschreven. In metazoa worden mRNA's van 
histon genen van dit type normaal gesproken gesynthetiseerd zonder poly(A) 
staart met een karakteristieke 'stern-loop' structuur aan het 3' uiteinde. Hier 
wordt aangetoond dat de cel-cyclus gereguleerde histon genen van Drosophila 
naast de mRNA's zonder poly(A) staart, ook gepolyadenyleerde transcripten 
s>nthetiseren. 

In hoofdstuk V wordt een natuurlijk voorkomende antisense RNA van het cel
cyclus gereguleerde histon H3 gen beschreven. Dit antisense RNA komt alleen in 
de kernen van de primaire spermatocyten van de testis van de vlieg voor. Het 
heeft geen potentieel om een eiwit te coderen. Het histon H3 antisense RNA 
heeft waarschijnlijk een regulerende functie. 

In hoofdstuk VI wordt laten zien dat de histon H3.3 'replacement' variant immu
nologisch kan worden onderscheiden van de cel-cyclus gereguleerde typen m.b.v. 
een polvclonaal antiserum. Het НЗ.З-specifieke antiserum wordt gebruikt om de 
H3.3 histon variant in het chromatine van Drosophila aan te tonen. 

In hoofdstuk VII wordt een nieuw Drosophila gen coderende voor histon H4 
nader beschreven. Dit gen, H4r, codeert voor een eiwit dat identiek is aan de 
cel-cylus gereguleerde histon H4 van Drosophila. Het H4r gen bezit echter alle 
eigenschappen van een 'replacement' histon gen. Het is het eerste 'replacement' 
histon H4 gen tot nog toe beschreven. 

In hoofdstuk VIII wordt de sequentie van een histon H2B pseudo-gen nader 
geanalvseerd. De structuur van dit pseudo-gen suggereert dat het afkomstig is 
van een cel-cvclus gereguleerde histon H2B gen door retrotranspositie. 

In hoofdstuk IX worden de resultaten gepresenteerd in dit proefschrift 
gedissusieerd in samenhang met mogelijke toekomstige experimenten. 
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