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Chapter I

General Introduction

Koos Miedema

"Het grote probleem waar alles wat ik schrijf om draait is: is er a priori een
ordening in de wereld, en zo ja, waaruit bestaat deze?"
L. Wittgenstein

The question of how cells are able to differentiate from a relatively simple
morphology into a highly complex and specialized cell-type is one of the most
interesting questions in modern biology. As soon as it was possible to follow
the life cycle of cells with the microscope, scientists were fascinated by this
question. While many tissues are composed of a large variety of different cell
types, male germ line cell differentiation is well suited for the molecular analysis of the components involved in cell differentiation, because it takes place
within one organ (testis) and the number of cell types is rather restricted.
Nevertheless, only a limited number of reports deal with the molecular components of this differentiation process.
In this thesis I will describe the localization of myosin heavy chain in male
germ cell development. In the introduction, the present knowledge on spermatogenesis and male germ cell gene products in Drosophila will be summarized.
Subsequently, the molecular data of the gene encoding the myosin heavy chain
protein will be described.
Spermatogenesis In Droaopbllm
Spermatogenesis is a cell differentiation process in which stem cells after several divisions finally transform into specialized cells, the spermatozoa. This differentiation process attracted an increasing attention, as is evident from the
Increasing amount of extensive reviews in the past decennia (for Drosophila:
Fowler, 1973; Kiefer, 1973; Lindsley and Tokuyasu, 1980; Lifschytz, 1987; Hackstein, 1987, 1991; Hennig and Kremer, 1990; Hennlg, 1985, 1988, 1992; for vertebrates: Handel, 1987; Willison and Ashworth, 1987; Erickson, 1990; Barouki, 1992). It
is not the purpose to review spermatogenesis here in general, but I will focus
on the molecular data of some of the genes and gene products for which its
been clearly shown that they are involved in spermatogenesis. Thereby I will
concentrate on spermatogenesis in Drosophila hydei and D. melanogaster, which
will be briefly described first.
In adult testis, stem cells divide into a daughter cell which remains a stem
cell and one primary spermatogonial cell. Spermatogonia proliferate further in
several mitotic divisions. Subsequently, they enter the primary spermatocyte s t a ge (Fig. 1, p. 13). Until late spermatid stages, all descendants from one spermatogonium are surrounded by two somatic cyst cells. Within one cyst, germ cells
are interconnected by cytoplasmic bridges and develop synchronously throughout
spermatogenesis. The number of cells within one cyst is species-specific. In D.
melanogaster, spermatogonia undergo four mitotic divisions forming 16 cells,
which divide during meiosls into 64 haploid spermatids. In D. hydei, only eight
cells develop, producing 32 spermatids. During the meiotic prophase, the primary
spermatocytes enlarge and the Y chromosome starts to unfold into lampbrush
loop-like structures (see for reviews on the function of the Y chromosome,
Hennig, 1985; 1987; 1990; 1993).
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After meiosis, the spermatids transform into spermatozoa, a process called
Spermiogenese. This includes events, such as aggregation and fusion of the
mitochondria into the nebenkern derivatives, the elongation of the nucleus and
the outgrowth of the sperm tall (Fig. 1, p. 13). The sperm tail is composed of
the axoneme and the nebenkern or mitochondrial derivatives. The axoneme has a
microtubular structure, as found in most eukaryotic cilia and flagella. In insects
the axoneme is surrounded by two nebenkern derivatives (chapter VI). In mature sperm of D. melanogaster, one of the derivatives is very small, in contrast
to D. hydei where both mitochondrial derivatives are of approximately identical
size. The ultrastructure of the mature sperm tail among insects is relatively
conserved (chapter VI, part II). Finally, spermatids undergo individualization and
coiling, and the mature sperm is stored until mating.
Classical and Reversed Genetica
It is clear from mutagenization experiments that a rather large number of genes is involved in spermatogenesis of Drosophila. Estimations have been made in
the range of a few hundred (Hennig, 1988) and of 600 to 2400 genes (Lindsley
and Tokuyasu, 1980; Lindsley, 1982; Hackstein, 1987). Three groups of genes may
contribute to this high number of genes involved in spermatogenesis: (i) spermatogenesis-specifically expressed genes; (ii) genes expressed not only during
spermatogenesis, but also in other developmental programs; and (iii) genes with
a general cellular function (housekeeping genes) which can cause sterility by
pleiotropic effects.
To isolate genes involved in spermatogenesis of Drosophila different approaches were developed. Basically, two routes can be followed: classical genetics
and reversed genetics. Classical genetics can be useful if one wishes to isolate
a phenotypically visible mutation (for example a particular defect in spermatogenesis associated with male sterility). Genes isolated in this way are likely to
be crucial for spermatogenesis. The classic genetical approach has been proven
to be very useful for Drosophila embryogenesis (Niisslein-Vollhard and Wieschaus, 1980). Recently, mutants for Drosophila spermatogenesis have been
described by Hackstein et al. (1990) and Hackstein (1991).
Reversed genetics differ from the classical approach because one starts with
a clone or an antibody rather than with a phenotype. Reversed genetics can r e veal genes and gene products which are crucial for spermatogenesis or which
are involved in spermatogenesis but not crucial. One has to keep in mind the
possibility that the functions of somes genes can be taken over by related gene
products (Thomas, 1993). The main disadvantage of reversed genetics is that it is
unclear, at least in initial stages of the research, whether the isolated gene
causes a clearly recognized phenotype. This is particulary illustrated by the recent descriptions of gene knockouts in vertebrates without clear phenotype
(Erickson, 1993). Reversed genetics in Drosophila includes many different experi-
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Rg. 1. Schematic and photographic presentation of the spermatogenesis of D.
hydei. Spermatogenesis in D. melanogaster is rather similar, but differs with re
spect to the number of germ cells per cyst and the time scale. The upper scale
indicates the timing of spermatogenesis after Hennig (1967). Below the time
scale, prominent stages are indicated schematically and, still lower, by photo
graphs: a Spermatogonia; b Several cysts with primary spermatocytes; the number
of primary spermatocytes per cyst is somewhat variable, с First meiotic division.
A layer of mitochondria surrounds the nucleus, d Detail of a young spermatid,
onion-nebenkern stage, e Elongating spermatid with spindle-like nucleus, f Coi
led spermatozoa after individualization. They are still associated in bundles. N;
nucleus; Nkd: nebenkern derivatives. Bars represent 10 μπι in a, c, d, e and SO
μπι in b and f; a, d, e: phase-contrast, b, c, f: interference-contrast. Photogra
phy by W. Kühtreiber, С. Grond, and W. Hennig (from Hennig, 1987).

mental approaches, like gene isolation with nucleic acid probes, with the aid of
antibodies and more genetically based techniques as enhancer trap techniques
(see Gönczy et al., 1992 and Hennig, 1992 for details). Next, I will summarize
some examples of genes expressed during spermatogenesis of Drosophila.
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The research during the past decennia on spermatogenesis of Drosophila resulted in description and isolation of many genes and gene products. In Table 1 various of these genes are Usted.
TABLE 1
G e n u Expressed During Spermatogenesis of Droaopblla
Gene
Type 1
mgl specific 2 sterile 3 group 4
Y chromosomal
yes
I
yes
fertility genes
unknown s
I
ß2-tubulin
yes
yes
ß2-tubulin
?
unknown
yes
I
Mst87F
yes
no
I
Mst84Da-d
unknown
?
yes
I
Mst98Ca-b
unknown
?
DhmstlOl(l)
unknown
yes
I
?
yes
II
Mst77F
histone HS-like
?
yes
I
Stellate
casein kinase II-like
?
I
yes
Janus В
unknown
no
?
IIIc
Janus A
unknown
no
?
III
ßl-tubulin
ßl-tubuljn
?
no
III
ß3-tubulin
ß3-tubulin
no
?
HI
ac2-tubulìn
a2-tubulin
?
no
II
T14
transposable element 6
?
II
Tektin-like
int. filament protein
no
?
Laminin B2
no
III
ECM protein
Gonadal
no
?
IIIa2
unknown
no
?
Hsp2b
heat shock protein
III
Ilia
Ref(2)P
no
yes
unknown
no
?
III
Rotund
oncoprotein
Illb
Rb97D
no
yes
RNA-binding protein
no
?
Histon H3.3A
histone H3 variant
III
?
Ilia
тМНСЗбВ
myofibril protein
no

ref.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

1. The type of protein or RNA encoded by the DNA sequences, int.: Intermediate;
ECM: extra cellular matrix. 2. mgl: male germ line; g e n e s listed are either restricted In expression t o the male germ line (yes) or a l s o expressed in other t i s s u e s
(no). 3. yes-, mutation of this g e n e c a u s e s sterility; no: mutation d o e s not cause
sterility; ?: no data available. 4. Classification of g e n e s expressed In s p e r m a t o g e nesis, s e e Flg. 2, p. IS. 5. The Y chromosomal fertility g e n e s encode RNA m o l e c u l e s (in general, s e e t e x t ) . 6. The T14 sequences presumably encode RNA m o l e cules. References: 1. Hennig e t al. (1989); 2. Mlchiels e t al. (1989), Mlchiels (1990),
Mlchiels et al. (1991); 3. Schäfer (1986a.b), Kuhn et al. (1988); 4. Kuhn e t al. (1991);
S. Schäfer e t al. (1993); 6. Neesen et al. (1993). 7. Russell and Kaiser (1993); 8. Livak
(1990); 9/10. Yanicostas e t al. (1989), Ya ni co s tas and Lepesant (1990); 11. Buttgerelt
and Renkawltz-Pohl (1993); 12. Kaltschmidt e t al. (1991); 13. Bo and Wenslnk (1989).
14. Brand and Hennig (1989); IS. Pisano e t al. (1993); 16. Wang e t al. (1992), Wang
(1993); 17. Schulz e t al. (1990a,b); 18. Glaser and Lis (1990); 19. Dezelee e t al. (1989);
20. Agnel e t al. (1992); 21. Karsch-Mizrachi and Haynes (1993); 22. A kh mano va (In
preparation). Kremer (1991); 23. M lede ma et al. (in preparation, s e e this thesis).
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Fig. 2. Classification of genes expressed in spermatogenesis, group I, II, and III
after Barouki (1992). For each illustration: the upper row is the genomic DNA,
below mRNA and protein; exons are shown as open boxes; promoter region all
marked by big open box with p; t> expression in testis-tissue; o> expression in
other tissue. Ill: testis- specifically regulated. For group III only a few elemen
tary possibilities are shown. The modes of alternative splicing can be extended
(see Fig. 2 in Andreadis et al., 1987).
Classification of Teatla-Spectflcally
Expressed Genes
It is clear from the examples listed in Table 1 (p. 14) that genes are either ex
pressed in the male germ cells exclusively (like ß2-tubulin, Mst87F, etc.) or that
they are expressed in other tissues too (like Gonadal, Hsp26, etc.). Recently,
Barouki (1992) presented a refinement of the pathways in which genes can be
classified according to their mode of expression (based on the original proposal
of Wil I ¡son and Ashworth, 1987). These pathways include basically three groups
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of genes. Group I, genes expressed only in the testis. Group II, genes encoding
a testis-specific isoform or variant and group III, genes testis-specifically regulated (see Willlson and Ashworth, 1987; Erickson, 1990; Hecht, 1990; Barouki,
1992). I like to follow this classification system for the genes expressed during
spermatogenesis in Drosophila (see Table 1, p. 14). The features of each group
are described in Fig. 2, p. 15.
Male Gena Line Specifically Expreaaed Gene»
The oldest known genes crucial for spermatogenesis are the Y chromosomal
fertility gene· (Bridges, 1916). Since the publication in 1961 of Meyer et al. extensive rearen work on the Drosophila Y chromosome was performed. In both
D. melanogaster and D. hydei analyses of the Y chromosome revealed details of
the molecular fine structure of these genes. The Y chromosomal fertility genes
are composed of high repetitive simple sequence satellite DNAs in D. melanogaster and of middle repetitive DNAs in D. hydei (Bonaccorsi et al., 1990; Bonaccorsi
and Lohe, 1991; see ref. in Hennig et al., 1989; see T14, p. 20). Both types of DNA
are extensively transcribed and visible in the primary spermatocytes as lampbrush
loop-like structures. Current data on these transcripts do not indicate in general
a protein coding potential (Huijser, 1987; Huijser et al., 1988; Lankenau, 1990; Hochstenbach, 1993a,b). However, recently Gepner and Hays (1993) showed evidence for
the localization of a flagellar dynein gene within the kl-5 fertility locus near the
end of the long arm of the D. melanogaster Y chromosome.
One of the best analyzed examples of proteins involved in spermatogenesis
is the testis-specific ßZ-tubulla gene (Michiels, 1990). B-tubulins, (proteins of
about 55 к Da), together with the α-tubulins form the basic subunit of micro
tubules. Microtubules are structural components of the cytoskeleton, of mitotic
and meiotic spindles, and of the axonemal structures of cilia and flagella. The
expression of ß2-tubulin gene is restricted to the male germ line. It is e s sential for male-fertility (as demonstrated by the sterility of homozygous mutants, Kemphues et al., 1979). The gene product is localized in cytoskeletal microtubules of late primary spermatocytes, the microtubules surrounding the nucleus during the postmeiotic nuclear shaping, the meiotic spindles and the axoneme of the sperm.
The testis-specific expression of ß2-tubulin is regulated by a 14 bp element
(ß2UEl) present between -38 and -SI bp upstream of the transcription start site.
Deletion of this element abolished expression in the testis (Michiels et al., 1989;
Michiels, 1990; Michiels et al., 1991). Other testis-specifically expressed genes,
like Mst87F (Kuhn et al., 1988), Gonadal (Schulz and Butler, 1989), and Janus В
(Yanicostas et al., 1989) do have other sequences in the region -38 and -51, but
display similarity with 02-tubuHn sequences surrounding the transcription s t a r t
site (-5 t o +10 bp), see fig. S in Michiels et al., 1991; chapter V, p. 113).
Beside the important ß2UEl element another element, localized in the 5' untranslated region, called ß2DEl, was described (Michiels et al., 1993). This element is required for enhanced mRNA stability during spermiogenesis (see p. 24).
16
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Schäfer (1986a,b) isolated, by differential screening, male germ line specifically expressed genes. Among a group of 12 clones Mst87F (previously called
Mst(3)gl-9I was analyzed in more detail. This gene is male germ line-specfic
(Schäfer, 1986a,b; Kuhn et al., 1988) with a transcript of approximately S00 nt.
Sequence analysis revealed that the gene is composed of two exons of 79 and
338 bp, respectively, and an intron of 91 bp. The deduced amino acid sequence
showed a short Cys-Gly-Pro repeat of unknown function (protein size about Mr
5000). Speculations were made based on cysteine and proline rich proteins of
outer dense fibres (accessory fibres) located on the outside of the axoneme in
the mid-piece of mammalian sperm (Burfeind and Hoyer-Fender, 1991). The putative protein of Mst87F could be part of Drosophila sperm tail. However, so far
no immunological evidence is available for the localization of this particular
protein.
With Mst87F as a probe several other closely related genes were isolated
and characterized. A cluster on polytene chromosome 3R, region 84D with the
genes Mat84D* Mat84Db, Mat84Dc, and MatS4Dd (Kuhn et al., 1991) and two
genes localized on chromosome 3R, region 98C called Mat98Ca and Mat98Cb
were described by Schäfer et al. (1993). They all are exclusively transcribed in the
male germ line and they encode proteins with Cys-Gly-Pro motifs. Kuhn et al.
(1991) described that a deficiency of the Mst84D cluster caused by a homozygous deletion within the region 84D results in the reduction of the number of
motile sperm, but not in a clear-cut phenotype. Electron microscopy revealed
numerous abnormal spermatids and axonemes. The authors discuss the possibility that the remaining gene Mst87F provides enough protein to develop a sufficient amount of normal, functional sperm.
The Mat98C genes differ in their structure from the other members of the
"Cys-Gly-Pro" gene family. They do not contain introns, are larger in size (1.3
and 1.0 kb), and have the Cys-Gly-Pro motifs localized at the carboxy-terminal
end of the proteins. A polyclonal antiserum raised against a part of the Mst98
Ca protein is able t o detect proteins over the entire length of elongating spermatids (Schäfer et al., 1993).
More work was done to identify cis-acting regions important for male germ
line specific expression. The presence of 102 bp of the S' upstream sequences
together with 201 bp of transcribed sequences is sufficient for the spermatocyte-specific transcription and for repression of translation until late in spermiogenesis (Kuhn et al., 1988). Deletion constructs of Mst87F leader sequences demonstrated a region (+28 to +39) of 12 nt (consensus: ACATCNAAATTT) important for translational control (called TCE translational control element). This
element is conserved among other genes of the Mst87F gene family. Such a sequence is not present in the leader of the ß2 tubulin gene. Upstream of the
transcription start site (-41 to -33) of all five genes (except Mtst84Dd: -147 to
-139) a conserved element was found (consensus: TTGTCAAAT). Even further
upstream a second copy of this element could be detected. The function of this
element remains to be determined (see also chapter V, p. 113).
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Recently, Neesen et al. (1993) described a Drosophila hydei gene DbmstiOiW en
coding a testis-specific protein. A main portion of the protein sequence is com
prised of repetitive, highly charged amino acid residues. Antibodies raised against
synthetic peptides localized the protein product in elongated spermatids. Interes
ting, the gene product is localized in distinct clusters along the sperm tail.
Testis-specifically or testis-preferentially (see later, p. 23) expressed histone
variants have been found in many other organisms (for review: Hecht, 1989; Poccia, 1986). For D. melanogaster it has been shown that during chromatin con
densation in post-meiotic stages of spermatogenesis arginine-rich proteins are
substituted for lysine-rich proteins (Das et al., 1964; Hauschteck-Jungen and
Hartl, 1982). It was also shown cytochemically that histone HI is not found in
the chromatin later than early primary spermatocyte stage (Kremer, 1986), there
fore its functions have to be taken over by other testis proteins.
Recently, Russell and Kaiser (1993) described the presence of histone H5-like
transcripts in the male germ line of D. melanogaster. These transcripts are en
coded by an autosomal gene Mat77F and by copies located on the У chromoso
me region Ы8-Ы9. The autosomal gene encodes a putative polypeptide with 45%
similarity to the histones of the HS class. The authors postulate a role in
sperm chromatin condensation for this putative protein. The Y-linked copies
could be found in nine different D. melanogaster wild-type strains, but not in
sibling species as D. simulane, D. sechellia and D. mauritiana. The presence of
У-linked copies could be result of a transposition event. У-derived cDNAs did
not indicate a functional protein coding capacity. The significance of the У-deri
ved transcripts remains, therefore, t o be determined.
The next example of a male-specific gene is Stellate (Ste), localized on the
X chromosome region 45.7 (Lovett et al., 1980; Livak, 1984). This tandemly repeated
gene consists two size classes of genes (1.25 kb and 1.15 kb) with up to 200 co
pies. The analysis of Ste uncovered some remarkable features (Livak, 1990). The
promoter region contains no TATA element ¡n the -30 region. The putative
protein has a size of about 19.5 к Da and similarity t o the β unit of casein kina
se II (this protein has a role in phosphorylation of DNA topoisomerase II). Like
with the Y-linked copies of Mst77F, Ste could not be detected in related species.
This raises questions about the function of the Ste protein. Interestingly, the ex
pression of Ste is under Influence of the Y chromosome. In XO males a higher
level of Ste RNA can be detected. The higher amount of Ste RNA is probably re
lated t o the presence of crystals in primary spermatocytes without a Y chromosome.
Another example of a male germ line specific gene is Janua В (janB) located
at polytene chromosomes of D. melanogaster in region 99D (adjacent t o the Se
rendipity locus). The janB gene transcribes a 0.8 kb mRNA which is strictly
germ line specific (Yanicostas et al., 1989). The ORF predicts a protein of 140
amino acids (Mr 15000) without significant similarity t o any known protein.
Immunological data on the localization of the encoded protein are so far not
IB
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available.
To direct testis-speclflc expression of janB no more than 175 bp upstream
of the janB transcription initiation site are required (Yanicostas and Lepesant,
1990). Interestingly, within region +50 to +103 of janB a striking similarity with
the Mst87F 5' untranslated region, over a number of nucleotides (18 out of 23)
including the conserved TCE (6 out of 12) was found (Schäfer et al., 1990). The
region -174 to +107 of JanB contains no sequence similarity with the upstream
regions of other testis-specifically expressed genes like the ß2-tubulin,
Gonadal
and Hsp26 (Yanicostas and Lepesant, 1990).
Genes not Male Germ Line Spedfìcally
Expressed
The following genes have in common that they are not male germ line specifically expressed. Some are expressed in the female germ line too. The protein
products of several other genes can be found in somatic tissue as well.
The first example is Janus A (janA) a gene directly upstream of janB (Yanicostas et al., 1989). The 3' untranslated sequences of janA overlap partially with
the 5' untranslated sequence of janB. The janA gene can transcribe different
mRNAs with a size of 0.8, 0.95, and 1.1 kb. The 0.8 kb transcript is present in
both sexes, whereas the 0.95 and 1.1 kb transcripts are male-specific. The difference in size between the 0.8 kb and 0.95 kb transcript was only due to a longer poly(A) tail in the 0.95 kb mRNA. The 1.1 kb transcript was not studied in
more detail. Northern blot analysis of janA 0.95 kb mRNA with the aid of
germ-line null mutants (tudi/tudi
adult males) revealed, like the janB 0.8 kb
mRNA, a strict male germ line specificity. The putative janA protein has a size
of 12 kDa and the sequence is related to the janB protein (37%). The function
of this protein is unknown (Yanicostas et al., 1989).
Beside the earlier described testis-specific ß2-tubulin gene (p. 16), the ßl-tubulin and ß3-tubulin genes are expressed in the testis too, but not exclusively.
The ßl-tubulln protein is present in stem cells and spermatogonia as well as In
somatic cells like the cyst cells, the testis wall (see chapter III, p. 75) and the
paragonia. Buttgereit and Renkawitz-Pohl (1993) demonstrated that transcription
of the ßl-tubulin gene In early mitotically active germ cells was dependent on
the presence of a small region between -191 and -49 nucleotides upstream of
the transcription start site. In addition, they showed that the expression in
somatic cells is dependent on the presence of most likely enhancer elements in
a large intron localized between exon 1 and 2.
The ß3-tubuUn is present in the somatic interstitial and cyst cells of the
testis. It is clearly not expressed in the germ cells (Kaltschmidt et al., t991).
P-element transformation experiments with the a2-tubulln gene (Bo and
Wensink, 1989) revealed that the promoter region between -2200 and -223 is
sufficient to direct expression in the germ cells, like spermatocytes. This gene
is also expressed in organs of the peripheral nervous system and is therefore
not testis-specific (Bo and Wensink, 1989).
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The Y-associated clone T14 (copies present on Y chromosome and on auto
+
somes) resulted from a screen In which D. hydei testes poly(A) -RNA derived
cDNA clones were hybridized on Southern blots with genomic DNA of female
and male flies (Brand and Hennig, 1989). Only a few clones showed male-speci
fic fragments, among them T14. Further research with T14 revealed an abundant
testis RNA fraction of S.O kb. The T14 probe showed a similar sized RNA frac
tion in ovaries. It is unclear whether the S.O kb transcript Is translated. The
function is a matter of speculation (see discussion in Brand and Hennig, 1989).
Hybridization of the T14 clone on both genomic DNA from male and female
flies from various D. hydei strains showed restriction fragments with different
sizes. This indicates a transposable element character for the T14 sequences.
Also other cloned DNA sequences of the Y-associated class, like the micropia
retrotransposon family are transposable elements and expressed in the male
germ line (Huijser, 1987; Huijser et al., 1988; Lankenau et al., 1988).
Tektlna are intermediate filament proteins with Mr of 47000, S1000, and
55000. They are components of centrioles and axonemal microtubules. Extraction
of Sea urchin Strongylocentrotus
purpuratus sperm flagella revealed the exis
tence of the three distinct, but sequence-related tektins. All tektins are organi
zed as longitudinal filaments in the walls of the A-tubules of doublet micro
tubules. Amino acid analysis of the three tektins showed clear differences com
pared to л- and ß-tubulins. (Linck et al., 1985; Linck and Stephens, 1987; Linck
et al., 1987). Steffen and Linck (1988) report the isolation of a cDNA for tektin
A (M r 56000-S70000) from a Sea urchin embryo Xgtll library, although no s e quence data were presented. Tektins are suggested to play a role in microtubule stability and/or assembly.
Recently, Pisano et al. (1993) reported the presence of a D.
melanogaster
tektin-like protein within the testis tissue. Evidence was obtained with the aid
of an antiserum raised against a abundant testis protein fraction with Mr S3000.
This antiserum decorated the Y chromosomal lampbrush-like loop kl-3 and
sperm flagella. Other male germ line cell types were not apparently stained
with this antiserum. The same holds true for other tissues or the whole organism, such as larval brains, salivary glands, adult male carcasses, adult females
and embryos. Their data indicate that the tektin-like protein is male germ line
specific.
The authors conclusion that they discovered a tektin related protein is, however, solely based on their Sarkosyl-urea extraction procedure (tektins are resistant to this way of extraction (Linck and Stephens, 1987) from seminal vesicles
(which contain spermatozoa surrounded by the somatic wall, see Lindsley and
Tokuyasu (1980)). Their antibody does not cross react with purified tektins of S.
purpuratus.
Moreover, four monoclonal antisera raised against S.
purpuratus
tektins do not cross react with testis proteins. Any further biochemical characterization of the tektin-like protein, isolation of protein from purified sperm (!)
or molecular data (like cDNA sequences, Northern blots, in situ hybridization on
male germ cells) are completely lacking in this article.
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Тятіпіп В2 is another example of an axonemal protein. This was ал unex
pected result of research done in our laboratory (Wang et al., 1992; Wang, 1993).
We used an antiserum against testis proteins to isolate - randomly - genes
which are supposed to be expressed in the testis of Drosophila. Sequence ana
lysis of one of these clones showed 100% homology t o laminin B2. Several
different antisera demonstrated the expression of laminin B2 in the male germ
cells and somatic testis wall of D. meianogaster. This was confirmed by t r a n s 
cript in situ hybridization on testis cells. Immuno-EM gold labelling experi
ments showed laminin associated with or as component of the radial Afzelius
spokes. One of the functions of laminin in the male germ line could be direc
ting the outgrowth of the flagellum; more details about expression and locali
zation of laminin in D. meianogaster can be found in the Ph.D. thesis of F. Wang
(Wang, 1993).
Gonadal (gdf) is a gene differentially expressed in the male and female germ
lines, isolated - like the Janus locus - by analysis of a transcriptionally com
plex region (Schulz and Butler, 1989; Schulz and Miksch, 1989; Schulz et al., 1990a).
Gdl is able t o transcribe two mRNAs of 1.2 kb and 1.5 kb in the male germ li
ne. They start at the same transcription initiation site but differ in length be
cause of the use of two different polyadenylation sites. In the male germ line
two proteins of Mr 4200 and 22500 can be encoded. The localization and func
tion of these proteins are so far unknown. Analysis of gdl-IacZ fusion con
structs demonstrated gene expression both pre- and post-meiotically in the ma
le germ cells. The transcriptional control elements were placed between -328
and +132 relative to the initiation site for the male gdl transcripts and are likely
to be different from the female control elements (Schulz et al., 1990a). Further
studies with other gdl-lacZ fusion constructs revealed a S3 bp region from -328
to -276 which contains sequences necessary to direct male germ line expression.
This region has two DNA elements TGTCGTC and ACCAATG that are also found
in the upstream sequences of the Mst87F gene. No homology to the 14 bp 02UE1
of the ß2-tubulin gene could be detected (Schulz et al., 1990b).
The D. meianogaster bap26 gene is expressed in both somatic and germ line
cells (spermatocytes and oogenic nurse cells). In addition the hsp26 gene is
expressed generally in response to heat shock (Glaser and Us, 1990). The hsp26
spermatocyte-specific expression was analyzed with the aid of 18 different hsp26
constructs by germ line transformations in 107 transgenic animals. This work
showed three regions (nt -351 to -135, -135 to -85, and +11 to +632) which were
able to stimulate spermatocyte-specific expression when fused with promoter
sequences (nt -85 to +11) that themselves were not sufficient to direct expression.
The authors suggest that at least two independent sequence elements (within
region -351 to - 4 8 and -52 to +632) can direct spermatocyte-specific expression.
One element TCAAACGA was found to be present in both regions. Only five of
these eight bases were found t o match with sequences from the upstream regions
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of the ß2-tubulln gene and the Mst87F gene. The three genes all contain a
(A)7G(A)a element. The relevance of these elements remains to be determined.
The ref(2)P gene of D. melanogaster
interferes with the multiplication of
sigma rhabdovirus. This is a negative strand RNA virus, which is non-pathogenic.
Infected flies become irreversibly paralysed upon exposure to high concentrations
of carbon dioxide. The gene maps to chromosome 2 region 37EF. Homozygous
null-allel flies (refWP""11)
are viable, but males are sterile. Females are not
affected although this gene is expressed in their germ line too (Dezelee et al.,
1989). The authors described two poly(A) + -mRNAs of 2.3 and 2.4 kb in males. In
ovaries only the longer m RNA fraction is detectable. The putative ref(2)P protein
contains internal repeats, the PEST regions, which could be signals for protein
degradation. The amino acid sequence has no homology with any known protein
from the data banks (status 1989).
In testis squashes of ref(2)Pnu,t
mutants motile sperm could not be detected and the tail region was frequently packed into a single горе-like mass (see
also discussion in chapter VI, part II, p. 138). Electron microscopic analysis of
spermatids of ref(2)PnuI¡
mutants revealed normal axonemes, but degenerated
mitochondrial deriviatives. The mitochondria of the somatic cell wall are not
affected. This suggests a function of the ref(2)P gene product during spermatid
development. It seems that the expression of ref(2)P is not only related to the
interference with sigma virus propagation.
The mode of germ cell development in testis makes the presence of regulatory genes likely (Hennig and Kremer, 1990). In mammals several proto-oncogenes are expressed within spermatogenesis, which implies a role for these genes
in the control of the differentiation of germ cells (reviews: Willison and Ashworth, 1987; Erickson, 1990; Michiels, 1990; Barouki, 1992). Recently, the product
of the rotund (rn) gene from D. melanogaster was identified as a racGAP protein based on a alignment with human л-chimaerin protein. This human protein
belongs to the group of GTPase-activating proteins (GAPs), which interact with
the Rac subfamily of Ras proteins in humans. These Rac proteins seem t o have
a regulatory role in secretory processes (Agnel et al., 1992). The rn locus has
the potential to transcribe two mRNAs, 1.7 and 5.3 kb in size. The 1.7 kb trans
cript was found in imaginai discs of larvae and pupae, and in primary spermato
cytes of the testis. The function of the putative protein derived from the 1.7 kb
mRNA is so far unclear.
Proteins which are able t o bind t o RNA play important roles in different
cellular processes. They are often characterized by the presence of a conserved
80-100 amino acid sequence, called RNA binding domain. This domain can be
found in different groups of the ribonucleoproteins (RNPs), such as the small
nuclear RNPs and the heterogenous nuclear (hn) RNPs (Dreyfuss e t al., 1988;
recent review: Mattaj, 1993). In D. melanogaster
a number of genes have been
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isolated which belong to the family of hnRNP proteins (Matunls et al., 1992a,b).
Among them, the Rb97D gene was Isolated and characterized recently by
Karsch-Mizrachi and Haynes (1993). The Rb97D gene can encode two putative
proteins of Mr S0800 and Mr 51500. Both protein isoforms contain two RNA
binding domains in their N-terminal half, the C-terminal part contains an auxi
liary domain, which resemble the proline-rich C-termlnal domain of the poly(A)binding protein (PABP, Adam et al., 1986).
A Ρ element mutagenesis screen for male sterile mutants revealed a Ρ ele
ment inserted in the 5' untranslated sequences of the Rb97D gene. The ho
l
mozygous mutant Rb97D is male sterile, whereas the fertility of homozygous
females and the viability of both sexes appear to be unaffected. The mutation
seems to affect the development of spermatozoa, because elongating spermatids
and previous stages are present in these mutants. So far it is clear that this
gene product is required for male fertility. The Rb97D product could be re
quired for processing a spermatogenesis-specific transcript. On the other hand,
it could have a general function in RNA processing, affecting all transcripts
(Northern blot data Indicate the expression of this gene in embryos). The failure
to produce mature sperm can be in this way a pleiotropic effect, because of a
reduced amount of many transcripts.
The analysis of transcription of histone genes in D. hydei (Kremer, 1991) re
vealed the presence of sequence variants of histones H2B, H3, and H4 in testis
tissue. The variants of histone H3 were studied in more detail. It was discove
red that in D. hydei there are two histone H3 variant genes, H3.3A and H3.3B.
Their transcripts are polyadenylated, they encode the same protein but differ in
their 5' and 3' untranslated regions. Both genes are somatically expressed but
only one of them, H3.3A, shows strong testis expression (Akhmanova, in prepa
ration).
Concluding

Remarks

Most Genes Expressed in the Male Germ Line are also Expressed
Elsewhere
If the data on genes expressed in testis are taken together, what kind of gene
ralizations can be drawn at present? Assuming that not more than a few hun
dred genes act during spermatogenesis in Drosophila (p. 12) not more than 10%
of them were isolated.
Several lines of evidence show that more than half of them are not exclusively
expressed in the male germ line. This includes not only the data presented here
(Table 1, p. 14), but also the enhancer trap experiment results as described by
Bownes (1990), Gönczy et al. (1992) and Castrillon et al. (1993). Moreover, gene families like the ß-tubulins and histones do have members, for example the ßl-tubulin gene (Michiels, 1990) and histone variants of the H3 and H4 genes (Kremer, 1991;
Akhmanova, unpublished), which are expressed in both testis and other tissues.
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Sequence Elements Controlling Testis-Specific
Expression
The overview presented so far shows that many Investigators study the "factors" responsible for the tissue-specific gene expression. It is known that such
factors can Include cis-acting sequence elements as part of the gene, and
trans-acting proteins or mRNA (see new data on function 3' UTR; Rastinejad and
Blau, 1993). Looking at cxs-acting sequence elements it seems clear that several
different motifs Important for tissue-specific regulation exist within the upstream
sequences. Such a motif is the 14 bp ß2UEl (ATCGTAGTAGCCTA) of the
^-tubulin gene. Further candidates are the 9 bp (TTGTCAAAT) element of the
Mst87F, Mst84Da-d, and Mst98Ca-b gene family, the 7 bp motifs (TGTCGTC
and ACCAATG) of gdl and the elements of the hsp26 gene (TCAAACGA and
(A)7G(A>3). This latter element was present in the genes 02-tubulin, Mst87F
and dhod (dihydroorotate dehydrogenase gene, Yang et al. (1993) submitted) too.
The significance of these elements (except ß2UEl) remains to be determined.
So far no consensus sequence was found, which is important for the control
of the testis-specific expression of all the genes listed above. A group of genes
which need to be expressed at the same stage (time in development) are, however,
likely to contain related control sequences. In the upstream sequences candidates for such a sequence are the 9 bp element of the Mst gene family and the 11
bp A-rich element of ß2-tubulin, Mst87F, hsp26 and dhod.
The time of translation is not necessarily the same as is, particularly, clear
for ß2-tubulin (translation starts premeiotically) and Mst87F (translation occurs
not earlier than after elongation of the spermatids). In Drosophila transcription
in male germ cells stops at meiosis (see ref. in Lindsley and Tokuyasu, 1980 and
in Hennig and Kremer, 1990). Consequently, many transcripts need to be stored
up to several days (see Fig. 1., p. 13). Michiels et al. (1993) showed that the
ß2-tubulin transcript stability is depending on the presence of an 18 bp element
(ß2DEl; A4UUAUACGU3A3II from D. melanogaster) in the 5' untranslated region.
The authors discuss that the ß2DEl element can bind a ß2 mRNA stabilizing
protein, which, according to their data, could operate during meiotic and postmeiotic stages. The delay between transcription and translation seems to be
mediated, in case of Mst87F and Janus B, by a small element of 12 nucleotides
(translational control element, TCE) present in the 5' untranslated sequences
(for several other genes listed in Table 1 it is known that they are translated
before meiosis, p. 14). Remarkably, the change of two nucleotides in this element is already sufficient to abolish the translational control (Schäfer et al.,
1990). Schäfer et al. (1990) postulate that the TCE could bind a translational
repressor protein, which is present in primary spermatocytes and may be not
present in later postmeiotic stages.
Another observed phenomenon during the study of the Mst gene family is
that the length of the poly(A) tail increases at the time when translation is
permitted. Changes in poly(A) tail length is common where translational control
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occurs (see more details in Schäfer et al., 1990).
Beside the possibility that many genes share sequence-related control elements (either for transcription or translation), it is quite likely that several
genes with their own unique control elements exist, because they are only
expressed at a particular moment during spermatogenesis. This makes the identification of putative control elements by sequence alignments between genes
not straigthforward (see chapter V, p. 111).
The data, published by several research groups, suggest that Important information to control testis-specific expression is located within 1 kb of sequences upstream of the coding regions. However, one cannot exclude that other r e gions, like introns (see chapter V, p. 113) and downstream sequences, are also
involved in regulation of testis- specific expression. For example, the mouse
protamine gene contains sequences in the 3' untranslated region which regulate
the temporal translation in spermatids (Braun et al., 1989; Kwon and Hecht, 1991).
Summary
The contribution of both mutant analysis and "reversed genetics" extended the
study and knowledge of the function of genes and gene products in spermatogenesis in Drosophila. It is interesting to note that only for a few genes it is
known that they cause sterility (Table 1). This is most likely due to the fact
that many genes were discovered by reversed genetic techniques.
Furthermore most of these genes encode structural rather than regulatory
proteins. Candidates for a role in regulation within male germ cell development
are the gene products of rotund and rb97D. Their precise role remains to be
determined.
The data about factors controlling testis-specific gene expression are still
limited. Two examples of testis-specifically expressed genes are worked out in
more detail. The 14 bp ß2UEl element of the ß2-tubulin gene and the translational
control element of the Mst gene family.
It is clear that many genes studied so far are expressed not only in the
testis, but also in other tissues. This raises questions about the function of
these genes. Do they have the same function in different tissues? The t e s t i s variants could have specifc functions required for male germ cell development
only. In this thesis I will describe the testis-expression of a gene which was
until now thought to be expressed in muscle tissue only.
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Structura, Ехргеміоп and Function of the Múrele Myosin Heavy Chain
Gene and Protein
In this part of the introduction I will describe some molecular details of the
expression of the muscle myosin heavy chain (mMHC) gene of Drosophila. A
cDNA clone of this gene was isolated with the aid of a polyclonal antiserum
raised against a testis protein (see chapter II). The existence of a motor protein
like myosin in the testis is not completely unexpected. Spermatogenesis is after
all a highly dynamic process with a mobile sperm cell as final output. Next, I
have summarized the data about the Drosophila muscle myosin heavy chain gene
and its expression.
General Structure and Function
Myosin is a large complex hexameric protein of eukaryotes with a key role in
movement. It was discovered in 1863 by KUhne and since then intensive biochemical, molecular and genetical analysis provided detailed understanding of structure, localization and function (Engelhardt and Ljubimova, 1939; Szent-Gyorgyi,
1942; Robbins et al., 1982; Leinwand et al., 1983; McLachan, 1984; Emerson and Bernstein, 1987; Davis, 1988; Spudich, 1989; Cooke, 1989; Kiehart, 1990; Fyrberg and Beali,
1990; Epstein and Fischman, 1991; Coudrier et al., 1992; Buckingham, 1992; Tan et al.,
1992; Epstein and Bernstein, 1992; Cheney and Mooseker, 1992; Miller et al., 1993;
Titus, 1993a,b,c; Bernstein et al., 1993).
Myosin is composed of two heavy chain and four light chain proteins, which
bind to the NH2- terminal SI globular head fragment of the heavy chain (Fig.
4A, p. 29). The heavy chain tail can be structurally divided into a S2-hlnge region, a light mero myosin (LMM) α-helical tail and a non-coiled carboxy-terminal end. The SI fragment contains the conserved ATPase domain, which is im
portant for contraction. In muscle tissue, two α-helical tails form a coiled-coil
dimer that associates with myosin and other proteins to form thick filaments.
The genes encoding both the myosin heavy chain (MHO subunit and the
myosin light chain (alkali MLC and regulatory MLC-2) subunits have been clo
ned and sequenced from both vertebrates and invertebrates (for example human,
rabbit, mouse, rat, hamster, quail, chicken, Drosophila and Caenorhabditis
eiegans, see references in Emerson and Bernstein, 1987). Today, an overwhelming
amount of sequence data are available of many different species. Comparisons
of myosin sequences (both nucleotide and amino acid) have contributed towards
defining important regulatory, structural and functional domains of MHC and
MLC proteins. Details of MLC subunits can be found elsewhere and will not be
repeated here (Emerson and Bernstein, 1987; Bernstein et al., 1993). Rather, I will
focus on the MHC genes and proteins in D. meJanogaster.
The MHC proteins can be subdivided into at least six classes, myosin I t o
myosin VI (p. 35). In this thesis the data of the myosin II class are summarized.
Myosin II proteins are divided in muscle isoforms and nonmuscle isoforms,
functionally related, respectively, to muscle contraction and cytokinesis.
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As pointed out before the mMHC molecule can be subdivided in three frag
ments, the globular head (SI), the hinge (S2) and an a-helical tail. The tail
region of two molecules forms an α-helical coiled-coil dimer. These di mers are
able to self-assemble into filaments. The myosin filaments are important struc
tural and functional components (thick filaments), together with actin filaments
(thin filaments), of the muscle fibers. Muscle contraction is based on the inter
action of the filaments with each other and with the so called Z-discs and Mlines within a myofibril resulting in the generation of force to produce mo
vements (Davis, 1988; Fyrberg and Beali, 1990).
The first question is how the different molecules of the myofibril interact
with each other at the molecular level t o generate force. The next question is
how the myosin molecule itself operates at the molecular level. Both questions
are of course strongly related to each other. During the past decades a num
ber of different models were developed which deal with both questions. Two
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Flg. 3. Simplified illustration of the swinging cross-bridge cycle during muscle
contraction. A and В refer to resting muscle state, there is only a weak inter
action between actin and the myosin heads. The release of Pi can cause the
change from state В into C. The myosin head binds more tightly to actin. The
power stroke is the change from state С t o D. The myosin head changed its
conformation (see text) and orientation relative to actln.

models are interesting for further consideration, the "swinging cross-bridge"
model from Huxley (1969) and the "helix-coil transition" model from Harrington
(1971). In the first model the myosin head undergoes a change in conformation,
which creates a "powerstroke" to push or to pull the actin filament. The myosin
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head remains associated with actin during this conformational change. In the
"helix-coil transition" model the hinge region is supposed to change the conformation, leading to a change of the position of actin and myosin filaments. The
hydrolysis of ATP in both models supplies the energy for the change in conformation (Fig. 3, p. 27).
The research on myosin molecules supports the "swinging cross-bridge" model. Several in vitro studies showed that the SI head fragment is sufficient for
the movement of actin filaments (Sheetz and Spudich, 1983; Hynes et al., 1987;
Toyoshima et al., 1987). Biochemical analyses revealed the ATPase and actin-binding domains on the head fragment (see ref. in Emerson and Bernstein, 1987).
The main problem with both models is that the conformational change of the
myosin motor molecules is not yet observed (see Yangida, 1985 or Thomas, 1987).
Recently, however, the three dimensional structure of the SI head was reconstructed.
The structural data of the head at the atomic level indicate a cleft in the SOK segment (this is the major domain of the head, located between ATP binding site and
hinge) which has the potential to open if ATP binds to the ATP binding site (Rayment et al., 1993a,b; Schröder et al., 1993; Taylor, 1993; Trayer, 1993).
Tbe Muscle Myosin Heavy Chain Gene of D. melanogaster
The D. melanogaster muscle MHC (mMHC) gene was isolated independently by
two groups (Bernstein et al., 1983; Rozek and Davidson, 1983). Bernstein et al.
used a heterologous myosin probe of C. elegans to screen a genomic library of
D. melanogaster
Canton S in λ Charon 4 phages. Rozek and Davidson used a
cDNA probe, derived from high molecular weight RNA of 15 hr Drosophila em
bryos (this RNA was in vitro translated into a protein of Mr 200000, which in
its proteolytic pattern closely resembled rabbit leg mMHC), to screen the same
library as Bernstein et al. did. Consequently, both restriction maps where iden
tical.
In the past years the mMHC gene was completely sequenced (Rozek and Da
vidson, 1986; Bernstein et al., 1986; Wassenberg et al., 1987; George et al., 1989)
and the subsequent analysis revealed some interesting features. The mMHC gene
is present as a single copy and it is localized on chromosome 2L region 36B (Bern
stein et al., 1983). The length is 21867 bp. All transcripts initiate at a single site
(Wassenberg et al., 1987) and the untranslated 3' end contains two polyadenylation
sites. The gene is composed of 30 exons (1-19), including 5 sets of exons (3a,b;
7a,b,c,d; 9a,b,c; lla,b,c,d,e; 15a,b) which are alternatively spliced and one exon (18)
is selectively included or excluded. Analysis of isolated cDNAs showed only the
inclusion of one form of art alternatively spliced exon. Combinatorial splicing of
these exon sets can result in as many as 480 different mMHC isoforms (George
et al., 1989). The structure of the D. melanogaster
mMHC gene is shown in Fig.
4B, p. 29. More details are presented in Chapter V, p. 93.
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Flg. 4. A. Muscle myosin heavy chain protein as monomer. SI: globular head
fragment; S2: hinge fragment at the NH2 terminal end of the rod; LMM: light
mero-myosin tail fragment. B. Exon-intron structure mMHC gene D. melanogaster.
Exon 1 is an untranslated leader sequence. Exons 2-12 code for the SI head
fragment. Parts of exons 14-16 (residues 1125-1276) encode the S2-hinge. Exons
16-17 encode the α-helical coll region of the LMM fragment. The non-coiled
tailpiece is encoded by a few residues of exon 17 until the stopcodon at the end
of either exon 18 or exon 19. Filled bars exon sequences, s: stopcodon. p: poly
Α-site. Exons 3, 7, 9, 11, 15 are alternatively spliced; marked by a, b, etc above
the drawing and extended bars. Exon 18 (cross striped) is differentially spliced
(see also figure 3 in George et al., 1989).
The molecular analysis of the mMHC gene expression revealed a complex
pattern of stage and tissue specificity as was demonstrated by Northern blot
analysis. Three m RNA size classes of 6.1, 6.6 and 7.1 kb can be discriminated.
These transcripts appear stage and tissue dependently, see Table 2, p. 29.
TABLE 2
Stage and tlsaue specificity of
size class
E L Ρ
6.1 kb
+ + +
6.6 kb
+ + +
7.1 kb
+

mMHC transcript«
Α Η Τ
+ + +
+ + +
+ • -

E: embryos; L: larvae; Ρ: pupae; A: adult thoraces; H: head; T: testes (see Chap
ter 4, p. 88).
The use of probes derived from different 3' regions of the gene showed that
the three size classes are the result of differential polyadenylation and inclusion
or exclusion of exon 18 (Bernstein et al., 1986; Rozek and Davidson, 1986; Kazzaz
and Rozek, 1989). Focusing at the 3' end of the gene showed essentially four
transcripts and two proteins (see Fig. 5, p. 30).
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pAs
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DAS
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17

18
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)As

17

18

19

7.1 kb

Hg. S. Structure of the 3' end of mMHC transcripts, ρ As: poly adenylation sites
downstream of exon 19. Thick black bar point to a stopcodon. Position of s t o p codon at the end of exon 19: 82 nt downstream of exon 17-19 junction. The 6.1
and 6.6 kb transcripts encode a 27 amino acid carboxy terminus. The stopcodon
in exon 18 is 3 nt downstream of the junction exon 17-18. Transcripts including
exon 18 encode an 1 amino acid carboxy terminus (Bernstein et al., 1986; Rozek
and Davidson, 1986; George et al., 1989).

size class
exons

TABLE 3
Presence of alternative е х о ш In mRNAs
6.6
6.
7.1
6.1

3a

•

3b
7a
7b
7c

+
+
+
+
+

7d
9a
9b
9c

2

+
+

6.6

7.1

exons
11a
lib
lie
lid
lie*
15a
15b
18

*: lower signal s t r e n g t h of e x o n 7d with transcripts 6 1 and 6 6 kb compared t o 7 1
2
kb transcript. : data from Krone г t e t al (1991) George e t al (1989) showed,
however, that e x o n s 9a and 9c are p r e s e n t in the 6 1 and 7.1 kb transcripts
respectively. The contradiction can be explained by the c r o s s reaction of t h e
e x o n 9 probes (the s e q u e n c e s of 9a, 9b, and 9c are highly identical) 3 · very low
signal. * „ not done The alternative e x o n s 7d, lib, and 18 are pupae/adult s p e 
cific The e x o n s 3a, 7a, 7b, and lie are n o t p r e s e n t In the 7 1 kb transcript
which c o n t a i n s e x o n 18 Both e x o n s ISa and 15b are present In the thorax, but
ISa exclusively in Indirect flight m u s c l e s (IFM; George e t al., 1989)
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The presence of the different alternative exons in the three mRNA size
classes was Investigated by Northern blot analysis and by sequencing of diffe
rent cDNA moleclues, the data are summarized in Table 3, p. 30.
mMHC mutMBts of D. melanogmster
By means of chemical induction a large number of Drosophila muscle mutants
were isolated (Mogami and Hotta, 1981). Flies in which mutations affect the IFM
are flightless, but this muscle is dispensable for survival. Homozygous mutants
are mostly lethal. Study of several heterozygous muscle mutants showed a
disruption of the IFM myofibrils. Reduction to half the normal amount of a
component of the myofibril can cause a dominant flightless phenotype (see
references in Mogami and Hotta, 1981; Beali et al., 1989). Among these group
several dominant flightless mutants map to polytene chromosome locus 36B.
The 36B locus is haploinsufficient for flight muscle function, but a single copy
is sufficient for function of larval and adult leg muscles and probably other
muscles (Bernstein et al., 1983; Mogami et al., 1986).
A few dominant flightless mutants were characterized at the molecular le
vel, including transcript analysis (Northern blots and in situ hybridizations),
genomic clone sequencing and ultrastructural studies. Relevant data of mMHC
mutants Mhc1 to Mhc11 will be summarized.
Mhc1 is a recessive lethal (homozygous flies die at late embryonic stages)
which only can be kept heterozygous with a balancer chromosome (Mogami et
al., 1986). This mutant was analyzed in more detail at the DNA level. O'Donnell
and Bernstein (1988) described the molecular lesion as a 101 bp deletion remo
ving most of exonS and the 5' intron (position 4531-4631). Nevertheless, a Nor
thern blot with pupae RNA of Mhc1/* heterozygous shows all three transcripts
(Mogami et al., 1986). These are most likely due to the presence of the wild-ty
pe copy of the mMHC gene. Studies on splicing revealed that exon 5 sequences
are omitted. This results in translational frame-shift of +1 and subsequent
premature termination of translation. The putative protein of about Mr 30000
could not be detected (O' Donnell and Bernstein, 1988). The amount of mMHC
protein in thoraces and legs is reduced (63% of wild-type). Ultrastructural ana
lysis of IFM of heterozygous flies showed that the myofibrils are poorly orga
nized, resulting in a flightless phenotype. Interestingly, larval Intersegmental
muscles do have less thick filaments within the myofibers but they are still
functional (O' Donnell and Bernstein, 1988).
7

10

The dominant flightless homozygous viable mutants Mbc , kibe , and Mbc"
are well characterized. Kronert et al. (1991) showed that both Mhc7 and Mhc11
alleles have a point mutation in exon 9a. In Mhc7 a Τ ·* A mutation (position
8914) changed a leucine codon into a stop codon in exon 9a. This mutation pre
vents accumulation of both mRNA and protein in the IFM of the thorax, but
not in other muscle types (for IFM tissue Mhc7 can be considered as a null alGeneral
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lel; O'Donnell et al., 1989). Ultrastructural data of Mhc7 IFM showed a complete lack of sarcomeric organization, thick filaments are not present (Chun and
Falkenthal, 1988; O'Donnell et al., 1989). Molecular analysis revealed that exon
9a is used in IFM whereas both exons 9a and 9b are present in jump muscles.
Exons 9b and 9c are used in other larval and adult muscles (Kronert et al.,
1991).
Ä ß e " has a Τ н» A change at base 9067 which changes the 5' splice junction
sequence (GT to GA) of exon 9a. No mMHC protein can be detected in the t h o races, but the mMHC protein content is at wild-type level in other muscles.
The indirect flight muscle structure is disrupted and no thick filaments and
myofibrils are present (O'Donnell et al., 1989). However, mMHC mRNA is visible
in IFM using either exon 4, 5, and 6 or alternative exons 9b and 9c as a probe.
11
Northern blot analysis with mRNA from Mhc
pupae revealed an aberrant
transcript of 8.9 kb. This was due to fact that in IFM incompletely spliced
mRNA is present.
The mutant A£hc*° (= A/Ac*·®5) is of particular interest, because analysis of
the DNA revealed a point mutation at the consensus 3' splice site of exon ISa
(position 17502, CAG •* CAA; Collier et al., 1990). Both alternative exons ISa and
lSb encode 26 amino acids which are part of the S2 hinge region. No mMHC
protein accumulated in the thoraces and it was present at a reduced level in leg
muscles. IFM structure was disrupted and no thick filaments were present. Also
the leg muscle myofilaments were disorganized (O'Donnell et al., 1989; Collier et
al., 1990). In situ hybridization showed no label (probe exons 4, 5, and 6) within
the IFM, but weakly in the leg muscles.
According to Northern blot analysis exon lSb is spliced into transcript classes 6.1 kb and 6.6 kb of larval RNA. In pupae mMHC RNA both exons were
present, exon 15a could only hybridize to transcript class 7.1 kb. Hybridization
of exon 15a to MhcÍO larval and pupae RNA showed no signal at all. This correlates with the molecular position of the mutation (Collier et al., 1990). The
data obtained with wild-type flies are consistent with the Mhc10 results. More
detailed localization studies of exons 15a and 15b demonstrated exon 15a to be
present in IFM and jump muscles whereas both exons 15a and 15b are present in
head and leg muscles. Exon 15b was not detectable in IFM.
These data indicate the presence of 15a in muscles which contract rapidly
(IFM) or have high levels of tension (jump muscle), whereas alternative exon 15b
is present In mMHC transcripts of muscles which contract slowly (larval and
abdominal muscles).
The mutants Mbc?, Mbc3, and Mhc* are less
al. (1986) showed that these recessive lethals have
thern blot. Southern blots showed insertions of 9
of the third or fourth intron), which are likely
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additional transcripts on Norto 10 kb fragments (in region
to be transposable elements.
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m M HC protein level in thoraces and legs is reduced. Electron microscopic
dies displayed similar abnormalities as observed on Mhc1.

stu-

Finally, Mbc6, Mhc*, and Mbc9 were not studied in great detail. Mhc6 (previously called Ifm(2)fí was analyzed genetically (to study interactions between
unlinked muscle genes) by Homyk and Emerson (1988) and classified as semidominant for flightlessness. Nothing is known about the molecular nature of this
mutation. Mogami and Hotta (1981) described that some thorax protein spots on
two-dimensional protein gels were missing. Myofibrils of homozygotes have
generally thin Α-bands. Heterozygote myofibrils have gaps at the periphery of
the Α-bands. These data were obtained with the light microscope (Mogami and
Hotta, 1981).
8
Mbc (lfm(2)3l is a recessive lethal mutant. Heterozygotes have normal si
zed mMHC transcripts. No abnormal mMHC RNA and protein could be detected.
This suggests a point mutation as the origin of this phenotype. Protein amount
of thorax and leg is reduced (see more details in Mogami et al., 1986).
9
Mhc is a homozygous viable mMHC mutant and was analyzed in some de
tail by O'Donnell et al. (1989). Protein gel electrophoresis revealed no mMHC
protein accumulation in the 1FM, but a normal mMHC protein level was obser
ved in the legs. In situ hybridization with a probe containing exon 4, S, and 6
showed mMHC RNA at wild-type level in all muscles. The molecular lesion was
studied by Kronert et al. (1993). They demonstrated that an evolutionary invariant
glutamic acid (position 482, see also chapter V, p. 106) was substituted by a ly
sine. Their results indicate that this conserved glutamic acid is important for
myosin ATPase activity.
Molecular шпаіушів of alternative apUdog of mMHC
transcripts
The splicing of three alternative exons - 9, IS, and 18 - was studied at the mo
lecular level. Exon 18 is of particular interest because it is mainly present in
the indirect flight muscles of the thorax, whereas other alternative exons are
more common in different muscles. Inclusion of exon 18 results in a protein
with a different carboxy-terminus, because this exon encodes only one amino
acid (Fig. S, p. 30). Considering the length of exon 18 (500 nt; in D. hydei 700
nt, see chapter V, p. 105) the question arises what kind of function this t r a n s 
cript can fulfill? Does this transcript region contain regulatory sequences?
Detailed comparison of exon 18 sequences of different Drosophila species may
illuminate these questions.
Already for many years the splicing of exon 18 is a topic of intensive studies.
Work of Rozek and Davidson (1986) and Bernstein et al. (1986) revealed an unu
sual 3' splice acceptor site and the lack of a branch point consensus sequence.
Studies in vivo and in vitro showed that this purine-rich sequence is not respon
sible for the skip splicing in embryonic and larval muscles (Hess and Bernstein,
1991; Hodges and Bernstein, 1992). Ρ element transformation experiments demonGenera/
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strated that neither mutations at intron 17/exon 18 junction nor replacement by
a consensus 3' splice junction is sufficient to skip exon 18 splicing in adult
thorax muscles or for the inclusion of exon 18 in larval muscles (Hess and
Bernstein, 1991).
An in vitro study of Hodges and Bernstein (1992) showed that exon 18 is
included in a mMHC transcript in Kc Yale cell nuclear extracts, if both splice
junctions around exon 18 were modified into consensus sequences (wild-type
exon/intron sequences of region 17-18-19 showed skip splicing of exon 18 in Kc
Yale cells). They concluded that both junctions of exon 18 are key elements for
recognition by the splicing machinery.
The splicing of alternative exons 9a, 9b and 9c was studied by Kronert et
al. (1991) with data obtained from muscle mutant Mhc11 (see p. 32). The 5' splice site of exon 9a was changed (GT •* GA) in this mutant. They made the interesting observation that different muscle types respond in a different way to
this mutation. In the IFM a cryptic splice site in intron 9c is used (downstream
of exon 9c) which is joined to the 3' splice site of exon 10. The S' splice junctions
of both exon 9b and 9c were ignored. This suggests the presence of tissue-specific factors which are either positive (to promote splicing of exon 9a in IFM)
or negative (to block splicing of 9b and 9c in IFM). However, in jump muscles
exon 9b was spliced instead of exon 9a. This switch showed the plasticity of
the splicing machinery in jump muscles. Therefore a mutant phenotype can be
masked.
Analysis of mutant Mhc10 revealed a point mutation in the alternative exon
ISa at the 3' splice site (CAG -» CAA; Collier et al., 1990; see p. 32). In wildtype larval muscles exon 15b is used, but wild-type pupae mMHC mRNA contain
either lSb or ISa. Mutant pupae mRNA class 7.1 kb does not contain ISa transcripts
anymore (see before, p. 32). In this case exon 15b was not used in place of exon
15a (compare data on exon 9). This indicates that also for these alternative exons
tissue-specific factors must be present which were able to discriminate between
both exons.
Alternative splicing of exons creates structurally related (based on sequence
similarity), but functionally different isoforms. However, it is so far unclear
which function can be assigned to an alternative exon domain. The analysis of
both wild-type and mutants (either induced by chemicals or by molecular genetic techniques) in this respect will probably elucidate some functions.

Structure, Expression and Function of the Nonmuscle MHC Gene and Protein
As already mentioned before, myosin type II proteins include not only muscle
variants, but also nonmuscle or cytoplasmic proteins. The cytoplasmic MHC
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proteins are structurally related to the mMHC variants. This includes a glo
bular head domain (with the ATPase region, the actin binding regions and the
locations to bind the MLC molecules), a hinge domain and an α-helical tail
(Warrick and Spudich, 1987). The tail fragment is shorter than the tail of the
mMHC molecules (Korn et al., 1988). The cytoplasmic MHC dimers are able t o
assemble into filaments.
It seems that the cytoplasmic MHC proteins are synthesized in all eukaryotic cells (Pollard, 1981). They have many different functions, including cytokine
sis, capping of surface receptors, cytoplasmic streaming, intracellular vesicle
movement, cell locomotion and development (Spudich, 1989; Kiehart, 1990). Cyto
plasmic MHC genes and gene products are mainly studied in the fungus Dictyostelium discoideum and the insect D. melanogaster.
The cytoplmsmic MHC Gene and Protein of D. melanogaater
Kiehart and Feghali (1986) identified and purified a Drosophila cytoplasmic MHC
protein out of different cell lines (Schneider and Kc). Several different s t r u c t u 
ral and functional criteria, such as cross reactivity with human platelet myosin
monoclonal antibodies, EM structure and ATPase activity helped to prove that
their isolated protein is really a cytoplasmic MHC. Further research with the aid
of antibodies against this protein allowed the isolation of the D.
melanogaster
cytoplasmic MHC gene (Kiehart et al., 1989). It is localized on polytene chromo
some 2R region 60EF and has a size of over 20 kb. A complete cDNA was
isolated which demonstrated that the protein sequence is clearly different from
the mMHC protein (overall similarity 38.4% obtained with the GCG GAP pro
gram). Primer extension analysis, sequencing of different cDNAs and genomic
DNA showed the presence of two distinct transcripts. Differential splicing at
the very S' end of the gene can result in different proteins (Ketchum et al.,
1990).

Structure and Function of other Myosin·
The myosin motor protein group can be classified as a superfamily with many
structurally and functionally distinct members. Recently, Titus (1993a) described a
classification of myosin proteins with six different classes, see Table 4, p. 36.
All members of the myosin superfamily have a globular head region In common.
They differ, however, from each other in their tail structure (Cheney and Mooseker, 1992; Coudrier et al., 1992; see also Vale and Goldstein, 1990 and Vale,
1992). The myosin II proteins are able to assemble into thick filaments. The
other myosin classes so far are not known to be capable of assembling into
filaments. Several myosin proteins (mostly of class I, but also of class V, see
Table 4, p. 36) are suggested to have a function in transporting vesicles.
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Close
Myosin I

Myosin II

TABLE 4
Classification of the Myosin Supofamlly
Structure
Function
Size
Example
head +
transport
120-140 kD
brush border MI
small tail
vesicles
head +
tail/dimers

muscle
contraction
cytokinesis

200 kD

Ref
1

skeletal muscle Mil

2

non-muscle Mil

3
4

Myosin III

head +
tall

photo132/174 kD
transduction

Nina С

Myosin IV

head +
tail

unknown

177 kD

Acanthamoeba

Myosin V

head +
tail/dimers

transport
synaptic
vesicles

180-215 kD

chicken brain pl90

Myosin VI

head +
tail

unknown

140 kD

Drosophila 95F

Myosin VII

head ? +
tail Mil

unknown

140-155 kD

Drosophila mMHC
variant

HMW S

6
7
8

10

Table after data of Cheney and Mooseker (1992) and Titus (1993a,b,c). Referen
ces: 1. Mooseker et al. (1991); 2. Emerson and Bernstein (1987); 3. Kiehart et al.
(1990); 4. Montell and Rubin (1988); 5. Horowitz and Hammer (1990); 6. Espindola
et al. (1992); 7. Mercer et al. (1991); 8. Johnston et al. (1991); 9. Kellerman and
Miller (1992); 10. Hastings and Emerson (1991); Miedema et al. in preparation, see
this thesis.
Summery
In vertebrates myosin heavy chain proteins are encoded by gene families. In
Drosophila a single copy gene, with a complicated gene structure (including five
sets of alternatively spliced exons), is responsible for synthesis of different
mMHC protein isoforms. Today, many myosin genes, each with its own unique
structure, have been isolated. The derived protein products all seem to have a
specific function related to their structure.
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Outline of the The·!·
In this thesis I will describe the molecular analysis of muscle myosin heavy
chain gene expression in the testis of D. hydei and D. melanogaster. I will point
out the evidence for mMHC gene expression in the testis at the mRNA and the
protein level.
In chapter II the isolation of a myosin cDNA with a polyclonal antiserum
against a D. hydei M r 155000 testis protein is shown. Several different antisera
against mMHC protein demonstrate the expression of two mMHC isoforms, Mr
200000 and M r 15S000.
Chapter III contains details about the ultrastructural localization of the myosin protein in the germ cells and in the somatic cell wall of the testis.
Chapter IV shows the molecular structure of several different testis mMHC
cDNA molecules. Northern blot analysis revéales the size and number of mMHC
testis transcripts. In situ hybridization on testis cells shows the localization of
mMHC transcripts.
In chapter V we will demonstrate the molecular structure of the D. hydei
mMHC gene. Comparisons at nucleotide and amino acid level are made between
the D. melanogaster and D. hydei mMHC genes. Putative important regions for
splicing and initiation of a smaller mMHC transcript based on alignments are
described.
In part I of chapter VI I will discuss general aspects of gene cloning with
antibodies and compare them with the data presented in chapter II, III and IV.
In part II some aspects of the ultrastructural conservation of paracrystalline
material in the nebenkern derivatives of sperm tails in the subphylum Hexapoda,
the localization of mMHC isoforms in the paracrystalline material and further
experimental approaches to analyze the function of myosin proteins in the testis
of DrosophUa will be discussed.
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Chapter II

Muscle Myosin Heavy Chain Protein in the Testis of Drosopblla.
Evidence For a Novel Myosin Isoform

Koos Miedema, Petra Bindeis, Cora van Roozendaal, Fan Wang
and Wolfgang Hennig

Immer weiter
Immer weiter geradeaus
Nicht verzweifeln
Denn da holt dich niemand raus
Komm steh selber wieder au F
N. Kerner

Summary
Searching for structural proteins involved in spermatogenesis of Drosophila, we
found muscle myosin heavy chain (mMHC) protein isoforms in the testis of
Drosophila hydei and D. melanogaster. Western blots with four different antisera against mMHC protein documented the existence of two mMHC protein fractions (tp 155 and tp 200) in the testis of both species. Peptide mapping confirmed the identity of tp 155 and tp 200 as mMHC isoforms. Tp 155 appears to be
a novel mMHC isoform without an ordinary myosin head domain. Extensive
immunological control incubations confirmed the specificity of the mMHC antisera. Immunological analysis of other Drosophila species showed the conserved
expression of both mMHC isoforms in the testis tissue.
Introduction
Myosin heavy chain protein is one of the main components of the muscle tissue.
It is a hexameric protein composed of two myosin heavy chain and four myosin
light chain proteins (see chapter I, p. 26). Specific mMHC protein isoforms can
be detected in several different muscle tissues. These isoforms are encoded by
a single copy gene in both D. melanogaster (polytene chromosome locus 36B)
and D. hydei (this chapter) and are generated by an alternative splicing process
(Bernstein et al., 1983; Rozelc and Davidson, 1983; Bernstein et al., 1986; Rozek
and Davidson, 1986; George et al., 1989; Kazzaz and Rozek, 1989; Hastings and
Emerson, 1991; Hess and Bernstein, 1991; Kronert et al., 1991).
The D. melanogaster mMHC monomer protein has a size of approximately
Mp 200000 and is easily detectable in carcasses or thoraces on Polyacrylamide
gels stained with Coomassie Brilliant Blue. Immunological studies of Kiehart
and Feghali (1986) and Kiehart et al. (1989) revealed the existence of a cytoplasmic (nonmuscle) myosin heavy chain (MHO protein of about the same size (Mr
210000) as the mMHC protein. The single copy gene encoding the cytoplasmic
MHC protein is localized at polytene chromosome region 60EF (Kiehart et al.,
1989). Antiserum raised against mMHC protein does not give a significant signal
on cytoplasmic MHC proteins. Polyclonal antiserum raised against cytoplasmic
MHC protein behaves in a reciprocal fashion (Kiehart and Feghali, 1986).
Genetic analyis of muscle mutants in Drosophila showed the existence of
dominant flightless and recessive lethals which map to polytene chromosome
locus 36B (Mogami and Hotta, 1981; Mogami et al., 1986). In all mutants the
production of mMHC protein is reduced. The 36B mMHC locus is haploinsufficient for flight muscle function, but a single copy is sufficient for function of
larval muscles and adult leg muscles (Bernstein et al., 1983; Mogami et al.,
1986). Molecular work on dominant flightless, homozygous viable mMHC mutants demonstrated mutations within alternatively spliced exons. Although the
mutation is homozygous, the use of different alternative exons (different protein
isoforms) in various different muscle tissue allows the fly to survive (O' Donnell
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et al., 1989; Collier et al., 1990; Kronert et al., 1991; chapter I, p. 31).
When studying spermatogenesis in D. hydei and D. melanogaster with the
aid of an antiserum against a D. hydei testis protein of Mr 155000, we found
evidence for mMHC protein isoforms in the testes of both species. Two mMHC
proteins (tp 200 and tp 155) are encoded by the single copy mMHC gene in the
testis. One of the proteins - tp 155 - is a novel mMHC isoform, which is expressed by male germ cells. Immunological analysis revealed that tp 155 does
not contain an ordinary mMHC head domain. Several viable mMHC mutants
showed no changes in expression of t p 200 and tp 155, which Indicate in testis
tissue inclusion of other functional alternative exons. Analysis of other Drosophila species showed the immunological conservation of both mMHC isoforms in
the testes.
Material· and Method*
Fly Stocke
The wild-type strains D. melanogaster
(Canton S) and D. hydei (Tübingen) were
from our laboratory collection. The D. hydei ms(3)S germ line mutant was kindly provided by Dr. J. Hackstein (Hackstein et al., 1987; 1990). D. melanogaster
osk301 germ line mutant was kindly provided by Dr. M. Steinmann-Zwicky (Lehmann and Nilsslein-Volhard, 1986). The D. melanogaster
mMHC mutants Mhc1
6
7
(recessive lethal), Mhc (dominant flightless), Mhc and Mhc10 (=MhcbBS, homozygous-viable) were kindly provided by Dr. S. Bernstein (see chapter I, p. 31 for
details).
Preparation of Testée, Свгсаяшеа, Sperm and Bacterial Proteina
Testis pairs were dissected and collected in bidistilled water or testis isolation
medium (Hennig, 1967) on ice. The remaining carcasses were also dropped in ice
cold bidistilled water or testis isolation medium. We routinely used two to five
testis pairs from D. hydei and 16-40 testis pairs of D. melanogaster
for one la
ne on a SDS-PAA protein gel. One to three carcasses are loaded on one lane.
The number of testes and carcasses depends on the thickness of the gel (0.4-3
mm). The tissue was resuspended in 10 μΐ SDS sample buffer (=SB; Laemmli,
1970; SDS 10%) for each lane and boiled for 5-7 min. Insoluble material was
removed by centrifugation for 5 min. Until loading on the gel the samples were
kept on ice. As protease inhibitors we used PMSF (1 mM) and leupeptin (Boehringer Mannheim) 1 μg/ ml in testis isolation medium and SDS-SB.
Sperm was manually isolated from D. hydei testes and proteins were extrac
ted as described above.
Xgtll wild-type, XDmK2-30, XDmMTM2-8 and XDmMTM2-8rev lysogens in
the Escherichia coli Y1089 strain were induced with IPTG by standard methods
(Huynh et al., 1985) and bacterial proteins were extracted by solubilization of
bacteria in SDS-SB for 5 min at 100°C. The resulting lysate was centrifugated for
5 min in an Eppendorf centrifuge and kept on ice until loading or frozen at -20°C.
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Polyacrylamide Gel Electropnonala and Weatern Blotting
Protein samples were electrophoresed using lineair 6% or 8% SDS-PAA gels ac
cording t o Laemmli (1970). Gels were stained in 0.1% Coomassie Brilliant Blue
(CBB) R-250 (50% methanol/10% acetic acid) overnight or blotted directly. Protein
molecular weight standards were from Boehringer Mannheim.
The proteins contained in SDS-PAA gels were transferred according to the
instructions of the manufacturers t o Immobilen PVDF (Millipore Inc., USA)
membrane. Transfer of proteins t o PVDF membranes was performed in a semidry blot apparatus (Phase) at 300 mA in Tris-Glycine blot-buffer without me
thanol for 1 hr (Towbin et al., 1979). Western blots were blocked in 5% BSA/
PBS (PBS: 0.137 M NaCl, 0.003 M KCl, 0.0015 M К Н 2 Р 0 4 , 0.007 M N a 2 H P 0 4 . 2
H 2 0 pH 7.4) for 1 hr at 37°C, air dried and stored at 4 ° C (Gilltekin and Heermann, 1988) or washed in 0.1% BSA/PBS 3 x 5 min and incubated in first anti
body solution at 4°C or at room temperature (see below). Marker lanes were
stained directly after blotting in 0.01% amidoblack (50% methanol/10% acetic
acid).
Preparation of Antlaera, Antibody Reactions and Affinity
Purification
The polyclonal K2 antiserum was raised in a rabbit against a D. hydei testis
protein fraction of Mr 155000 as described below (previously designated as sph
155 in Hulsebos et al. 1983¡ 1984). The polyclonal anti-F p K2-30, anti-F p MTM2-8
and anti-FpMTM2-8rev antisera were raised in rabbits against the fusion p r o teins (Fp) FpK2-30, FpMTM2-8 and F p MTM2-8rev. Immunization of rabbits was
done with fusion protein emulsified with complete Freund adjuvant according to
Harlow and Lane (1988). The polyclonal antisera were used for immunoblotting
after affinity purification with Xgtll wildtype proteins on PVDF membranes.
Preimmune serum was taken from the rabbits before immunization and used as
a control for Western experiments.
The monoclonal antl-mMHC serum, and the polyclonal anti-cytoplasmic
MHC antiserum was kindly provided respectively by Drs. M.L. Pardue, and D.P.
Kiehart (Kiehart and Feghali, 1986).
K2 antiserum was diluted 1 : 2000 in PBS/1% BSA/0.05% Tween 80 and used
for immunoscreening a cDNA library and Western blots. Monoclonal anti-mMHC
antiserum was diluted 1 : 2000, polyclonals anti-cytoplasmic MHC 1 : 1000,
anti-FpK2-30 1 : 3000-4000, anti-F p MTM2-8, anti-F p MTM2-8rev 1 : 1000 and
preimmune serum 1 : 1000 for Western blot analysis.
Incubations were performed for 1-2 hr at room temperature or overnight at
4 ° C . Single lanes were put in cylindrical plastic containers and rotated (compare Thomas et al., 1988).
Secondary anti-rabbit and anti-mouse antibodies were diluted 1 : 5000. Blots
were incubated for 1 hr at room temperature. Rabbit and mouse antibodies were
detected by reaction with anti-rabbit or anti-mouse IgG alkaline phosphatase
conjugates (Jackson ImmunoResearch) and the substrates NBT and BCIP (Blake
et al., 1984; Knecht and Dimond, 1984).
Western blots with fusion protein (FpK2-30), β -galactosidase or D. hydei
mMHC Proteins
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carcass protein were incubated with K2 antiserum (1 : 2000, overnight at 4°C).
A small part of the protein blot was stained with amidoblack to localize the
fusion, ß-galactosidase or carcass protein fraction and used as reference to cut
out the relevant protein fractions (F p K2-30, M r 145000; β galactosidase, M r
114000; carcass protein Mr 200000). Antibodies were eluted 3 x 5 min in 100
mM glycine pH 2.6 (Lewis e t al., 1986), neutralized and diluted four times (final
volume 2.5 ml) in PBS. Testis and carcass protein lanes were incubated with
affinity purified sera overnight at 4 ° C . The blots were developed for 30 min.
Depletion of anti-FpK2-30 antiserum was done by several incubations with
D. hydei mMHC cp 200 protein strips.
Peptide Mmpplng
Peptide mapping was done according t o Cleveland et al. (1977) and Hames (1981).
D. hydei proteins of t e s t e s (200), remaining carcasses (100) or D. melanogaster
FpK2-30 (prepared as described above on a preparative scale) were loaded on a
preparative 6% SDS-PAA gel. Proteins were visualized by incubation in 0.1% CBB
R-250, not longer than 30 min. Destaining (5% methanol/ 10% acetic acid) was
less than 1 hr. After a short rinse in bidistilled water, the bands (tp 200, tp
155, cp 200 or FpK2-30) were cut from the gel and the protein was electro-eluted in 3-4 ml SDS/Tris/Glycine electrophoresis buffer for 6 hr in a dialysis bag
(Whitfield et al., 1988). Eluted protein were dialyzed against bidistilled water for
several hours, frozen in liquid nitrogen and lyophilized overnight. The powder
was dissolved in 50 μΐ (tp 200/ tpl5S) or 100 μΐ (F p K2-30/cp 200) steril bidi
stilled water. Samples were taken, loaded on a SDS-PAA gel, blotted and anti
body reactions were performed t o check the quality and purity of the eluted
proteins. Limited digestions with Staphylococcus aureus V8 protease and chymotrypsin A 4 (Boehringer Mannheim) were performed for 1 hr at 37°C with 10-20
μΐ t p 200, tp 155, FpK2-30 or S μΐ cp 200 and 0.1-1.0 mg/ml enzyme. Digested
protein samples were boiled for S min and loaded on a 5-18% SDS-PAA gradient
gel. After run, proteins in the gel were blotted to PVDF and antibody reactions
were performed as described above.
ImmUBO-Screen of m cDNA library
Immunological screening of a Xgtll cDNA library of D. melanogaster flies (kind
ly provided by Dr. H. Saumweber) was accomplished with minor modifications as
previously described (Huynh et al., 1985; Mierendorf et al., 1987). Approximately
1 χ IO 6 plaque-forming units were plated, induced with IPTG and lifts to nitro
cellulose ( N O were performed. Immunologically positive plaques were detected
with the K2 antiserum and subjected t o plaque purification by two immuological
rescreens.
Recomblamnt DNA Апміуаім
Plaque-purified recombinant Xgtll phages were amplified by plate lysis and pha
ge DNA was isolated rapidly with DEAE 52 (Silhavy et al., 1984). After digestion
with Eco RI, cDNA Inserts were purified by low melting agarose electrophoresis
(Sambrook et al., 1989). The cDNA inserts were subcloned into Eco RI-digested
and alkaline phosphatase-treated pGEM4 plasmids or MI3 mpl8/19.
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Plasmid DNA isolations were performed by the boiling and alkaline lysis
methods (Sambrook et al., 1989). M13 single stranded DNA was prepared as
described by Amersham (1984). Dideoxynucleotide sequencing (Sanger et al., 1977)
was performed of denatured recombinant pGEM4 plasmid ( Hattorl and Sakaki,
1986) and of M13 mpl8/19 subclones generated by both direct and shot-gun
cloning (Amersham, 1984).
Genomic DNA of both D. melanogaster and D. hydei was prepared as described
before (Huijser and Hennig, 1987). Approximately 4 μg of DNA from both males
and females were digested by a 3-fold enzyme excess for several hours and
subsequently loaded on a 0.8% agarose gel. Electrophoresis was done by stan
dard methods (Sambrook et al., 19B9). Digested DNA was transferred to Hybond
nylon membranes (Amersham, 198S).
Southern blots were hybridized in 10 χ Denhart's solution overnight at 65-68°C
(Amersham, 1985). Membranes were washed 6 χ 30 min in 2 χ SSC/0.15Í SDS at 6568°C. DNA probes were made by nick translation with Ca- 32 P]dCTP (Rigby et al. 1977).
In Situ Hybridization on Polytene
Chromosomes
In situ hybridization was carried out as described by Hennig et al. (1982). As
probe we used 3 H-nick-translated insert of clone XDmK2-30. Hybridization was
carried out in 2 χ SSC at 62°C for S hr. The slides were coated with Ilford L4
autoradiographic emulsion, 1:1 diluted with distilled water. Photographs were ta
ken on Agfaortho 25 Professional film with a Zeiss Photomicroscope III.
ReeulU
bnmunoscreen of a Xgtli cDNA Expression Library Wltb K2 Antiserum
Yields
DNA Sequences that Encode Drosopbllm Muscle Myosin
The polyclonal K2 antiserum was raised against D. hydei testis protein of Mr
155000. This serum showed an additional cross reaction with a testis protein of
Mr 200000. In immunocytology experiments it stains sperm tails and parts of
the testis wall in D. hydei and D. melanogaster
(chapter III, p. 61). Our main
question is: What is the molecular nature of the testis proteins detected by the
K2 antiserum? To answer this question we started to identify the gene encoding
the protein related to our K2 antiserum by screening a cDNA expression library
of D. melanogaster
flies with this antiserum. The screen yielded two clones
XDmK2-30 and XDmK2-36. Both had 1.2 kb inserts and showed cross hybridiza
tion at high stringency. Sequencing data showed that the insert of XDmK2-30
and \DmK2-36 was identical to a part of the D. melanogaster
mMHC gene
(chapter IV; George et al. 1989). The alignment at both nucleotide and amino
acid level demonstrates that the identity is confined to exons 16 and 17 of the
MHC gene encoding amino acids 1455-1838 (Fig. 1, p. 46). We Investigated the
relationship between this mMHC cDNA fragment of XDmK2-30 and the reaction
of the K2 antiserum at the protein level (see for ultrastructural level chapter
III).
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Hg. 1. Muscle myosin heavy
chain monomer aligned with
XDmK2-30 amino acid sequences. A . Muscle myosin heavy
chain protein as monomer. S-l:
globular head fragment; S-2:
amlno-termlnal fragment of
°
light

mero-

myosin tail fragment.

B . D.

the
'

rod;

LMM:
β

muscle
Myosin
Heavy Chain typ« II

.

protein

^

-'£

j^"'

Drosopnila
melanogaster

мне type и
^.

tail region

melanogaster
LMM tail fragΤ
ment with α-helical coil do
main
(amino
acids
(aa):
μ«
ли«
Translated insert
C
1241-1961, George et al., 1989).
'
'
'
DmKz-зо
С . Alignment of translated
XDmK2-30 cDNA insert with D. melanogaster
LMM tail fragment (aa: 1455-1838,
George et al., 1989).
Western Blot Analysis Sbowa Two Muscle MHC Protein Fractions In the
Teatla of D. melanogaster and D. bydel
The K2 antiserum reacts mainly with two testis protein Ctp") fractions, tp 155
and tp 200 in both D. melanogaster
and D. hydei (Fig. 2A and 2C , lane 2, p.
47). The tp 155 is an abundant testis protein, while in carcasses a protein with
the same mobility is hard to detect. A Mr 155000 carcass protein is only detec
table if one overloads the gel considerably. The Mr 200000 protein fraction
appears clearly in both testis and carcass p_rotein ("cp") extracts (Fig. 2A-C, la
ne 2). In order to establish the relationship between the K2 antiserum and the
mMHC cDNA fragment we affinity purified the K2 antiserum with the fusion
protein (Fp) of clone XDmK2-30 (F p K2-30).
The affinity purified K2 antiserum recognizes the same proteins as the
original K2 antiserum does (Fig. 2A-C, lane 3). This confirms the relationship
between FpK2-30 and the K2 antiserum. The control affinity purification of K2
antiserum with ß-galactosidase only, shows no signal at the level of tp 155, tp
200 and cp 200 (not shown). This indicates that the myosin protein part of
FpK2-30 is responsible for the signals at the level of tp 155 and tp 200 (Fig.
2A-C, lane 3).
To further confirm the results of the affinity purification experiments we
raised a new polyclonal antiserum against fusion protein FpK2-30. This antiFpK2-30 antiserum reacts in a way similar to the original K2 and affinity purified K2 antiserum (Fig. 2A-C , lane 5). The preimmune serum does not show any
cross reactivity with testis and carcass proteins (Fig. 4C, lane 6, p. 49).
A strong support of our immunological data was obtained with a monoclonal antibody against mMHC protein of D. melanogaster.
Figure 2A-C, lane 4
shows that the monoclonal anti-mMHC antiserum recognizes proteins with the
same mobility as shown in Fig. 2A-C , lanes 2, 3, and 5. The serum gives considerably less background signals compared with the K2 antiserum. The monoclo46
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Flg. 2. Protein gels and Western blots with testis and carcass proteins from D.
hydei (A, B) and testis proteins from D. melanogaster
(C). The proteins with
M r 155000 (tp 155) and M r 200000 (tp 200/cp 200) are indicated. Slight diffe
rences at M r 200000 and 155000 level are due to use of different gels and
blots. Lane B4 is a blot from a 8% gel. Arrows indicate tubulin fractions. A-C/L
Testis (T) and carcass (C) proteins of D. hydei or D. melanogaster stained with
Coomassie Brilliant Blue R-250. A-C/2-5. Western blots with testis and carcass
proteins of D. hydei or D. melanogaster incubated with different antisera. A-C/2.
Polyclonal K.2 antiserum. A-C/3. Affinity purified K2 antiserum with F p K2-30.
A-C/4. Monoclonal anti-mMHC antiserum. A-C/5. Polyclonal anti-FpK2-30 anti
serum. The nature of the weak signals either directly above or below tp 155 is so
far unclear. Lanes Bl and B5 display two carcass proteins with nearly similar
mobility as tp 155 (arrowhead). As mentioned before on gels overloaded with
carcass protein, a Mr 155000 protein can be observed laying between the pro
teins visible in lanes Bl and B5 (Fig. 7, lane 8, p. 52). The strength of these
signals on Western blots vary and are not reproducible. Other signals are most
likely aspecific, because blots incubated with the monoclonal anti-mMHC (lanes
4) or polyclonal anti-FpK2-30 antisera (lanes 5) do not show these signals.
Carcass protein pattern on gel and Western blots from D. melanogaster is nearly
identical to the results of D. hydei presented in panel B.
nal anti-mMHC antiserum does not cross react with FpK2-30. Consequently, the
epitope recognized by the monoclonal anti-muscle MHC antiserum cannot be si
tuated within the a-helical tail region of the molecule encoded by exons 16 and
17 as far as they are present in the cDNA cloned in XDmK2-30.
It is obvious that all three approaches give comparable results. This holds
true not only for the testis proteins of both D. melanogaster and D. hydei, but
also for carcass and thorax proteins (not shown). The cp 200 on the carcass
blots corresponds in its electrophorectic mobility t o the mMHC protein as
reported by Kiehart and Feghali (1986). Affinity purification of K2 antiserum
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with D. hydei cp 200 and subsequent reprobing on testis protein blots again
showed reactions with only the tp 1SS and 200 (not shown). In addition, incubation of anti-FpK2-30 antiserum depleted with D. hydei cp 200 on a testis blot
of D. hydei showed almost no cross reaction with tp 1SS and tp 200 (not
shown). These experiments demonstrate once more the immunological relationship
between those proteins. In summary, Western blot analysis showed the presence
of two mMHC proteins In the testis of both species.
Peptide Mapping Revéala tp 1SS end tp 200 аз Myosin Isaf orma
To confirm the identity of tp 1SS and tp 200 as myosin isoform s a comparison
was made between tp 1S5, tp 200, cp 200 of D. hydei and the fusion protein
FpK2-30 (containing a 383 amino acids myosin LMM fragment, Fig. 1, p. 46) by
peptide mapping with different enzymes (Cleveland et al., 1977; Harnes, 1981). Figure
ЗА, lane 1 and 2 shows the similarity of tp 200 and tp 155 for several partial
protein fragments after partial digestion with V8 protease. Chymotrypsin (lanes
Bl and 2) shows a comparable situation, however with different sized fragments.
More complete digestion with chymotrypsin for FpK2-30, tp 155 and cp 200 (Fig.
3C, lane 1, 2 and 3 respectively) shows peptide fragments with an identical mobi
lity and antigenicity.
Fig. 3. Peptide mapping of tp 155, t p 200, cp
200 of D. hydei and FpK2-30 of D. melanogasA
B
C
ter with V8 protease and chymotrypsin. Western
- .*
blots (from 5-18% SDS-PAA gradient gels) were
_;
^*
incubated with polyclonal anti-FpK2-30 antise' - ·
—
rum. A/1-2, tp 200 (1) and t p 155 (2) digested M 1 " " " ~
with V8 protease. B/l-2. tp 200 (1) and tp 1S5
(2) digested with chymotrypsin. C/l-3. Fusion н „
protein F p K2-30 (1), tp 155 (2) and cp 200 (3)
Ш - —
digested with chymotrypsin. Other enzyme con- a·centrations revealed several peptide fragments
for each protein fraction with a different size,
but similar in mobility and antigenicity (not , ( _
em
""*
shown). Differences in signal strength are due
ι
2 1 2
1 2
3
to differences in protein concentration. V8
protease (27 kDa) and chymotrypsin (25 kDa) do not cross react with anti-FpK2-30
antiserum. Marker proteins are indicated at the left of panel A (kDa).
So, there is a clear comlgration of peptide fragments of t p 155 and tp 200.
In addition, these Western blots demonstrated related antigenicity for several
peptide fragments of tp 155 and tp 200. The serum used on these blots was
raised against the tail of the mMHC molecule. Therefore, it is possible to
conclude that a major part of t p 155 is identical to the tail of the mMHC mo
lecule. Taken together, peptide mapping revealed clear evidence for the identity
of cp 200, tp 200 and t p 155 as mMHC isoforms.
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Tp 155 Does Not Contain a Major Part of the Myosin Head
To learn more about the molecular composition of the tp 1S5 mMHC isoform
we developed a new antiserum against a part of the myosin head. This polyclo
nal anti-FpMTM2-8 antiserum was raised against a D. melanogaster
testis
PCR-cDNA clone MTM2-8 (see chapter IV, p. 86) encoding amino acid 1 to 464
of the S-l region of the myosin heavy chain protein. On a Western blot with
carcass proteins (Fig. 4A, lane 2) the signal on cp 200 is obvious. However, a
A

B

Hg. 4. Western blots with testis, sperm
and carcass proteins from either D. hyι
dei or D. melanogaster. The proteins Mr
200—φ—·
— 1SS000 (tp 1SS) and Mr 200000 (tp/cp
155.
— 200) are indicated. Д (head region wa
rum). Testis and carcass proteins incu
bated with anti-FpMTM2-8 (head region)
antiserum. (1) D. hydei testis proteins.
Note that there is no signal detectable
at the level of tp 155. (2) D. hydei carcass
proteins. D. melanogaster testis and car
cass proteins showed an identical pattern
as on lane 1-2. В (germ line bloU). (3)
1 2 3 4 5 6 7 1 S 10 11 12 ^ ' hydei sperm proteins of wild-type t e s ab
tes with anti-FpK2-30 (tail region) anti
serum. (4) D. hydei germ line mutant ms(3)5 with anti-FpK2-30 (10 testis pairs
were loaded, double of wild-type). (S) D. melanogaster
germ line null mutant
osksoi with anti-FpK.2-30 (32 testis pairs were loaded, double of wild-type).
Ç (control Incubation*). Incubation» with preimmune aera: (6) D. hydei testis p r o teins with preimmune anti-FpK2-30. D. melanogaster testis proteins and carcass
proteins from both species showed an identical result. (7) D. melanogaster carcass
proteins with preimmune anti-FpMTM2-8rev serum and (8) D. hydei carcass p r o teins with preimmune anti-FpMTM2-8 serum. Testis protein pattern with these
two sera on both species identical. Incubations with FpMTM2-8 reversed aerum.
D. melanogaster testis (9) and carcass (10) proteins gaster with anti-FpMTM2-8rev
serum. D. hydei testis and carcass proteins showed an Identical pattern as on
lanes 9-10. Antl-cytoplaamic
MHC antiserum: (11A) D. melanogaster testis proteins
with anti-FpK2-30 muscle myosin antiserum and (lib) D. melanogaster testis p r o teins with anti-cytoplasmic MHC antiserum (arrowhead Mr 155000, D. hydei identical; note that the cytoplasmic myosin protein is bigger than muscle myosin p r o tein; one lane was cut in two pieces before sera incubation). Protease inhibitor»:
(12) D. hydei testis proteins with anti-FpK2-30 (tail region) serum, 1 mM PMSF
included during isolation. Isolations with leupeptin (1 μg/ml) revealed identical
results on both species.
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Western blot with testis proteins only, showed the tp 200 but not the tplSS
(Fig. 4A, lane 1). Comparison of both anti-FpK2-30 (Fig. 2A/C, lane 5, p. 47)
and anti-FpMTM2-8 (Fig. 4A, lane 1, p. 49) clearly demonstrates that tp 1S5 does
not contain a major part of the head of the myosin molecule.
Both tp 155 and tp 200 are Constituents of Male Germ Cells
To address the question whether either both tp 1SS and tp 200 or only one of
them are constituents of the male germ cells or of the (somatic) testis wall we
applied three immunological approaches, (i) A Western blot with manually isolated sperm of D. hydei and incubated with anti-FpK2-30 showed the presence of
tp 200 only (Fig. 4B, lane 3, p. 49). (ii) Western blots with a male sterile mutant of D. hydei, ms(3)5, showed that in the absence of meiotic divisions and
post-meiotic germ cell stages (Hackstein et al., 1987, 1990) only a low expression
of both myosin protein types is observed in testes (Fig. 4B, lane 4). (iii) Western
blot analysis of D. melanogaster germ line mutant oskar30! (these mutants do
have small testes, but no germ cells; Lehmann and Nlisslein-Volhard, 1986;
Gönczy et al., 1992) showed the expression of tp 200 comparable to wild- type.
However, tp 1SS is hardly detectable and must, therefore, be present in the male
germ cells (Fig. 4B, lane 5). So, both tp 200 and tp 1SS are constituents of the
male germ line cells (see more details in discussion).
Numerous Controls Demonstrate the Specificity of the Antisera Reactions
To demonstrate unambiguously the specificity of our antisera reactions on Western
blots we performed several controls, (i) Preimmune sera of K2, anti-FpK.2-30
(Fig. 4C, lane 6, p. 49), anti-F p MTM2-8 (Fig. 4C, lane 8) and anti-F p MTM2-8rev
(Fig. 4C, lane 7) showed no cross reaction with testis and carcass proteins of
both species, (ii) We developed a nonsense polyclonal antiserum against the
fusion protein encoded by cDNA MTM2-8 cloned in a reversed orientation
(chapter IV, p. 86). This nonsense anti-FpMTM2-8rev antiserum does not cross
react with testis and carcass proteins (Fig. 4C, lane 9-10, p. 49). (iii) The cytoplasmic myosin heavy chain antiserum (Kiehart and Feghali, 1986) showed a
pattern on testis proteins which is clearly different from the mMHC
anti-FpK2-30 antiserum, see Fig. 4C, lane Ua-b, p. 49. A cytoplasmic MHC
protein of Mr 210000 is present in the testis. Tp 155 cannot be detected. Our
data on carcass proteins exactly fit with the data presented by Kiehart and
Feghali (1986). (iv) Including protease inhibitors (PMSF and leupeptin) during
protein preparation showed no obvious differences in protein pattern (Fig. 4C,
lane 12, p. 49).
In summary, all Western blot data with muscle myosin and other antisera
showed clearly the existence of two mMHC isoforms in the testis of Drosophila.
The Single Copy mMHC Gene Encodes the Two Testis mMHC Isoforms
The existence of two mMHC proteins in the testis of Drosophila of clearly different size (Fig. 2) raises the question whether one or two genes encode these
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proteins. This question can be most easily solved by Southern blot analysis with
cDNA DmK2-30 as a probe. Genomic DNA of D. melanogaster and D. hydei was
digested by several restriction enzymes, blotted and hybridized with this probe.
The different digests (Fig. 5, p. 51) show DNA fragments which are consistent
with the physical map of D. melanogaster raMHC gene (Bernstein et al., 1983;
Rozek and Davidson, 1983). Moreover, there are no additional restriction frag
ments visible. This indicates that in nucleic acid hybridization experiments with
the cloned cDNA probe we do not detect a sequence-related variant MHC gene
or two mMHC genes, but only the single copy D. melanogaster mMHC gene.
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Fig. S. Southern blots with genomic DNA of D. hydei and D. melanogaster, hybridized
with XDmK2-30 insert. The main signals on the blots are indicated by their size in
kb. The weak signal in Sail digest D. hydei female at 1.6 kb is due to insufficient
blotting. On the original autoradiogram a weak signal in EcoRI digested D. hydei
DNA at 14 kb is visible. This is due to cross hybridization of exon 16 (part of
the probe) with an 5' EcoRI fragment of 14 kb from the D. hydei mMHC gene
(see chapter V, p. 99). E: EcoRI, B: BamHI, H: Hindlll and S: Sail.
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Hg. 6. In situ hybridization of 3 H XDmK2-30 insert to polytene chromoso
m e s
°^ D· hydei. One band in region 4SC
on chromosome 2 hybridizes with this
probe. Chromosome regions are identified. Bar represents 5 urn.
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The restriction digests of genomic DNA of D. hydei (Fig. 5, p. 51) indicate
that the mMHC gene of D. hydei is also a single copy gene. This was confirmed
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by in situ hybridization. The mMHC gene of D. hydei
chromosome 2 (Fig. 6, p. SI).

maps to region 45C of

Immunological Analysis of Testis and Carcasa Proteina from mMHC Mutants
We examined the expression of mMHC proteins in testis and carcass tissue of
several different D. melanogaster
mMHC mutant strains. The following mu
tants were analyzed: Mhc1 (heterozygous; recessive lethal), A/Ac6 (dominant
flightless), Mhc7 (homozygous viable), and Mhc10 (homozygous viable; see for
details chapter I, p. 32). The amount of mMHC protein in thorax tissue of all
mutants is reduced (not shown). Our work on Mhc1, Mhc6, Mhc7, and
Mhc10
confirmed the data of other investigators (Mogami and Hotta, 1981; Mogami et
al., 1986; О' Donneil et al., 1989).
In Figure 7 (p. S2) we show Western blots (incubated with anti-FpK2-30 an
tiserum) with testis and carcass proteins of the different mutants compared to
wildtype. The carcass lanes showed the reduction of mMHC protein clearly. How
ever, the mMHC tp 200 and tp 155 protein level in testis tissue of the mutants
is not much different from wildtype. These data indicate that different functio
nal alternative exons must be included in testis mMHC isoforms.

Fig. 7. Western blots with testis (T) and carcass (C) proteins of various D. melanogaster
mMHC mutants incubated with anti-FpK2-30
antiserum. Tp 200 and tp 155 are indicated.
Lanes 1-4 testis proteins and lanes 5-8 carcass
proteins. Lane 1, 8 D. melanogaster
wild-ty
pe; 2, S Mhc'; 3, 6 Mhc'O- 4, 7 Mhc7; Note
the comparable expression level in testis tis
sue for the mutants and wild-type. In lane 4
is the amount of tp 200 from Mhc7 reduced.
This result was not reproducible. mMHC
mutant Mhc6 showed similar results (not
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shown). As stated before the signals arround
M r 155000 present in the carcass (lanes 5-8) cannot be easily explained. They
could be breakdown products. It is interesting to note that these signals are
stronger in the mMHC mutants. In lane 7 the Mr 155000 protein is marked by
an arrowhead. This fraction is not so clearly present in the other mutants or
wild-type carcasses.
Tp 1SS Is Conserved Among Several Droaopblla Species
To get a first impression about the conservation of the testis mMHC isoforms
we analyzed various different Drosophila species. Testes tissue of D. hydei (Fig.
8, p. 53, lane 1), D. funebris (lane 2), D. virilis (lane 3), D. littoralis (lane 4), D.
willistoni (lane 5), D. melanogaster
(lane 6), and D. simulans (lane 7) were
loaded on 6% PAA gel and probed with anti-FpK2-30 antiserum. The size and
52

Chapter II

amount of mMHC isoform tp 200 is nearly the same, but the tp 15S varies
slightly in size among the different Drosophila
species. Incubation with
anti-FpMTM2-8 (head) antiserum on testis tissue of these Drosophila species
revealed an identical pattern to that shown for D. hydei. (Fig. 4A, lane 1, p.
49). Tp 155 could not be identified (not shown). The data of Fig. 8 showed the
immunological conservation of mMHC isoforms in the testis of Drosophila.
A.
70Myr
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Fig. 8. A. Phylogenetic tree of Droso
phila species used in our analysis. Ti
me scale for evolution based on the
data of Beverley and Wilson (1984).
The species D. hydei and D. melanogaster diverged more than 60 million years
ago (Myr: million years). B. Testis pro
teins of various different
Drosophila
species blotted on PVDF membrane and
incubated with anti-FpK2-30. Tp 200
and tp 155 are indicated. Lane 1. D. hydei;
2. D. funebris; 3. D. virilis; 4. D. littoralis-, 5. D. willistoni; 6. D. melanogaster,
7. D. simulans. D. saltans and D. mauritiana testis proteins showed a similar
pattern. Recently, the phylogenetic tree
of Drosophila species was reconsidered
by Caccone et al. (1992) and Pelandakis
and Solignac (1993).

403020-

гΊ

Ю0-

B.

1

1

1

200-*.
155-

3

4

5 6 7

Discussion
In this chapter we described the evidence for mMHC gene expression in the testis
of Drosophila. The evidence is based on immunological (Western blots), biochemi
cal (peptide mapping with myosin fusion protein), and immuno-genetical (Western
blots with germ line mutants) criteria.
Our studies with different mMHC antibodies and mMHC nucleic acid probes
showed that (i) two mMHC protein isoforms - tp 200 and tp 155 - are present
in the testis of Drosophila, (ii) tp 155 is a novel myosin isoform, which in its
major part must be identical to the rod of the myosin molecule, (iii) tp 155 does
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not contain a regular myosin heavy chain head, (iv) tp 1S5 and tp 200 are expressed by male germ cells, (v) numerous control incubations demonstrated the
specificity of the mMHC antisera, (vi) both testis mMHC isoforms are encoded
by the single copy mMHC gene, (vii) several viable mMHC mutants showed no
major differences in testis mMHC expression, which indicates splicing of functional alternative exons, (viii) the presence of both testis mMHC isoforms among
other Drosophila species showed the conservation of these isoforms.
Différent

Antisera Agalnat Muscle Myosin Demónstrate mMHC Gene
Expression In the Testis of Drosophila
We applied three immunological approaches at the protein level to confirm the
correctness of the cDNA cloning, (i) The affinity purification experiments, (ii) a
polyclonal antiserum against the fusion protein FpK2-30 derived from the cDNA
clone XDmK2-30, and (iii) the use of a monoclonal antibody against mMHC
protein (Fig. 2). These experiments allow to conclude that the assumption of
a relationship between the K2 antiserum reactions on tp 200 and tp 1SS and the
identity of cDNA XDmK2-30 as mMHC gene fragment is correct (compare for
example Garber et al., 1989; Gower et al., 1989; Whitfield et al., 1988; Wieland
et al., 1992; see also chapter VI, p. 125).
However, working with antibodies includes the danger of cross reaction with
unrelated proteins (Nigg et al., 1982). Therefore we used different antisera (anti-myosin and others) on Western blots to stress the specificity of the immuno
reactions. In addition we performed peptide mapping in combination with a
myosin antibody.
First, four different mMHC antisera were used on Western blots with testis
and carcass proteins (muscle myosin affinity purified K2, monoclonal antimMHC, polyclonal anti-F p K2-30 and anti-F p MTM2-8 sera; see Fig. 2 and 4). All
data with these antisera are consistent. In this context, it must be emphasized
that the monoclonal anti-mMHC antiserum does not cross react with fusion
protein FpK2-30. It is therefore unlikely that recognition of tp 155/ tp 200 with
our antisera is based upon cross reaction with myosin-unrelated α-helical do
mains. In addition, we observed no cross reaction of the monoclonal anti-mMHC
antiserum with fusion protein FpMTM2-8 (464 amino acids of the myosin head).
This suggests that the epitope for this antibody is confined to be located within
amino acid position 465 and 1454, although we cannot excluded that the epitope
is part of the very carboxy terminus of the mMHC molecule (downstream of po
sition 1838, see Fig. 1).
Secondly, two mMHC unrelated antisera confirmed the results shown in
Fig. 2 and 4. The nonsense anti-FpMTM2-8rev antiserum cannot detect the myosin
isoforms tp 200 and tp 155. The cytoplasmic MHC antiserum appeared to be an
important control. Kiehart and Feghali (1986) showed that only a limited cross
reactivity exists between an anti-muscle MHC antiserum and cytoplasmic MHC
proteins. Inversely, both Kiehart and Feghali (1986) and Berrios et al. (1991)
showed that the anti-cytoplasmic MHC antiserum has only a weak cross reacti54
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vity with extracted muscle myosin From Drosophila. The anti-cytoplasmic MHC
antiserum detects clearly a protein fraction of Mr 210000 only in testis, but no
reaction is observed at Mr 155000 level.
Third, the use of six different antisera on testis tissue (chapter III) confirmed the results of the Western blot experiments. In particular, cross reaction
of our muscle myosin antisera with the muscular layer of the testis wall is an
important control for the specificity of these sera. From the immuno-EM pattern in the male germ cells it became apparent that developing sperm cells
contain muscle myosin (see chapter III, p. 61).
Fourth, peptide mapping with two different enzymes was performed (compare Kiehart et al., 1989; Berrios and Fisher, 1986). Peptide mapping of tp 1S5, tp
200 and cp 200 (Fig. 3) showed many protein fragments of identical mobility. If
these proteins were unrelated, one would not expect such a similarity in the
overall pattern of peptide fragments, generated by two different enzymes. In
addition, several peptide fragments with identical mobility of both tp 1SS and tp
200 cross react with our anti-FpK2-30 antiserum. Unrelated fragments which
migrate to the same position in the gel, are unlikely to show this cross reactivity.
Additional clearcut evidence for the identity of tp 155, tp 200 and cp 200 as
myosin isoforms was obtained by digestion of the myosin fusion protein
FpK2-30. Unrelated fragments will not show up this similarity in mobiltity and
antigenicity compared to the peptide fragments of the fusion protein. In conclusion, these data certify not only the identity of tp 200 and cp 200, but also of
tp 155 as myosin isoforms.
All observations led us to the conclusion that two different mMHC proteins
are present in the testis of D. melanogaster and D. hydei, the tp 155 and the tp 200.
Immunological Analysis Shows TplSS as a Novel mMHC isoform
The similarity (in both mobility and antigenicity) of peptide fragments from tp
1S5, tp 200 and the fusion protein demonstrate that a major part of tp 155 is
identical to the rod of the myosin molecule. Recently, Hastings and Emerson
(1991) presented evidence for the existence of myosin isoforms in muscle tissue,
which may have a normal rod domain, but do not have a common head domain.
Our data with the anti-FpMTM2-8 antiserum raised against the NH2 _ terminal
part of the mMHC head indicate that tp 155 is a myosin isoform without an ordinary head domain or with a different head. It it tempting to relate these data
to the situation with paramyosin. Recent work of Becker et al. (1992) showed
that besides the paramyosin molecule a smaller isoform (called minlparamyosin)
is present in muscle tissue. The COOH terminal amino acids (363 out of 477)
are identical in normal paramyosin and miniparamyosin, but the smaller isoform
contains 114 unique residues at the NH2 terminus (Becker et al., 1992).
We have to be cautions with the interpretation of the Western blot results
obtained with the anti-FpMTM2-8 antiserum. At first sight it is tempting to
conclude that the NH2~terminal part of the head does not exist at all in tp 155.
However, it is possible that tp 1SS contains some regions out of the first 464
amino acid residues, which cannot be recognized by the antiserum. Our Northern
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blot data, however, with the cDNA MTM2-8 (the derived protein was used to
raise the anti-FpMTM2-8 antiserum) did not show any signal on the 4.S kb testis
transcript (chapter IV, p. 88). The presence of some small exons (like exon 5 or
6, which encode parts of the head, see chapter I, Fig. 4, p. 29) in the 4.5 kb
transcript is therefore unlikely.
It Is at the moment unclear, what the differences in detail are between tp
155 and tp 200, but the use of different mMHC sera (see for mMHC probes on
Northern blots, chapter IV, Fig. 3 , p. 88) clearly demonstrates the existence of
a novel mMHC isoform.
Finally, we have to discuss another aspect. According to our Western blot
results with carcass proteins it seems that this isoform is not testis-specific,
but testis-preferentially expressed (see legends Fig. 2 and 7). The problem is
that these results are not clearly reproducible. However, on overexposures of
Northern blots with carcass mRNA hybridized with a 3' mMHC probe weak signals corresponding to the tp 155 protein size can be observed.
Testis mMHC Expression Confirmed by the Use of Germ Line Mutmnts
To obtain evidence for expression of the mMHC gene in testis tissue is complicated by the structure of the tissue. It is clear from ultrastructural studies
that the somatic wall contains muscle tissue (smooth muscle-like; chapter III,
Fig. 7, p. 75). Analysis of Western blots with whole testes proteins are less
straightforward because the muscle tissue of the wall will contribute to the
signals obtained by anti-muscle myosin antibodies. Three approaches were used
to overcome this problem, (i) Isolation of sperm cells, (ii) the use of male germ
line mutants, and (iii) antisera incubations on testis squashes and ultra-thin
sections with testis tissue (see chapter III, p. 61). The same problem exists at
the mRNA level, mRNA is usually isolated from whole testes. Therefore, only
transcript in situ hybridization on testis tissue can discriminate between germ
cells and somatic wall (see chapter IV, p. 89). Next, we will discuss the former
two approaches in more detail.
Evidence for mMHC expression in the male germ cells was extended by the
use of germ line mutants (Fig. 4). The mutants we used had either no germ
cells (D. melanogaster: osk30i) or a limited amount of germ cells (D. hydei:
ms(3)5; no post-meiotic stages). The size of the germ line mutant testis is,
especially in case of osk301, clearly smaller. Therefore, we loaded for both mutants the double amount of testis pairs (Fig. 4, p. 49).
The reduction of tp 155 protein in osk30i can be simply related to the lack
of germ cells. The amount of tp 155 is also reduced in D. hydei ms(3)5 although
all developmental stages until meiosis are present. This suggests the presence of
t p 155 in post-meiotic stages. A Western blot with manually isolated sperm of
D. hydei did not show tp 155 (Fig. 4B, lane 3). At first sight these data are
conflicting. However, it is possible that the sperm protein extraction under our
conditions is not sufficient to isolate tp 155. Tp 155 could be part of the crystalline lattice of sperm cells (chapter III, p. 76) and, therefore, not easy extractable. On the other hand, the presence of tp 155 could be restricted to early
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spermatid stages. The precise localization, however, is unclear at the moment
because of the cross reaction of anti-F p K2-30 antiserum with both tp 1SS and
tp 200. The localization of tp 1SS has to wait until a tp 1SS specific antiserum
is developed.
The situation with tp 200 is also complicated. Tp 200 must be part of the
testis wall considering the osk30i results (only somatic cells) and the immunoEM analysis of the muscular layer of the testis wall (chapter III, p. 75). Enrichment of sperm proteins showed the presence of tp 200 too (Fig. 4B, lane 3).
Reduction of tp 200 in D. hydei ms(3)S can be explained by the lack of postmeiotic stages. The results obtained with the osk30t mutant (tp 200 is clearly
present) suggest that in case of ms(3)S the number of testes loaded was not
enough to extract a sufficient amount of tp 200 from the testis wall. More
work needs to be done to solve these problems. The results, nevertheless,
indicate that raMHC isoform tp 200 is present in the muscular layer of the
testis wall and in sperm cells. The data presented here were confirmed at ultrastructural level (chapter HI).
mMHC ìsoiormm are Expressed In the Testis by the Single Copy mMHC Gene
D. melanogaster has one gene coding for mMHC proteins (Bernstein et al., 1983;
Rozek and Davidson, 1983). Also a cytoplasmic MHC gene is known that encodes
a cytoplasmic MHC (Kiehart et al., 1989; Ketchum et al., 1990). Kiehart et al.
(1989) have pointed out that additional MHC genes may exist in Drosophila. The
fact that two mMHC protein isoforms exist in the testis of Drosophila raises
the question whether two genes encode these proteins. The following arguments
make this, however, highly unlikely.
(i) Southern blot analysis with cDNA DmK2-30 on genomic DNA of D. melanogaster (Fig. 5) reveals an exact identity of the restriction fragments to the
map published by Rozek and Davidson (1983) with no additional signals. Although
one expects such an identity, it is still possible that a variant gene with a similar 3' end exists. However, it is very unlikely that a variant MHC gene would
have exactly the same restriction fragments as the mMHC gene. If a variant MHC
gene with a similar 3' end should exist, one would expect additional restriction
fragments. To see whether under low stringency conditions other restriction
fragments are present, a 6 χ SSC/65°C wash on the same genomic Southern
blots as those used before (Fig. S, p. 51) was performed. Several additional
longer bands were obtained (not shown, see illustration in Fig. 9, p. 58). The
size of all additional fragments fits with those which cover the mMHC gene.
These fragments most likely are the result of incomplete digestion (Fig. 9,
marked 3 an 4). One or more regions of lower homology beside of the region
with 100% homology within one fragment can bind the probe under these lower
stringency conditions. This will result in a weak signal on the partial fragment.
However, at present we cannot completely exclude that a mMHC-like gene
fragments exists of the same size as the partial fragments with a lower homo
logy to the probe. Only under 6 χ SSC conditions this fragment will become
visible (see Fig. 9B, p. 58).
mMHC Proteins

in Drosophila

Testis

57

(ii) If a second mMHC-like gene exists we must assume, that the expression
of both the 4.5 kb mRNA (see chapter IV, Fig. 3, p. 88) and tp 155 protein is
so high that those molecules can be detected with our probes, although their
homology with the mMHC probes is limited. The clear equality of signal
strength obtained with both antibodies and nucleic acid probes for both species
does not support the existence of a second mMHC-like gene. However, high ex
pression level of another related mMHC gene cannot be completely excluded.
(iii) The Southern blot data (Fig. 5) were confirmed by in situ hybridization
on polytene chromosomes with cDNA DmK2-30 as a probe. In D. hydei only
chromosome 2 region 45C was labelled (Fig. 6), in D. meJanogaster chromosome
2, region 36B (Bernstein et al., 1983).
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Flg. 9. Illustration of the existence of two genes. A. Two exposures of the sa
me Southern blot are shown, after different washing conditions. Left: 2X SSC,
standard stringency; right: 6X SSC, non-stringent, both washed at same tempe
rature. Different restriction fragment signals obtained with probe PE (black box
in B.) are marked by 1, 2, 3, and 4. Strongest signals are indicated by a thick
bar. The 6X SSC wash revéales two additional fragments, marked by 3 and 4.
They result from low homology regions elsewhere in the gene. (Theoretically
partial fragments can also be detected under 2X SSC conditions, but partíais
are usually less abundant and therefore, they cannot be detected). B. Drawing
of restriction maps corresponding to the Southern blots shown in A. If only
one gene exists, fragments 3 and 4 are partial fragments of the gene (see map
of "one gene"). If a second additional gene exists, probe PE detects under low
stringency conditions fragments 3 and 4 which similar in size as the partial
fragments (see map "additional gene"). E: EcoRI, P: PstI, X: Xhol.
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(iv) Moreover, also Hastings and Emerson (1991) reported that there is no
evidence for another sequence related mMHC gene.
Taken together, all observations so far indicate that the mMHC protein isoforms in the testis are expressed by the single copy mMHC gene. Sequence
analysis of the cDNA encoding t p 155 will unambiguously demonstrate whether a
second gene exists.
mMHC Teatia Protein Expression Level of mMHC Mutante
are UenUcal to Wild-Type
The mMHC Э6В locus is haploinsufficient for flight muscle function establishing
that different muscles need a different amount of mMHC protein for function
(Bernstein et al., 1983; Emerson and Bernstein, 1987). Functional flight muscles
need two doses of the mMHC gene, which is clear from the myofibrillar defects
in IFM using heterozygous mMHC mutants (Beali et al., 1989). A single copy of
the mMHC gene is sufficient for larval muscle and adult leg muscle function.
Mhc1 is a heterozygous recessive lethal, which only can be kept as a stock
with a balancer chromosome. The mMHC proteins in the testis of Mhc1 are si
milar in amount to wild-type. This suggests that one copy of the mMHC gene
is sufficient for function in the testis (either in the somatic wall or male germ
cells). The molecular structure of somatic cell wall in which the mMHC gene is
expressed does not have t o be wild-type, as was demonstrated for some larvae
muscles of heterozygous mutant Mhc1 (myofibers contain less thick filaments,
but are still functional, O' Donnell and Bernstein, 1988).
One might question whether the Interpretation that one gene copy is suffi
cient for function in case of t h e male germ cells. From the osk30t
mutant it is
clear that tp 155 is expressed in t h e male germ cells of D. melenogaster.
As
discussed before, the 4.5 kb mMHC transcript (presumably corresponding to tp
155) does not contain the exons 2 to 8 (chapter IV, p. 88). Either these exons
are not spliced or this transcript initiates internally (see chapter IV, p. 91 and
V, p. 113). In Mhc1 101 bp around exon 5 are missing. The mutation may not
influence the expression of the smaller testis mMHC molecule. If this is the
case than two copies are responsible for the amount of tp 155 protein detected
on the blot in Fig. 7 (p. 52).
Also the other mutants Mhc6, Mhc7, and Mhc10
showed expression of
mMHC protein in the testis comparable t o wild-type. The mutants Mhc7 and
Mhc10 were examined at the molecular level. In Mhc7 a base substitution Τ -» A
in exon 9a creates a stop codon (see chapter I, p. 31). Exon 9 has three versions
9a, 9b, and 9c which are alternatively spliced. The similarity in mMHC protein
level suggest the use of either exon 9b or exon 9c (or both) in the mMHC isoforms of the testis.
io
Mhc
has a base substitution G -» A at the consensus 3' splice acceptor of
exon 15a. This mutation prevents accumulation of mRNAs containing 15a, but not
of alternative exon 15b. Our Western blot data (Fig. 7) with this mutant de
monstrate the use of exon 15b, because there is no clear reduction in protein
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level. We cannot exclude, however, that both exon ISa and 15b are included, like
in leg muscles (chapter I, p. 32).
Taken together, one copy of the mMHC gene is sufficient for function in
testis. The homozygous viable mutants Mhc7 and Mhc10 showed that exon 9a
and exon 15a are probably not used in the testis. This is so far consistent with
the data that exon 9a and 15a are used in muscle tissue with a higher contraction speed, like IFM and jump muscles (Kronert et al., 1991; Collier et al., 1990)
Final proof will come from in situ hybridization experiments on testis cells. It
is also clear that these particular mMHC mutants do not help much in analysis
of the function of mMHC isoforms within the testis.
Tp 15S le Conserved Among Several other Droaopbllm Spedee
From Fig. 8 it appears that both mMHC isoforms in the testis are conserved in
several Drosophila species. Moreover, the lack of signal on tp 155 obtained with
anti-FpMTM2-8 is conserved too. The presence of mMHC isoforms in testis t i s sue from Drosophila species which are as many as 62 million years diverged
suggests a particular function for these proteins in the testis. However it is
possible that the function is redundant. Recently, Schäfer et al. (1993) demonstrated the conservation of m RNA molecules of the Mst98Ca-b genes among
different Drosophila species. Deletion of D. melanogaster locus 84D, which contain other members of the Mst gene family (Mst84Da-d>, however, does not result in a clear phenotype. Related genes like Mst98Ca-b can most likely compensate for the loss of protein (see chapter I, p. 17). So far, one can at the
moment only speculate about the function of mMHC proteins in the testis tissue (see chapter III and VI).
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Summary
In an attempt to understand molecular processes during spermatogenesis of
Drosophila we applied the immunoelectron microscopy (EM) technique. Previously, the detection of two muscle myosin heavy chain (mMHC) protein fractions In
the testis was described. One of them (tp 1SS) is a novel mMHC protein (chapter II). This study is now extended by using different anti-mMHC antisera on
ultrathin sections from testis tissue of two Drosophila species, D. hydei, and D.
melanogaster. mMHC proteins were localized in the mitochondrial (nebenkern)
derivatives of developing spermatids and in the somatic testis wall. Incubations
were performed with several control antisera. One of the controls - cytoplasmic
(nonmuscle) MHC antiserum - cross reacts with germ cells, but in a way different from anti-muscle MHC antisera. The possible function of mMHC proteins
in the derivatives will be discussed.
Introduction
The testis of Drosophila is a coiled tube with a somatic cell wall surrounding
the germ cells. The somatic cell wall contains at least two layers, a pigment
cell layer and a smooth muscle layer (Tokuyasu, 1972b; Lindsley and Tokuyasu,
1980; this chapter). Inside the tube, a stem cell differentiates into highly specialized spermatozoa (see chapter I, p. 13). In both D. melanogaster and D. hydei
spermatogenesis was described in detail at cytological and ultrastructural level
by many investigators (Meyer, 1964, 1966, 1968; Hess and Meyer, 1968; Tates, 1971;
Tokuyasu et al., 1972a,b; Perotti, 1973; Tokuyasu, I974a,b,c, 1975a,b; Lindsley and
Tokuyasu, 1980; Grand, 1984; Grond et al.. 1983, 1984; Liebrich et al., 1985; Kremer e t al., 1986; Hennig and Kremer, 1990; Hackstein, 1987, 1991; Hackstein et al.,
1987, 1990, 1991; Wang et al., 1992). From these studies it appeared that male
germ cell differentiation in both species closely resembles each other.
Spermiogenesis is a cell differentiation process of spermatids, which will
result in fertile spermatozoa. Development of a spermatid can be subdivided int o three pathways, the formation of sperm head (with nucleus), sperm tail
axoneme (derivative of centriole), and sperm tail mitochondrial (nebenkern)
derivatives (which develop from fused mitochondria). A brief overview of mitochondrial derivative development in D. hydei will be presented (Fig. 1, p. 64).
The metamorphosis of mitochondria in D. hydei starts during the spermatocyte stage II, with an increase in number and size. In the telophase of the second meiotic division, mitochondria surround the nuclear compartment and start
to aggregate. In stage Pm I they are partially fused into a "clewlike" shape.
Next, the mitochondria reorganize and are transformed Into an onion-like structure, the nebenkern (Onion stage, Pm II). Subsequently, the onion nebenkern divides into two parts, electron-dense granules disappear and the nebenkern derivatives begin to elongate (Pm III-V). During Pm VI, paracry stal line material is
deposited, starting at a distinct region where the nebenkern derivatives are a t tached to the axonemal membrane. The remaining content of the nebenkern derivaLocatization
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tives becomes more electron dense. Deposition of paracrystal line material continues until It fills the nebenkern derivatives almost completely (Pm VII; see for
details Grond, 1984; Hennig and Kremer, 1990 and Fig. 1).

Hg. 1. Schematic illustration of D. hydei spermiogenesis. The post-meiotic stages Pm I-VIII are indicated. A. Longitudinal view, n: nucleus; mt: mitochondria;
ab: acroblast; nkd: nebenkern (mitochondrial) derivative, onion: onion shape of
fused mitochondria. B. Cross view of stages Pm III—VIII. ax: axoneme; gr: electron-dense granules; pm: paracrystalline material; am: amorph material. PmIII-VII:
the cell membranes are not indicated. The drawings are not on scale (see details in Grond, 1984).
Molecular studies on genes and gene products expressed during spermatogenesis are limited. Only a few genes were analyzed, like ß2-tubulin, the Mst
gene family, Janus B, Gonadal, Stellate, ref(2)P, rotund, Tektin and Laminili B2
(see chapter I for details and references). Of these, ultrastructural data on the
localization are available for ß2-tubulin (Fuller, 1986) and Laminili B2. Our work
on Laminiη B2 displayed the advantage of immuno-EM techniques for a detailed
localization of proteins in germ cells (Wang et al., 1992; Wang, 1993).
In this chapter we will describe the ultrastructural localization of muscle
myosin proteins in developing sperm cells. Expression of the mMHC gene in testis
was already demonstrated by Western blot analysis. Two mMHC proteins - tp
200 and tp 155 -, corresponding to M r 200000 and M r 155000 respectively, were
detected in the testis of D. hydei, D. melanogaster
(chapter II, Fig. 2, p. 47).
For purposes of communication we will use the data and staging of postmeiotic
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development of D. h γ dei as published by Grond (1984) and Hennig and Kremer
(1990). Data presented in this chapter on D. melanogaster
will be compared and
discussed in relation to the observed differences in morphogenesis between the
three species (Grond, 1984; Hennig and Kremer, 1990).
Our research on mMHC proteins is complicated by the fact that the germ
cells are surrounded by a somatic cell wall with a muscle fiber layer. Therefore
it is necessary to examine testis tissue at higher magnifications. We observed
that anti-mMHC antisera cross react with proteins of (i) the muscular layer of
the wall (internal control antisera) and (ii) the mitochondrial derivatives (when
paracry stal line material accumulates) of developing spermatids. As a control we
used the antl-cytoplasmic (nonmuscle) MHC antiserum (kindly provided by D.
Kiehart; Kiehart and Feghali, 1986). This serum cross reacts with proteins of (i)
the outer filament wall layer of D. hydei (which is not a muscle layer), (ii)
cytoplasm of spermatogonia, and (iii) the cytoplasm of developing spermatids,
clearly different from the anti-mMHC antisera. In addition it is shown that on
Western blots with testis proteins the anti-cytoplasmic MHC antiserum reacts
in a manner completely different from anti-muscle MHC antisera.
Materials and Methods
Fly Stocka
The wild-type strains D. hydei (Tübingen), D. melanogaster
(Canton S), and D.
virilis were from our laboratory collection.
Prepmrmtlon of Antlsera, Antlaera Reactions, Preparation of Proteina,
Polyacrylamide Gel Blectropnoreals and Western Blotting
The antisera were raised as described in chapter II (p. 43). The monoclonal anti-mMHC serum, polyclonal anti- cytoplasmic MHC antiserum and anti-ßl tubulin
antiserum was kindly provided by Drs. M.L. Pardue, D.P. Kiehart and R. Renkawitz-Pohl respectively. Proteins were prepared and PAGE was done as described
in chapter II (p. 42-43).
For Western blots antisera were diluted in PBS/1% BSA/0.05% Tween 80:
anti-FpK2-30 1 : 4000 and anti-cytoplasmic MHC 1 : 1000. Secondary antisera
incubations and staining were performed as described in chapter II (p. 43).
The following antisera were diluted in PBS for ¡mmuno-EM analysis: K2
(mMl) 1 : 50, a n t i - F p K2-30 (mM2) 1 : 100, anti-F p MTM2-8 (mM3) 1 : 10-50,
anti-cytoplasmic MHC (ctM) 1 : 100, anti-F p MTM2-8rev (coni) 1 : 25, secondary
GAR 10 nm gold (con2) 1 : 10 and different preimmune sera (сопЗ) 1 : 25 (see
Table 1, p. 74).
Inununogold Electron Mlcroacopy Tecbnlquea
Testes of D. hydei, D. virilis (7 days old), and D. melanogaster
(1-7 days old)
were isolated in testis isolation medium (Hennig, 1967), washed In PBS and fixed
in 2% glutaraldehyde or 3% paraformaldehyde or a 2% mixture of both in PBS
overnight on ice. After dehydration with ethanol (20%, 50%, 70%, 95%, 2X 100%;
each step at least 30 min at -18°C) the testes were infiltrated with Lowicryl
Localization
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K4M (Roth) according to the user's protocol, transferee! in gelatine cups and
infiltrated with Lowicryl K4M overnight at -18°C. The resin was polymerized by
UV irradiation in a box, covered with aluminium foil, for 72 hr at -18°C and 48
hr at room temperature. After removing the gelatine cups and trimming the
blocks, ultrathin sections were made on a LKB 8800 Ultrotom and collected on
formvar-coated nickel grids (200 mesh).
For the immunological detection of antigens all steps of the procedure were
carried out on a 30 μΙ drop of the respective solution. First antibody incubations
were done for 1 hr in a moist chamber after floating the grids for 5 min on PBS
and PBS1 (PBS + IX BSA + 0.1% Tween 20). After 2 steps PBS1 and 2 steps PBS2
(PBS + 0.1% BSA + 0.1% Tween 20), each for 10 min, the second antibody reaction
(10 nm gold labelled goat-anti-rabbit IgG, Amersham), diluted 1 : 10 in PBS2
was done for 1 hr in a moist chamber. Grids were rinsed with PBS2, floated
two times for 10 min on PBS2 and three times for 5 min on bidistilled water.
The tissues were contrasted with uranyl acetate (2% in bidistilled water) for
4-10 min, rinsed with bidistilled water and contrasted with lead citrat (1 : 1 in
bidistilled water) for 45-120 s. After a last rinsing with bidistilled water for IS s
and drying they were studied in a Philips EM 201.
Résulta
Teatea Contain both Muacle and Cytoplasmic MHC Proteina
Western blots with testis and carcass proteins incubated with both antimMHC (FpK2-30) and anti-cytoplasmic MHC antisera revealed clear differences in their reaction patterns (Fig. 2, p. 66). As already described in chapter
II Drosophila testis contain two m M HC proteins, tp 200 and tp 1SS (Fig 2,
lane S, p. 66). The anti-cytoplasmic MHC antiserum does not cross react with
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Fig. 2. Western blots with
testis (lanes 2, 3, and 5)
and carcass proteins (lanes
1 and 4) from D. hydei
(lanes 1, 2, and S) and D.
melanogaster
(lanes 3 and
4) incubated with anti-cytoplasmic MHC (lanes 1-4)
and
anti-mMHC
antisera
(lane 5). Note that the size
of the cytoplasmic MHC is
slightly bigger than
the
mMHC. Tp 155 cannot be
detected by the anti-cytoplasmic MHC antiserum.
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iiiMHC tp 200 or tp 155, instead it reacts with a M r 210000 testis protein in
both species. So, expression of the cytoplasmic MHC gene in testis is conserved
(Fig. 2, lane 2 and 3, p. 66).
On carcass proteins the anti-mMHC antisera show, as expected, an abun
dant signal at Mr 200000 (cp 200-, see chapter II, Fig. 2, p. 47). However, no
signal could be observed on carcass proteins with the anti-cytoplasmic MHC
antiserum (Fig. 2, lane 1 and 4, p. 66). These results are identical t o those
published by Kiehart and Feghali (1986).
Antl-mMHC and Anti-Cytoplaamic MHC Antisera Croaa React
with Proteina of Developing
Spermatids
We will consider the development of wild-type sperm tail mitochondrial deriva
tives from D. hydei, D. melanogaster and D. virilis with several different antise
ra incubated on ultrathin sections of various postmeiotic stages. Three antisera
cross react with muscle MHC proteins, one antiserum cross reacts with cyto
plasmic MHC proteins. Three "control" antisera were used. Table 1 (p. 74) sum
marizes all our immuno-EM data presented in Figures 3-6.
Polyclonal K2 antiserum (mMl; raised against D. hydei Mr 155000 testis
protein, tp 155 chapter II, p. 46 and Table 1) was used on sections of D. hydei
and D. melanogaster. Fig. 3, p. 68 shows cross sections of stages Pm IV to VII
of D. hydei and Fig. 4 (p. 70) Pm V to VII of D. melanogaster. Longitudinal sec
tions are visualized in Fig. 3 and 4 too. In all stages label is clearly present.
Initially label can be found in mitochondria which start to fuse as well as in
the surrounding cytoplasm (Fig. ЗА). Later in Pm VI, when paracrystalline mate
rial is deposited, label is clearly visible in the amorphous material surrounding
the paracrystalline material (Fig. 3B/E-F). A low amount of label is seen on the
paracrystalline material. In general there appears less label on sections of D.
melanogaster. In particular the labelling decreases in the amorphous material
when the paracrystalline material accumulates (Fig. 4C). Either the decorated
protein becomes part of the paracrystalline material and is subsequently not ac
cessible for immunological reactions or less protein is synthesized when the
amount of paracrystalline material increases.
The use of this K2 antiserum indicates the presence of muscle myosin pro
teins, but it is not a clear proof. Therefore several other muscle myosin antise
ra were used.
Although not all stages were examined, the anti-Fp_K2-30 muscle myosin
antiserum (mM2; raised against fusion protein encoded by mMHC cDNA
DmK2-30, see chapter II, p. 46 and Table 1, p. 74) confirmed the data obtained
with the K2 antiserum. Label is seen in Pm VI and VII when the paracrystalline
material begins to form (Fig. 3C-D, p. 68). This observation holds true for both
species (Fig. 4B, p. 70; Table 1, p. 74). As with the K2 serum in later spermatid
stages the amount of label decreases (Fig. 4D). Similar data were obtained with
D. virilis (not shown). The ultrastructure of this species resembles that of D.
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hydeí (de Ridder et al., unpublished).
Western blot data showed that this serum cross reacts with two mMHC testis
proteins (tp 200 and tp 1SS, chapter II, p. 46). Therefore, on sections we cannot
discriminate between these proteins. Incubation of this serum with D. hydei
sperm proteins showed the tp 200 (chapter II, Fig. 4, p. 49). This result together with the immuno-EM data indicate the presence at least of tp 200 in male
germ cells (see discussion chapter II, p. 57). Depletion of anti-FpK2-30 antiserum (mM2, Table 1) with D. hydei M r 200000 protein (cp 200) resulted in a
general decrease of label on mitochondrial derivatives of D. hydei spermatids
(not shown). In addition, immuno-fluorescence on testis cells with the monoclonal anti-mMHC antibody (chapter II, Fig. 2, p. 47) revealed a clear signal on spermatids (not shown).
Further evidence for the presence of muscle myosin protein in developing
spermatids was obtained by using another mMHC antiserum. The preliminary
immunological studies with anti-F^MTM2-8 muscle myosin antiserum (mM3;
raised against fusion protein encoded by mMHC cDNA MTM2-8, chapter II, p.
49 and Table 1, p. 74) decorated mMHC proteins of the nebenkern derivatives in
all three species (not shown). This serum cross reacts more intensively with
the paracrystalline material.
The next antiserum we used during our study of muscle myosin proteins in
developing spermatids was the anti-cytoplasmic M HC antiserum (ctM; Table 1).
Both immunological and molecular studies revealed that the cytoplasmic MHC
protein size and structure resembles that of mMHC protein. This protein, however, is encoded by a different single copy gene (Kiehart and Feghali, 1986; Kiehart
et al., 1989; Ketchum et al., 1990; Kiehart et al., 1990). Our Western blot analysis
confirmed these data (Fig. 2, p. 66).

Hg. 3. Ultrathin sections of elongating spermatids from D. hydei. Α-B: cross
sections. F: longitudinal section. A-B, Ε-F: incubations with K2 antiserum. C-D:
incubations with anti-FpK2-30 (3') antiserum, am: amorph material; ax: axoneme;
ct: cytoplasm; pm: paracrystalline material. Bar represent 0.25 μηι. A. PmIV-V.
Oblique cross section. B. PmVI-VII. Note the localization of the label directly
around the paracrystalline material. C. PmVI-VII. Note the accumulation of label
within the electron-dense amorph material of the nebenkern derivative. There is
almost no label in the cytoplasma of the spermatid and between the spermatids.
D. Enlargement of another spermatid. E. Different spermatids of a cyst (PmVII).
F. PmVII. Most label is present in the amorphous material.
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Immuno-fluoresence incubations on testis squashes showed signal on cyto
plasm of spermatogonia and on the testis wall, but not on spermatids (not
shown). However, immuno-EM revealed gold particles on sections with Pm II
(Onion-stage) spermatids. In Fig. SA, p. 73 a labelled Pm II Onion nebenkern is
shown. Further morphogenesis of the fused mitochondria (Pm IV-VI) is accom
panied by a decrease in label. Limited amounts of label can only be found in
the cytoplasm of spermatids (Fig. 5B-C, p. 73). In spermatids with paracrystalline material anti-cytoplasmic MHC antiserum does not react in the nebenkern
derivative. Label is present only in the surrounding cytoplasm (Fig. 6, p. 71). In
conclusion, muscle and cytoplasmic MHC antisera display clear differences in
their labelling patterns on developing spermatids.

Anti-mMHC as.

AntJ-cvtMHC as

Fig. 6. Schematic illustration of PmVI spermatid incubated with anti-mMHC (A)
and anti-cytoplasmic (cyt) MHC antisera (В). Small dots indicate gold label (see
Figs. 3C-D, p. 68 and SC-D, p. 73). ax: axoneme; pm: paracry stalline material;
nkd: nebenkern derivative; am: amorph material; ct: cytoplasm of the spermatid.
"Control" Antiaerm do not Croma React with Spermatid
Proteìna
To demonstrate the specificity of our mMHC antisera we used several other antisera unrelated to muscle myosin on sections with developing spermatids. The
first control serum we applied was anti-F^MTM2-8rev antiserum (coni; raised
against fusion protein encoded by cDNA MTM2-8rev cloned in reversed orientation, see chapter II, p. 49 and chapter IV, p. 86; Table 1). This serum cross reacts
with an artificial (anti-sense) protein which does not exist in nature. Consistent
Hg. 4. Cross (Α-D) and longitudinal (Ε-F) sections of elongating spermatids
from D. melanogaster (Α-B, D-F) and D. hydei (C). A, C, and B: incubations
with K.2 antiserum. B, D, and F: incubations with anti-FpK2-30. am: amorph
material; pm: paracrystal line material. Bar represent 0.25 μπι. Note the similarity
in label pattern for both sera (compare Α-B, C-D, and Ε-F). Α-B. PmV-VI: the
gold label is mostly within the nebenkern derivatives, but less apparent than D.
hydei (Fig. 3, p. 68). C-F. PmVIII spermatids. Note that the amount of label is
decreased compared to the earlier stages (Fig. 3).
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with this we did not obtain any particular signal on sections (not shown). Other
unrelated sera we used were directed against ßl tubulin and laminin B2 protein.
Both sera do not cross react with the nebenkern derivatives of Drosophila spermatids. As expected anti-ßl tubulin antiserum reacts with the wall of D. hydei
(Fig. 7D, p. 75; Michiels, 1990; Kaltschmidt et al. 1991) and anti-laminin B2 antiserum with axonemal proteins (Wang et al., 1992; Wang, 1993).
The second control was "10 nm gold" GAR secondary antibodies only (con2;
Table 1). This serum does not cross react with proteins of ultrathin sections
with testis tissue (Figs. SD-Ε, p. 73 (spermatids) and 7C, p. 75 (somatic cell
wall)).
The third control included incubations with several different preimmune sera
(con3; Table 1; not shown). None of them showed label on elongating sperma
tids or somatic cell wall.
Taken together, all muscle myosin unrelated antisera do not cross react
with mitochondrial derivative proteins of elongating spermatids. This clearly
indicates the specificity of the reactions of mMHC antisera with myosin. These
immuno-EM data are in a full agreement with the results of the Western blot
experiments demonstrated earlier (chapter II).
Antl-шМНС and Antl-Cytoplasmìc
MHC Sera Croaa Remet with
Proteins of Different Cell Layers of the Somatic Testis Wall
From immunofluoresence investigations it appeared that both anti-mMHC and
anti-cytoplasmic MHC antisera cross react with the wall (not shown). More
details were obtained with the immuno-EM technique.
The somatic cell wall of D. hydei contains three cell layers, at the outside
a filament layer, then a pigment cell layer and as the innermost an muscle layer
(Fig. 7C, p. 75). In D. melanogaster a pigment cell layer and a internal muscle
layer surrounds the male germ cells (Tokuyasu, 1972b; Lindsley and Tokuyasu,
1980; Fig. 7A). A third (filament) layer could not be seen in the sections analyzed so far.
The ultrastructure of the outermost filament layer in D. hydei resembles in
shape and size microtubules. We used D. melanogaster
anti-ßl tubulin antiserum to confirm this ultrastructural observation. Label is clearly present (Fig.
7D, p. 75). The innermost layer in D. hydei and the outer layer of D. melanogaster
have the appearance of smooth muscles. Anti-mMHC antisera cross react with
these muscular layers (Fig. 7).
Incubations with the anti-cytoplasmic MHC antiserum revealed an Interesting
observation. The outer microtubule layer of the D. hydei wall is clearly decoraFig. S. Cross sections of elongating spermatids from D. melanogaster (A) and D.
hydei (B-Ε), am: amorph material; pm: paracrystalline material; ct: cytoplasm.
Bar represents 0.25 um. Α-C: incubations with anti-cytMHC antiserum. Arrows
indicate gold particles. Note the absence of label in the amorph material. D-E:
secondary anti-rabbit antiserum only. Note the absence of label.
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TABLE 1
Summary Immuno-EM Data on the Poatmdotlc Spermatid Development
apedea
mMl mM2 тМЗ ctM coal con2 оопЗ
atage
Nebenkern
Pm I
Clew stage NK
Pm II Onion NK
D. mei
Pm III Onion NK
separates
Pm IV NK derivatives
D. hydei
elongate, electrondense granules
disappear
D. hydei
Pm V NK derivatives
elongate, lamellar D. mei
bodies disappear
Pm VI Paracrystalline
D. hydei
material begins
D. mei
t o form
D. virilis
Pm VII Further paracrys D. hydei
talline material
D. mei
deposited
D. virilis
Pm VIII Individualization
D. hydei
and coiling of
D. mei
sperm.
D. virilis
**+ strong gold label; • • gold label clearly present; + limited amount of gold
label, but above background; - background, only occasionally label, not localized
on particular tissue structures. The dilutions of the different antisera are shown
in Material and methods. mMl: K2 antiserum (against D. hydei tp 155); mM2:
anti-FpK2-30 antiserum (against fusion protein encoded by cDNA DmK2-30 1.2
kb mMHC exon 16-17, 3' end); mM3: anti-FpMTM2-8 antiserum (against fusion
protein encoded by cDNA MTM2-8 1.4 kb mMHC exon 2-8, 5' end); ctM: anticytoplasmic MHC antiserum (against D. melanogaster cytoplasmic myosin heavy
chain protein); coni: anti-FpMTM2-8rev antiserum (against fusion protein enco
ded by cDNA MTM2-8 1.4 kb cloned in reversed orientation); con2: 10 nm gold
labelled GAR secondary antibody; con3: different preimmune sera.

Fig. 7. Ultra thin sections of the somatic cell wall from D. melanogaster (A-D)
and D. hydei (E-F). Α-B: incubations with the K2 antiserum. C: anti-FpK2-30 an
tiserum. D: anti-pi-tubulin antiserum. B: anti-cytMHC antiserum. F: secondary
anti-rabbit antiserum only. Arrows indicate gold particles, of: outer filament la
yer, ml: muscle layer, tf: thick filament, mt: microtubule. Bar: 0.25 μην
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ted by this serum (Fig. 7D). There is no evidence that cytoplasmic MHC
proteins belong to the group of microtubule-associated proteins, so probably
they interact with actin in this layer (Amos and Amos, 1991; Kiehart and Feghali,
1986). The muscle layers in both species are not apparently labelled, although
the D. melanogaster muscle layer is not completely devoid of label.
Discussion
In this chapter we demonstrated the ultrastructural localization of mMHC proteins in the somatic testis wall and male germ cells of Drosophlla. With different anti-mMHC antisera the presence of mMHC proteins was shown in the
muscle layer of the wall and in amorphous and paracrystalline material of nebenkern derivatives of developing spermatids (Pm IV-VII). Cytoplasmic MHC
proteins are present in the D. hydei outer filament layer, in the cytoplasm of
spermatogonia, in early mitochondrial fusion stages of spermatids (Pm II) and in
the cytoplasm of elongating spermatids (Pm V-VI). The anti-cytoplasmic MHC
antiserum does not cross react with the nebenkern derivatives and is in this
way clearly different from anti-mMHC antisera. The question arises what kind
of function(s) these molecules can accomplish within the nebenkern derivatives.
Function of Muscle MHC Proteine in Spermatids
At an ultrastructural level the structure of the paracrystalline material in the
nebenkern derivatives was studied by several investigators (D. hydei: Meyer, 1964.
1966; D. melanogaster. Perotti, 1973. Meyer observed a cross-striated pattern in
longitudial sections of both nebenkern derivatives (see Fig. 4E, p. 70). In addition, he observed differences in the periodicity of the paracrystalline material
between spermatids and motile spermatozoa. It is unclear in which way these
differences can be correlated with sperm movement. Structural change in periodicity may be the result of movement or may cause the movement. Meyer (1964)
suggested the presence of collagen within the paracrystalline material, but his
histochemlcal data did not support this suggestion.
Meyer speculated about myosin as a constituent of these structural elements,
although periodicity and the crystal lattice parameters do not exactly fit with
those of myosin paracrystals (Meyer, 1964; M. Stewart, personal communication).
This together with our immuno-EM results suggest that the paracrystalline material lattice is coated with muscle myosin rather than entirely composed of it.
In the latter case one would expect much higher labelling of the crystal lattice
with anti-muscle myosin antisera.
At the moment we can only speculate about the function of mMHC proteins
in the nebenkern derivatives. In further studies one has to keep in mind the
function of mMHC proteins in muscle tissue, where it generates force in strong
interaction with the polymer actin, which is leading to muscle contraction. So
far anti-actin antibodies have not yet been tested on ultrathin sections of spermatids.
If we consider various possible functions of muscle myosin proteins in the
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nebenkern derivatives the following are the most obvious alternatives: (i) Muscle
MHC proteins can be involved in establishing cross bridges between the fibers
of the crystal lattice. In this way they could stabilize the structure of the lattice, (ii) Muscle MHC proteins could contribute in an active way to the movement of the sperm tail, (iii) Muscle MHC proteins could play a role in t r a n s port of sperm proteins during development of the nebenkern derivatives, (iv)
Muscle MHC proteins can play a role in early development because the sperm is
entirely taken up by the egg (Hildreth and Lucchesi, 1963).
Development of myosin mutants which do not interfere with the function In
muscle tissue will help in analysis of the role of mMHC proteins in Drosophila
spermatids (chapter VI, part II).
Function of Cytoplasmic MHC Proteine In Spermatid*
Cytoplasmic MHC proteins were mainly found in the onion nebenkern (Pm II).
These proteins are supposed to be involved in various kinds of cellular motilities, such as intracellular vesicle movement, cytoplasmic streaming, cell locomotion and cytokinesis (Pollard, 1981). We assume that cytoplasmic MHC proteins may play an important role in vesicle movement and/or cytoplasmic streaming during the aggregation and fusion of the mitochondria in the early spermatids. For example membrane components could be transported by cytoplasmic
MHC proteins. Consistent with such an interpretation, the amount of cytoplasmic MHC proteins decreases in the period when the mitochondrial membranes
gradually disappear. In later stages cytoplasmic MHC proteins can only be
detected in the cytoplasm of the elongating spermatids. This is clearly different
from the mMHC label distribution, which are localized in the amorphous and
paracrystalline material of the derivatives (Fig. 6, p. 71).
Function of Muscle MHC and Cytoplasmic MHC Proteins In Somatic Testis Wall
The presence of mMHC proteins in the muscle layer of the somatic testis wall
from both D. hydei and D. melanogaster was expected, because myosin is a basic constituent of muscles. The presence of a smooth muscle-like layer was
already described by Tokuyasu (1972b) for D. melanogaster and Grond (1984) for
D. hydei.
Our observation in D. hydei of a separate outer microtubule filament layer
extends the earlier observations on the ultrastructure of the somatic cell wall.
The microtubular character of this layer was confirmed by the reaction with
anti-ßl tubulin antiserum. In D. melanogaster it was known that the wall contains a network of microtubules, because of the anti-ßl tubulin antiserum labelling pattern (Michiels, 1990). Our cross sections of D. melanogaster testis wall
suggest that in this species a combined layer of both microtubules and muscle
fibers exists.
Unexpectedly, the anti-cytoplasmic MHC antiserum cross reacts with the D.
hydei outer microtubule filament layer. It Is reported that cytoplasmic myosin
functionally interacts with actin in various processes (like cell locomotion and
cytokinesis, Pollard, 1981). It is possible that cytoplasmic myosin contributes to
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contraction processes in the wall, presumably in combination with the muscle
fibers to promote movement of germ cells through the testis tube and to maintain pressure within it (Fowler, 1973; Lindsley and Tokuyasu, 1980).
SommUc Cyat Cellm do not Expnaa the mMHC Gene
In chapter II we discussed the contribution of the muscle tissue from the s o matic cell wall to the amount of mMHC protein extracted from the whole testis.
In this context we have to consider that the development of germ cells occurs
within two cyst cells which are of somatic origin. It is possible that these cyst
cells express mMHC proteins. Western blots with whole testis proteins cannot
discriminate between expression of these cell types. We Investigated cyst cell
mMHC expression on ul trat hin sections. No label could be found (not shown).
Involvement of cyst cells in mMHC expression is, therefore, unlikely.
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Structure and Localization of Muscle Myosin Heavy Chain
Transcripts in the Testis of Drosophila

Koos Miedema, Petra Bindeis, Michiel Hooiveld, Monique Wilbrink
Anna Akhmanova and Wolfgang Hennig

"....Wat Ik
men door
licht juist
lot wordt

onderga is de vloek van allen die slechts een half talent hebben; alsof
iemand met een lampje door een donkere gang wordt geleid, en het
wanneer men in het midden is aangekomen uitgaat en men aan zijn
overgelaten."

L. Wittgenstein

Screening Drosophila cDNA libraries with D. melanogaster muscle myosin heavy
chain (mMHC) probe DmK.2-30 (exon 16-17) resulted in Isolation and characterization of several different m M HC cDNA clones. In D. hydei four different testis
cDNAs (0.6-1.9 kb) were obtained derived from the 3' end of the gene. With
exon 2 and 8 mMHC primers we isolated by RT-PCR a D. melanogaster 5' testis
cDNA of 1.4 kb (MTM2-8). Northern blot analysis with the 3' probe DmK2-30
showed in testis tissue several mMHC transcripts - 6.6, 6.1, 4.5 and 4.2 kb in
size. In contrast, the S' cDNA probe MTM2-8 showed only the 6.6 and 6.1 kb
mMHC mRNA molecules. Transcript in situ hybridization on testis tissue displayed
the presence of mMHC transcripts in both the male germ cells and the somatic
cell wall.
Introduction
In muscle tissue the D. melanogaster mMHC gene has the potential to synthesize mRNA molecules of three different size classes, 6.1, 6.6, and 7.1 kb. These
three size classes are caused by the use of two different polyadenylation sites
downstream of the last exon (19) together with the inclusion or exclusion of
exon 18 (see chapter I, Fig. S, p. 30). In addition to the exon 18 alternatives,
these transcripts can contain five other alternatively spliced exons (3a/b; 7 a / b /
c/d; 9a/b/c; l l a / b / c / d / e ; ISa/b), which all together have theoretically the potential
to yield in as many as 480 different mMHC transcripts (Bernstein et al., 1983;
Rozek and Davidson, 1983; George et a., 1989). The alternatively spliced mMHC
mRNA molecules appear stage- and tissue-specifically as was demonstrated by
Northern blot analysis and transcript in situ hybridization on larvae, pupae or whole
fly cross sections (see chapter I for more details and references).
Several authors report the isolation of (mostly truncated) mMHC cDNA
molecules from D. melanogaster. Only a limited number of these cDNAs were
sequenced (Bernstein et al., 1986; Rozek and Davidson, 1986; George et al., 1989;
see Fig. 1, p. 86). The cDNAs revealed the splice-junctions of almost every exon
and confirmed partly stage- and tissue-specific splicing.
The initiation of transcription of the mMHC gene was studied by Wassenberg et al. (1987). They showed that all isoforms of the alternatively spliced
mMHC mRNA, known so far, initiate at the same site, localized S' of exon 1.
In this chapter we confirmed the evidence for mMHC gene expression within
testes, obtained with anti-mMHC antisera (chapter II and III), at the mRNA level. We isolated four testis mMHC cDNAs from D. hydei and one testis mMHC
cDNA from D. melanogaster. We showed by Northern blot analysis the numbers
and sizes of different testis mMHC transcripts. Transcript in situ hybridization
revealed that the mMHC gene is transcribed in male germ line cells and the
somatic cell wall.
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Materials and Methods
Screening cDNA Libraries
Immunological screening of a Xgtll cDNA library of D. meianogaster flies (kind
ly provided by Dr. H. Saumweber) was accomplished with minor modifications as
previously described (Huynh et al., 1985; Mierendorf et al., 1987). Approximately
6
1 χ IO plaque-forming units were plated, induced with IPTG and lifts to nitro
cellulose membranes were performed. Immunologically positive plaques were
detected with the K2 antiserum (diluted 1 : 2000, see Chapter II, p. 43) and
subjected t o plaque purification by two immunological rescreens.
+

Testis poly(A) -cDNA libraries of D. hydei constructed in our laboratory and
of D. meianogaster (kindly provided by Dr. T. Hazelrigg) in XZAPII were screened
according to the protocols of Stratagene (Stratagene, USA) with DmK2-30 or
DmK2-30* labelled insert (probe preparation described below). Approximately
s
1 χ 10 plaque-forming units were plated. Plates with detectable plaque-forming
units (5-6 hr) were lifted t o NC. Positive plaques were detected by autoradio
graphy and subjected to plaque purification by two rescreens.
Recombinant DNA Апшіуаів
Plaque-purified recombinant Xgtll phages were amplified by plate lysis and phage
DNA was isolated rapidly with DEAE 52 (Silhavy et al., 1984). After digestion with
EcoRI, cDNA inserts were purified by low melting agarose electrophoresis (Sambrook
et al., 1989). The cDNA inserts were subcloned into EcoRI-digested and alkaline
phosphatase-treated pGEM4 plasmids or M13 mpI8/19 for further analysis.
Recombinant pBluescript II SK+/- clones were obtained by in vivo excision
out of XZAPII according to the protocols of Stratagene. Positive clones were digested
with EcoRI, cDNA inserts subcloned into M13 mpl8/19 and sequenced as described
below.
Plasmid DNA isolations were performed by the boiling and alkaline lysis
methods (Sambrook e t al., 1989). M13 single stranded DNA was prepared as
described by Amersham (1984). The DNA sequences of various cDNA clones were
determined by dideoxynucleotide sequencing (Sanger et al., 1977) of denatured
recombinant pGEM4 plasmid (Hattori and Sakaki, 1986) and of M13 mpl8/19
subclones generated by both direct and shot-gun cloning (Amersham, 1984).
Probe preparation: insert DNA was purified by low melting agarose electro
phoresis and subsequent phenol/chloroform extraction. [ a - 3 2 P l d C T P labelling
was done by nick translation (Rigby e t al., 1977). In vitro transcribed RNA pro
bes were prepared from pBluescript II SK +/- cDNA clones with DIG-UTP ac
cording to the Boehringer protocols with T3/T7 RNA polymerases.
SNA Isolation and Northern Blot Analysis
Total RNA was prepared from testis and carcass tissue of D. meianogaster
by
the hot phenol method (Jowett, 1986). Poly (A) + -RNA from testis and carcass
tissue of D. hydei was prepared by guanidinium-thiocyanate lysis and an oligo(dT)-celluIose column (quick RNA prep kit, Pharmacia; Chirgwin e t al., 1979)
Approximately 20 μg of total RNA or 1 μ% poly(A)*-RNA was electrophoresed on
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1-1.2% agarose-formaldehyde gels and transferred t o Hybond nylon (Amersham,
1985).
Northern blots were hybridized in O.S M phosphate buffer, 7% SDS, 1 mM
EDTA, 1% BSA (Church and Gilbert, 1984) overnight at 6S-6B°C. Membranes were
washed S min, 30 min, 2 χ 60 min in 0.3 M phosphate buffer, 1% SDS at
65-68°C for non-stringent conditions. DNA probes were prepared as described
above.
PCR Amplification of RNA
PCR amplification of total testis and carcass RNA was performed as described
by Frohman (1990) and Kawasaki (1990) with minor modifications. Total RNA (20
μg) in 10 μΐ water was heated at 65°C for 3 min and quenced on ice. RTC buf
fer 5X (4 μΐ), 1 μΐ each dNTP (10 mM), 20 U RNasin (Promega), 20 pmol of 3'
primer (reverse oligo 8-2: P-AAGAATTCATCCAGTACACCAATG-OH;
positions
80SS-8070 of the D. melanogaster mMHC genomic sequence are underlined; George
et al., 1989), 200 U of M-MLV reverse transcriptase (GIBCO BRL) were added
(final vol 20 μΐ) and first strand synthesis was done at 37°C for 1 hr and 30 min
at 52°C. The reaction was stopped by heating at 95°C for 10 min. The mixture
was diluted to 500 μΐ with TE buffer (cDNA pool). For PCR amplification, 10 μΐ
diluted cDNA pool was mixed with S μΐ ÎOX Taq buffer, 1 μΐ each dNTP (10 mM),
50 pmol of 3' oligo 8b and 50 pmol of 5' primer (oligo 2: P-TTGAATTCATGCCGAAGCCAGTCG-OH; positions 1925-1940 of the D. melanogaster mMHC
genomic sequence are underlined; George et al., 1989) in final vol of 50 μΐ. The
cocktail was denatured in boiling water for 5-10 min and placed directly at 72°C.
Then 2.5 U Taq polymerase (Promega) were added and overlaid with 50 μΐ mineral
oil, followed by annealing at 55°C for 2 min. The cDNA was extended at 72°C
for 40 min, followed by 40 cycli of amplification using a step program (94°C,
1 min; 55°C, 2 min; 72°C, 3 min with linear ramp factor of 1 s) and a 15 min final
extension at 72°C. The PCR products were digested by EcoRI, cloned into pGEM4,
pBluescript II KS +/- and M13 mp 18/19 and sequenced as described above.
The sensitvity of the PCR technique makes it necessary to perform several
controls. It is important to rule out the possibility of amplification of DNA
contaminating the total RNA. This was achieved by (i) treatment of the total
testis RNA with DNAse I; (ii) the fact that the final amplification products
cDNA MTM2-8 did not contain intron sequences; (iii) test PCR-amplification on
D. melanogaster genomic DNA revealed only a smear on the agarose gel but no
discretely sized fragments (the genomic amplification product is approximately
6.1 kb, which cannot easily be amplified).
Other recommended PCR controls we performed (Frohman, 1990): (i) if RNA
was omitted, no amplification occurred; (ii) using only the reserve oligo 8b du
ring PCR showed several different sized fragments on the agarose gel, which
are most likely the result of secondary initiation on the first strand cDNA; (iii)
amplification on total carcass RNA resulted in a cDNA of about 1.4 kb, which
showed two fragments after EcoRI digestion. Consistent with this, sequence
analysis revealed a EcoRI-site in exon 7d (this site is present in mMHC exon 7d
mMHC Transcripts
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gene sequence, George et al., 1989) approximately 0.4 kb upstream of the 3' end
of the cDNA. In this cDNA alternative spliced exon 3b is included. The appearance of alternative exons 3b and 7d in this RT-PCR cDNA is consistent with
the fact that both can be spliced in all three different mMHC mRNA size classes, see table 3 in chapter I, p. 30.
List of other D. melanogaster
mMHC exon-specific primers, which cover
together with oligo 2 and reverse oligo 8-2 the whole mMHC gene:
oligo
8-1:
P-AAGAATTCGCTGTTCGGTTGCGAT-OH;
positions
7845-7860;
oligo
10: P-CCGAATTCCCATGGGTATCTTGTC-OH:
positions
10083-10099;
reverse oligo 10: P-CCGAATTCCGCATCTTGAAGTCAG-OH: positions 10661-10677;
oligo
12-1: P- ÍTGAATTCGTGTTCTTCCGCGCCG-OH:
positions
13667-13682;
oligo 12-2: P-AAGAATTCACCTGCAGCTCCGTAC-OH:
positions
13842-13857;
reverse oligo 12: P-GGGAATTCGGCAATCTCATCCTCG-OH; positions 13915-13931;
reverse oligo 14-1: P-AAGAATTCTGCTGGAACAGCTGG-OH; positions 15919-15934;
reverse oligo 14-2: P-XXGAATTCTCTCGTCGTTCAAGT-OH: positions 16046-16060;
oligo
16:
P-AAGAATTCGAGGTGCAGTCGAAA-OH;
positions
17812-17827;
reverse oligo 16: P-TTGAATTCGCGCAGATTGTCCAGG-OH; positions 18058-18074;
reverse oligo 19: P-TTAGAATTCGTTTTCAGGAG-OH;
positions
21187-21206
(the genomic sequences are underlined; George et al., 1989).
Transcript In Situ Hybridization
In situ hybridization on testis squashes (see Chapter III, p. 65; Wang et al.,
1992) was carried out in a procedure modified from that of Tautz and Pfeifle
(1989) and Hemmati-Brivanlou et al. (1990). Fixation of testis squashes on slides
was carried out in 4% paraformaldehyde/0.13% glutaraldehyde in PBS buffer for
20 min at room temperature. All washing steps were carried out at room temperature. After 2x 5 min washing in PTw (PBS + 0.1% Tween-20), the slides were
incubated for 1 min at 22°C with 20 μg/ml proteinase К in PTw buffer. The
first two subsequent washing steps in PTw with 2 mg/ml glycine for 5 min we
re followed by three times 5 min washing with PTw and a 20 min fixation in 4%
paraformaldehyde/0.13% glutaraldehyde in PBS. Prehybridization was done for 1
h at 50°C in hybridization buffer (HB) (50% formamide, 5 χ SSC, 50 μg/ml E.
coli tRNA, RNAse free, 50 μg/ml heparin, 0.1% Tween-20).
Hybridization was carried out in fresh HB containing 5 μg/ml DIG-labelled
RNA and incubated overnight at 50°C (cover slips were closed with glue). Was
hing was carried out by gradually substituting the HB (now without E. coli
tRNA and heparin) in 5 min washing steps (75% HB, 25% 2 χ SSC; 50% HB, 50% 2
χ SSC; 25% HB, 75% 2 χ SSC; 2 χ SSC). To reduce background slides were incu
bated in 2 χ SSC/RNase A (20 μg/ml) for 30 min at 30°C, followed by 5 min
washing in 0.2 χ SSC; 75% 0.2 χ SSC, 25% PTw; 50% 0.2 χ SSC; 50% PTw; 25% 0.2
χ SSC, 75% PTw; 100% PTw. Subsequently they were incubated in PBT (PBS, 2
mg/ml BSA, 0.1% Triton X-100) for 15 min at room temperature before additio
nal blocking by a 1 h incubation in PBT + 0.5% milk powder. Detection is achie
ved by an 1-2 hr incubation at room temperature with anti-DIG-antibody conju
gated with alkaline phosphatase (Boehringer; 1:100 dilution in PBT • 0.5% milkpowder). Slides are then washed 3x for S min with PBT and 3 χ for 5 min with
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NBT (100 mM Tris-HCl, pH 9.5, 50 mM MgCl 2 > 100 т М NaCl, 0.1% Tween-20, 1
mM Levami so le (Serva, Heidelberg)). Staining was in the same solution + 3.5 μΐ
BCIP (50 mg/ml in 100% dimethylformamide) + 4.5 μΐ NBT (75 mg/ml in 70%
dimethylf ormamide).
Resulta
Isolation and Characterization of D. melanogaster mMHC cDNAa
Immuno-screening a Xgtll cDNA library from D. melanogaster adults with the K2
antiserum revealed two mMHC gene fragments, XDmK2-30 and XDmK2-36 both 1.2
kb in length (chapter II, p. 45; Fig. 1). Sequence analysis showed that the homolo
gy of both cDNAs is confined to exons 16 and 17 of the D. melanogaster mMHC
gene. Both start at nucleotide position 18408 and end at 19626, encoding the amino
acids 1455-1838 (George et al., 1989). XDmK2-30 was completely sequenced. XDmK236 was partly sequenced from both EcoRI sites (286 and 219 nt) and is identical
to XDmK2-30 and the D. melanogaster gene (Fig. 1, p. 86).
Rescreening the library with labelled DmK2-30 insert resulted in the isolation
of several mMHC cDNAs of various sizes. Among these clones DmK2-30 4 was
analyzed in more detail. Restriction mapping of DmK.2-304 showed a truncated
mMHC cDNA of approximately 2.0 kb, included partially exons 16, 17 and 19
(Fig. 1). Both DmK2-30 and DmK2-30 4 inserts were used as a probe for hy
bridization.
To obtain testis mMHC cDNA clones - similar to either the 6.6 kb or the
4.5 kb (testis-specific) mMHC mRNA, see Fig. 2, p. 87) - we extensively screened
a D. melanogaster testis poly (A) + -cDNA library in XZAPII. No mMHC cDNAs
were found. As the construction of a new D. melanogaster testis cDNA library
is a laborious, time-consuming process (due to the number of male flies t o be
dissected), we switched to the RNA-based PCR technique.
With the D. melanogaster
genomic sequence we developed 8 different
exon-specific primers, covering regions exon 2-8, 8-14, 12-16, 16-19 (see Materials
and Methods, p. 84). Total RNA from D. melanogaster testis tissue was used
for reverse transcription with reverse oligo 8. Subsequent addition of oligo 2 t o
the mRNA-cDNA mixture and PCR amplification resulted in the synthesis of a
testis-cDNA of 1.4 kb (Frohman, 1990; Kawasaki, 1990; several controls were
performed, see Materials and Methods, p. 83). The 5' site of this cDNA
(MTM2-8) starts at the ATG of exon 2 and stops at position 8070 at the 3' end
of exon 8 (George et al., 1989; Fig. 1, p. 86). The alternatively spliced exons 3a
and 7a were found in this cDNA. The presence of this cDNA demonstrates the
expression of the 5' region of the mMHC gene within the testis, which was
confirmed by transcript in situ hybridization on testis tissue (Fig. 4, p. 89).
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Hg. 1. mMHC cDNA clones from D. hydei and D. melanogaster. Solid boxes
mark alternative exons. The striped box downstream of exon 19 marks 3' un
translated sequences. A. D. melanogaster cDNA сРЗОІ (S940 nt) from late-pupal
1 kb
poly(A)*-RNA. This cDNA s t a r t s a t codon 11 of exon 2 and ends downstream of
exon 19 without poly(A) tail sequence (George et al., 1989). В. Representation of
8 different partial mMHC cDNA clones isolated by us. MTM2-8: D. melanoga
ster testis RT-PCR cDNA, size 1380 nt. Alternatively spliced exons 3a and 7a are
included. This cDNA encodes 464 amino acids of the mMHC head region. The
reverse orientation showed a continuous open reading frame too and the derived
nonsense protein was used to prepare polyclonal anti-FpMTM2-8rev antiserum.
Computer analysis did not show obvious similarity between both amino acid
sequences as was confirmed by the immuno reactions (chapter II and III).
MCM2-8: D. melanogaster
carcass RT-PCR cDNA, size 1380 nt. This cDNA in
cludes exons 3b and 7d (see also chapter V, Fig. 1, p. 99). DmK2-30: D. mela
nogaster adult cDNA (1152 nt) including parts of exon 16 and 17 (chapter II, p.
45 and V, p. 99). DmK2-30 4 : D. melanogaster adult cDNA of approximately 2.0
kb including exon 16, 17 and 19. The cDNAs DhcT8 (1940 nt), DhcTl-3 (0.9 kb),
DhcT5-2a (0.6 kb), DhcTIO (1.8 kb) were isolated from a D. hydei testis poly(A) +
derived cDNA library. They all contain 3' end sequences. Clone DhcTIO includes
3' untranslated sequences downstream of exon 19 until the first poly(A)-site
(see chapter V, p. 105).
isolation and Characterization of D. hydei Testis mMHC cDNAa
To obtain testis specific mMHC cDNAs of D. hydei we screened a D. hydei testis
poly (A)+-cDNA library in λΖΑΡΙΙ with DmK2-30 and DmK2-30 4 inserts as a label
led probe. Four clones were obtained, partially overlapping each other (Fig. 1, p. 86).
Sequence analysis revealed that two of these clones DhcT8 and DhcTl-3 end at
the genomic EcoRI of exon 19. Clone DhcT5-2a contains a truncated exon 17
fragment (Fig. 1).
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The longest clone DhcT8 (1940 nt) was completely sequenced and a sequence
similarity higher than 90% at nucleotide level and almost 100% at amino acid le
vel for the exons 19, 17 and 16 with the mMHC gene of D. melanogaster (Fig. 1;
George et al., 1989) was found. The testis mMHC cDNA clones show no inclusion
of exon 18.
Clone DhcTIO was the only cDNA which included the 3' untranslated region
until the first poly adenylation-site (position 21317, George et al., 1989; Fig. 1).
Remarkably, this region is almost completely identical to the D.
melanogaster
mMHC gene sequence (see chapter V, p. 105).
Northern Blot Analysis Showed mMHC Transcripts In Testis
D. melanogaster
Northern blots with total RNA from testes and carcasses of D.
melanogaster
were probed with the cDNA clone DmK2-30 (Fig. 2, p. 87). This probe hybridi
zes to carcass RNA fractions of 6.1 and 6.6 kb. The 7.1 kb fraction was not suf
ficiently separated on this gel and therefore not detectable (Fig. 2; see also Fig.
5 in chapter I, p. 30). The RNA sizes agree with the results of Bernstein et al.
(1986) and George et al., (1989). In testes, however, we discovered three RNA
fractions: 6.6 kb, 6.1 kb and 4.5 kb (Fig. 2; the 7.1 kb transcript was not detec
table, see results D. hydei). These transcript sizes can be related to the mMHC
proteins cp200, tp200, and tpl55 (chapter II, Fig. 2, p. 47).

T

С

e.s4.5-

Fig. 2. Northern blots with total testis (T, lane 1) and
male carcass (C, lane 2) RNA from D.
melanogaster
hybridized with DmK2-30 insert. The 4.5 kb signal in
testis is obvious. Arrowhead indicates the 6.1 kb t r a n s 
cript for both lanes. The carcass results are comparable
with the data from Bernstein et al. (1986), Rozek and
Davidson (1986), and George et al. (1989). Exposures were
2 hr on carcass blots and 2 days on testis blots with
intensifying screens.

D. hydei
The situation in D. hydei is comparable t o that of D. melanogaster.
Here we
used two myosin probes, D. melanogaster
cDNAs DmK2-30 (exon 16-17) and
MTM2-8 (exon 2-8, Fig. 3, p. 88).
+
D. hydei carcass poly (A) -RNA contains three RNA fractions of 6.1, 6.6 and
7.1 kb, which resemble those of D. melanogaster (George et al., 1989, Fig. 3, la
ne 3, p. 88). With the 3' probe DmK2-30 we found on testes poly(A) + -RNA
blots four RNA fractions: 6.6 kb, 6.1 kb, 4.5 and 4.2 kb (Fig. 3, lane 1, p. 88).
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The 7.1 kb transcript could not easily be detected on testes poly(A)+-RNA blots.
This fits with the observations that the 7.1 kb RNA is mainly present in the
thorax (Bernstein et al., 1986; George et al., 1989). D. hydei testis RNA has one
raMHC testis transcript more (4.2 kb; expressed at lower level) than that of D.
melanogaster (Fig. 2).
The 5' cDNA probe MTM2-8 shows only the 6.6 and 6.1 kb RNA fractions
(Fig. 3, lane 2, p. 88). This result can be explained by assuming that the 4.5 kb
testis transcript has a special structure different from the "normal" raMHC
molecules. These Northern blot data are completely consistent with the antisera
results, which show mMHC proteins related in size (cp 200, tp 200 and tp 155)
to the observed transcript lengths (chapter II).
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Fig. 3. Northern blots with poly(A)+-RNA of
testis (T) and male carcass (C) from D. hydei
hybridized with cDNAs DmK2-30 (lane 1) and
MTM2-8 (lanes 2 and 3) as a probe. The big
arrow indicates a less abundant 4.2 kb testis
transcript. The 4.5 and 4.2 kb signals can
only be detected with the 3' probe (DmK2-30,
lane 1). The small arrow indicates the 6.1 kb
mMHC transcript. The 7.1 kb mRNA is detectable in male carcass isolations (lane 3).
Exposures were 3 days on testis blots and 30
min on carcass blots with
intensifying
screens.

3

Transcript In Situ Hybridization Shows Myosin Transcripta in the
Primary Spermatocytes and the Somatic Cell Wall of the Testis
Anti-sense and sense DIG-labelled RNA probes were synthesized from D. melanogaster cDNA clone MTM2-8 (head region, exon 2-8; 1.4 kb insert, Fig. 1, p.
86) with the aid of the T7/T3 RNA polymerase promoters on pBluescript II
KS+/-. Both anti-sense and sense myosin RNA probes were hybridized on testis
squashes of D. hydei by the transcript in situ technique (Wang et al., 1992;
Wang, 1993).
Label, in case of the anti-sense probe, was found in the cytoplasm of spermatogonia (not shown) and primary spermatocytes (Fig. 4A, p. 89). This probe
stained the somatic testis cell wall too (Fig. 4C), which is consistent with the
ultrastructural testis wall composition (muscle layer, see chapter III, Fig. 7, p. 75).
The sense probe (internal control) showed only a minor overall background
(Fig. 4B-D, p. 89). An additional control was done with pBluescript II KS+ without
insert. No signal could be detected (not shown).
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Hg. 4. Transcript in situ hybridization on testis squashes of D. hydei with
MTM2-8 (1.4 kb, head region exon 2-8) as a DIG-labelled probe. Α-C. Anti-sen
se RNA labelling. B-D. Sense RNA labelling. A. Labelling of the anti-sense RNA
strand on primary spermatocyte cells. Arrow indicates the strong staining of the
cytoplasm. The nuclei show clearly less signal, marked by arrowhead. Bar is 10
μιη. В. Labelling of the sense RNA strand. The signal is at background level.
Note the similarity between cytoplasm (arrow) and nuclei (arrowhead). This is
different from the anti-sense RNA labelling (A). Bar is 10 μηι. С. Anti-sense
RNA labelling of the somatic cell wall of the testis tube. Bar is IS μιη. D. Sen
se RNA labelling of the somatic cell wall of the testis tube. Note the absence
of staining compared with the anti-sense situation (C). Bar is 20 μηι. Experi
ments are underway now with other mMHC probes.
These data prove the existence of myosin transcripts in male germ cells and
the somatic cell wall. Moreover, they are consistent with the Western blot
and Northern blot data (Figs. 2 and 3).
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Discuaslon
In this chapter we investigated the expression of the mMHC gene in the testis
of DrosophUa at the mRNA level. We isolated four D. hydei testis mMHC cDNA
molecules and one D. melanogaster testis mMHC cDNA. Northern blot experi
ments demonstrated the existence of several different mMHC transcripts in the
testis of both species; in D. hydei testes: 6.6, 6.1, 4.5 and 4.2 kb and in D.
melanogaster testes: 6.6, 6.1 and 4.5 kb. Transcript in situ hybridization on testis
squashes showed the existence of mMHC mRNA molecules In the cytoplasm of
spermatogonia and primary spermatocytes.
Тешив mMHC cDNA Molecules Confirm mMHC Gene Expression In Testis
The results, described in chapter II (Western blots with testis proteins) and III
(immuno-EM on testis tissue), obtained with anti-mMHC antisera point towards
the existence of mMHC mRNA within the testis. Isolation of mMHC cDNAs
from testis cDNA libraries is in this way not unexpected. The exact origin of
these clones - either somatic cell wall or male germ cells - remains to be in
vestigated. This is not straightforward because of practical difficulties t o isolate
sufficient germ cells (limited amount of material and high breakdown rate of
RNA molecules, presumable due to high RNase content in testes).
The sequence of the testis cDNAs does not reveal major differences compa
red to the "muscle" mMHC cDNAs. Our sequence data agree with those of
Bernstein and others (Bernstein et al., 1986; Rozek and Davidson, 1986; George et
al., 1989). The longest D. hydei testis cDNA contains exons 16 (partly), 17, and
19. Exon 18 was not present, neither in this nor in the other cDNAs (Fig. 1).
This result was not unexpected, because exon 18 is mainly present in transcripts
of the thorax muscle tissues. Second, the RT-PCR derived testis cDNA MTM2-8
contains alternative exons 3a and 7a. These two exons are not included in
transcripts which contains exon 18 (chapter I, Table 3, p. 30).
It remains, however, unclear to which of the different mMHC testis mRNA
molecules detected on Northern blots (Figs. 2 and 3) the isolated cDNAs corre
spond. This is due to the cross reaction of the 3' cDNA probes with all transcript
size classes present on the Northern blots.
DrosophUa Testes Contain a Novel 4.5 kb mMHC Transcript
4
The strongests signals with the 3' probes DmK2-30/DmK2-30 obtained on
Northern blots with testes RNA from both species were 6.6 and 4.5 kb. The
similarity of signal strenght indicates that both transcripts contain either the
entire or a major part of the 3' end mMHC coding sequences (exon 16-19; see
also peptide mapping in chapter II, p. 48). This conclusion is based on the
assumption that the smaller 4.5 kb transcript is not expressed by another myosin-like gene at a much higher expression level. Southern blot analysis of geno
mic DNA with 3' probe DmK2-30, however, does not indicate the presence of an
second myosin-like gene, see chapter II, p. 51. We therefore must conclude that
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the smaller transcripts are derived from the same gene as the larger ones.
It is possible that the 4.S (and 4.2 kb) testis transcripts are formed by
alternative splicing of mMHC exons, since there is no evidence for different
initiation of mMHC gene transcripts at the 5' end (Wassenberg et al., 1987).
Alternatively they may initiate internally in the mMHC gene (see below). Sequence analysis of a full length 4.S kb cDNA will reveal both exon composition
and the start sequence for transcription.
The size of the largest transcript (6.6 kb) in testes is consistent with o b servations of others as is the presence of the weaker signal at 6.1 kb and 7.1 kb
(Rozek and Davidson, 1983; Bernstein et al., 1986; George et al., 1989).
The Smaller mMHC Transcripta do not Contain a Common mMHC Head
Evidence for the lack of normal mMHC head sequences in the 4.S kb (and 4.2
kb) testis transcripts was provided by hybridization of S' probe MTM2-8 on poly
(A)+-RNA from D. hydei. This probe does not detect any of the smaller testis
transcripts. These results are consistent with the data obtained with the corresponding anti-MTM2-8 mMHC antiserum on testis proteins, as no tp 1S5 Is
detectable (see chapter II, Fig. 4, p. 49). It is obvious that the smaller testis
transcripts do not contain a regular mMHC head domain.
Preliminary Northern hybridization data with exon-specific probes indicate
the presence of exon 14 within the D. hydei 4.5 kb testis transcript, but the
absence of exon 12. Preliminary Northern hybridization and primer extension experiments showed that at least a part of intron 12 (chapter V, Fig. 1, p. 99) is
present in the 4.5 and 4.2 kb testis transcripts. The exact molecular structure
of the smaller mMHC transcripts remains, however, to be determined.
Hastings and Emerson (1991) presented evidence for a D. melanogaster myosin isoform, which does not contain a common head domain. In situ hybridization of exon 2, 3a-b, 7a-d, lla-e did not show any signal on cross sections of
direct flight muscles »49 and =53 of the adult thoraces, although exons 15b and
19 did hybridize on these muscles. Cytoplasmic (nonmuscle) MHC exon 2 could
not be detected in these muscles (Hastings and Emerson, 1991). It Is unclear
whether our novel mMHC isoform is related in molecular composition with this
direct flight muscle MHC isoform.
mMHC Transcripta are localized In Primary Spermatocyte»
During Drosophila spermatogenesis transcription stops at meiosis (chapter I, p.
13). After meiosis transcripts may be stored until translation in post-meiotic
stages of differentiaton. The 5' mMHC probe showed signal on cytoplasm of
spermatogonia, primary spermatocytes, and on early elongating spermatids. This
suggests at least partial storage of myosin m RNA molecules until their translation during the early Nebenkern stages (chapter III).
In further hybridization studies, the use of exon specific myosin probes will
be necessary to establish the localization of mMHC isoforms within the testis
tissue.
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Chapter V

Interspecific Sequence Comparison of the Muscle Myosin Heavy Chain Genes
from Drosophila hydei and brosopbila melanogaster

Koos Mledema, Harry Harhangi, Stef Mentzel, Monique Wilbrink,
Anna Akhmanova, Michiel Hooiveld, Petra Bindeis and Wolfgang Hennig

"... In de visie van Brouwer is de wiskundige niet iemand die ontdekt, maar een
schepper: de wiskunde is geen raamwerk van feiten, maar een constructie van de
menselijke geest."
L. Wittgenstein

Summary
Genomic clones of the muscle myosin heavy chain gene from D. hydei were
isolated with the aid of D. melanogaster mMHC probes. The mMHC gene of D.
hydei has a size of approximately 22 kb. It was almost completely sequenced.
Sequence comparisons with the D. melanogaster mMHC gene from the end of
exon 7a until the first poly(A)-site downstream of the last exon (19) revealed
several interesting features, (i) The protein coding regions showed a high degree
of conservation (97%). (ii) The alternatively spliced exons (7b-d, 9a-c, lla-e, and
ISa-b) have relatively more amino acid changes than the common exons (8, 10,
12, 14, 16, 17, and 19). (iii) The alternative exons vary also considerably more in
their number of synonymous (silent) site substitutions, (iv) The differences in
amino acid sequence within one group of alternative exons (for example 9a-c)
are similar in both species, (v) The base composition at synonymous sites in the
alternative exons is not biased, unlike the common exons where there is a bias
for C. (vi) The lengths of the intron sequences are conserved, (vii) Intron sequences contain several short conserved sequence elements in an otherwise
non-homologous context, (viii) Previously we have shown the existence of two
mMHC proteins of different size in the testis of Drosophila (see chapter II-IV).
In this context we searched for putative transcriptional and translational start
sites within the gene. In a large intron between exons 12 and 13 several sequence elements (nearly identical between both species) were found which have the
potential to direct the synthesis of a second presumably testis-specific mMHC
transcript, (ix) Finally, comparisons of S' and 3' untranslated regions revealed
that they are highly similar in sequence.
Introduction
The muscle myosin heavy chain gene encodes a subunit of the hexameric myosin
protein, a major component of muscle myofibrils. This gene has been cloned and
sequenced from many different organisms (chapter I, p. 26). In D. melanogaster
there exists one mMHC gene localized on chromosome 2, region 36B (Bernstein
et al., 1983; Rozek and Davidson, 1983). This gene was completely sequenced
(size: 21.8 kb) and contains 30 exons. Combinatorial splicing of five sets of
alternative exons and one selectively spliced exon can result in many different
mMHC isoforms (George et al. 1989). The study of gene expression showed a
complex pattern of stage and tissue specificity. The splicing of only three
alternative exons - 9, IS, and 18 - was investigated in more detail at the molecular level (Kronen et al., 1991; Collier et al., 1990; Hodges and Bernstein, 1992). At
present, not much is known about the molecular requirements for splicing of alternative exons resulting in functionally different D. melanogaster mMHC isoforms.
We have cloned and almost completely sequenced the D. hydel mMHC homolog. Searching for sequences which are important for regulatory events can
be supported by comparison of the same gene of a related species. We have addressed several more detailed questions. The Drosophila mMHC gene contains
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alternatively and common spliced exons. Are there differences in amino acid
substitutions, synonymous (silent) site substitutions and base composition between
these two types of exons? Are there differences in amino acid sequences, which
might pinpoint functionally important amino acid residues? Are there any conserved sequence motifs in the introns, that might identify important regulatory
sequences controlling alternative splicing? Finally, are there conserved sequences
within u p - and downstream sequence regions and/or in introns, which could
control expression in the testis tissue? D. melanogaster and D. hydei diverged
about 60 million years ago, therefore sequence conservation will show only
functionally relevant regions of the gene (Throckmorton, 1975; Beverly and
Wilson, 1984; Heberlein and Rubin, 1990; Micheal et al., 1990; Leicht et al., 1993).
Our computer analysis revealed information dealing with all these questions.
Most interesting are the conserved sequence elements found in the second largest intron (size approximately 1.5 kb) located between exons 12 and 13. The
content of these elements suggests the potential for synthesis of a testis
mMHC transcript. The description of putative regulatory and functionally important sequences of the mMHC gene will open the way to design further
experimental approaches to obtain clear evidence about the status of these
sequences.
Material· and Method·
Fly Stocke
The wild-type strain D. hydei (Tübingen) was from our laboratory collection.
Screen Genomic Libraries
Two genomic libraries of D. hydei .adults were constructed: (i) with partial EcoRI fragments in EcoRI digested XEMBL4 phages and (ii) with partial Xbal fragments in Xbal digested in XDASHII phages. Approximately five D. hydei genome
equivalents of the XEMBL4/EcoRI library were plated and screened with a 3'
end fragment (DmK2-30 insert, including part of exon 16 and 17; see chapter IV,
p. 86; 5X SSC/55°C washing conditions) of the D. melanogaster mMHC gene.
Eight signals were investigated by restriction mapping (XDhMl to XDhM5 and
XDhM8 to XDhMlO). Finally, two clones XDhM2 and XDhM9 were mapped in
more detail and subclones were prepared for sequence analyses.
In case of the XDASHII/Xbal library we screened three genome equivalents
with the 5' probe MCM2-7d (this is a 1.0 kb EcoRI fragment including the D.
melanogaster mMHC gene exons 2 to 7d, chapter IV, p. 86). Three different
clones (XDhXl.1.2, XDhX2.2.1, XDhX2.2.3) were analyzed by restriction mapping,
XDhXl.1.2 was used for further subcloning and sequencing.
Recombinant DNA Analysis
Plaque-purified recombinant phages were amplified by liquid cultures and phage
DNA was isolated according to Dumanski et al. (1988) or Malik et al. (1990). After digestion with different enzymes, fragments were purified by low melting
agarose electrophoresis (Sambrook et al., 1989) and by freeze squeeze methods
(Tautz and Renz, 1983). The restriction fragments were subcloned into pGEM4,
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pBluescript II KS +/- plasmids and M13 mpl8/19 according t o standard protocols
(Sambrook et al., 1989).
Plasmid DNA isolations were performed by the boiling and alkaline lysis
methods (Sambrook et al., 1989). M13 single stranded DNA was prepared as
described by Amersham (1984). Dideoxynucleotide sequencing (Sanger et al., 1977)
of M13 mp18/19 subclones generated by both direct and shot-gun cloning was
done according to Amersham (1984).
Southern blots were hybridized in ЮХ Denhart's solution overnight at 65-68°C
(Amersham, 1985). Membranes were washed 6 χ 30 min In 2 χ SSC/0.1% SDS at
65-68°C. DNA probes were made by nick translation with [oc- 3 2 P]dCTP (Rigby et
al., 1977).
Computer Sequence Analysis
Sequences were analyzed using the sequence analysis programs of the Gene
tics Computer Group, Univ. of Wisconsin (Devereux et al., 1987).
Amino acid (nonsynonymous) substitutions were counted, for simplicity, ir
respective of whether one, two or three nucleotide changes resulted in the sub
stitution of the amino acid.
Synonymous (silent) site substitutions (SSS) were calculated separately for
fourfold degenerate codons (L (not TTA/G), V, S (not AGT/C ), P, T, A, R (not
AGA/G ), and G) and for all codons. A fourfold degenerate site allows any
nucleotide at the third position without changing the amino acid.
For simplicity, two or more nucleotide differences between a pair of homo
logous codons were omitted from t h e calculation. This is possible because they
constitute only a very small part of the total changes (25 times of 66 amino
acid changes among 2032 amino acid residues, see Nei and Gojobori, 1986). More
elaborate methods include a weight factor for homologous codons in which two
or three nucleotide changes exist, because the distinction between synonymous
and nonsynonymous substitutions is no longer straightforward (Perler et al.,
1980; Miyata and Yasunaga, 1980; Li et al., 1985).
Base composition of synonymous sites and introns were investigated accor
ding to Moriyama and Hartl (1993). We calculated the percentages of A, T, G,
and С at fourfold degenerate codons of potential synonymous sites (both alter
native and common exons; note t h a t a potential synonymous site can be either
substituted or not) and several larger introns (7c, 7d, lid, 12, and 18; the intron
sequences used for calculations started 20 nt downstream of the 5' splice junc
tion and stoped 20 nt upstream of the 3' splice junction).
Basic statistical analyses (standard deviation and interval calculation with
95% probability) were done to see whether the percentages of amino acid and
synonymous site substitutions in alternative exons are significantly
different
from those in common exons. The calculated intervals do not overlap, indicating
that the differences in percentages are significant.
More extensive analyses can be performed if the alignment covers the com
plete genomic sequences of both species and will be published elsewhere.
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Resulta
Isolation of the mMHC Gene of D. hydei
Screening a genomic library of D. hydei in XEMBL4/EcoRI with mMHC 3' end
cDNA DmK.2-30 insert as a probe revealed several partially overlapping clones
(Fig. IB, p. 99). Two clones have been studied in more detail, XDhM2 and
XDhM9. Both clones share one large Eco RI fragment of approximately 14 kb.
XDhM9 has an additional EcoRI fragment of 2.2 kb located upstream. XDhM2
has a 2.9 kb EcoRI fragment downstream of the 14 kb fragment. The two clones
cover a major part of the D. hydei mMHC gene as is clear from our sequence
analysis (Fig. 1A/B, p. 99). We did not yet clone the complete 3' untranslated
region. The region between the last stop codon and the first poly(A)-site was
found in the testis cDNA clone DhcTlOd (chapter IV, p. 86).
To clone the upstream sequences of the gene it was necessary to construct
a new library (Materials and Methods, p. 96). We presumably cloned the comple
te upstream mMHC sequence of D. hydei, represented by three different Xbalclones (see Fig. 1С, p. 99). The D. hydei mMHC gene was almost completely se
quenced. At present only one gap is left of approximately 0.Θ kb downstream
of the first exon (1). The exact position of exon 1 remains to determined.
Sequence Alignments of the mMHC Gene From D. hydei and D. melanogaster
In this chapter we describe the sequence alignment of the mMHC gene of both
D. hydei and D. melanogaster (mMHC gene sequence from George et al., 1989),
starting at the end of exon 7a until the first poly(A)-site downstream of exon
19 (Fig. 2, p. 100-10S).
The overall homology of the exons is higher than 90% at nucleotide level
and close to 100% at amino acid level. The only exception is exon 18, where
nucleotide homology drops to 70% as a result of several insertions in the D.
hydei exon 18 sequence (Fig. 2, p. 105).
More Amino Add Changea In the Alternative Ехопм
The number of amino acid residues in each exon (7b-19; total 22 exons) is near
ly identical in both species. In D. hydei only exons 12 and 14 have one residue
less than D. melanogaster (Fig. 2). The percentage of amino acid substitutions is
low, 3.2% over 22 exons.
The amino acid substitutions vary among the exons. There are relatively
more substitutions In alternative exons (7b-d, 9a-c, lle-d, and ISa-b) than in
common ones (8, 10, 12-14, 16, 17, and 19), see Fig. 3, p. 106. On average there
are 7.0% changes In alternative exons and 2.0% changes in the common ones. Not
all alternative exons fit in this general view, like exons 7c (2.9%), 9c (0%), 15a-b
(3.8%-0%) and 18 (0%). The differences in average substitution percentages between
head (7b-12), 6.3% and tail (13-19), 1.2% are clear. The higher percentage of sub
stitutions in the head region is due to the presence of more alternatively spli
ced exons. Taking the regular spliced exons only from head and tail we ob
served 3.8% substitutions in the head and 1.4% among tail encoding exons.
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Flg. 1. Overview of the genomic clones covering the mMHC gene of D. hydei.
A. Illustration of the D. melanogaster
mMHC gene with exon-intron structure
(see also chapter I, Fig. 4, p. 29). Filled bars: exon sequences. Introns (open
boxes) are numbered 1-18 below the drawing of the gene structure, p: poly(A)site. Stopcodons are indicated by extensions below exon 18 and 19. Exon 1 is an
untranslated leader sequence. Exons 2-12 encode the SI head fragment. Parts of
exon 14-16 (residues 1125-1276) encode the S2 hinge. The α-helical coil region is
encoded by exons 16 and 17. Exons 3, 7, 9, 11, and IS are alternatively spliced,
marked by a, b, etc. and extended bars. Cross striped exon 18 is differentially
spliced. Note t h a t the length of the intron downstream of an alternative exon
gradually increases (compare intron 7d with 7c, etc.). B. The D. hydei genomic
EcoRI fragments obtained with the 3' end probe DmK2-30 (see D.). The EcoRIsites of exon 7d and 19 are conserved between both species. XDhM9 s t a r t s at
the end of exon 7a (where the alignment begins, see Fig. 2, p. 99) and stops at
the end of exon 16. XDhM2 ends a t the conserved EcoRI-site of exon 19 adja
cent to the downstream laying second stopcodon. Both lambda clones cover 17.7
kb of the gene. The "*" marks the cDNA clone DhcTlOd (chapter IV, Fig. 1, p.
86) which s t a r t s at the exon 19 EcoRI-site and ends at the poly(A)-site, see
alignment in Fig. 2, p. IOS. E: EcoRI. С. The D. hydei genomic Xbal-fragments
obtained with the 5' end probe MCM2-7d (see D.). The Xbal-clones cover over
14 kb of genomic DNA including the 5' end of the gene. The Xbal-sites of these
clones are all in intron sequences and not conserved. X: Xbal. D. The relative
position of the two cDNA probes used to isolate the D. hydei mMHC DNA
restriction fragments. MCM2-7d is a 1 kb cDNA fragment (including exons 2-7d)
isolated by RT-PCR, see chapter IV, p. 84. The DmK2-30 is 1.15 kb cDNA frag
ment (including p a r t s of exons 16 and 17) was isolated with the polyclonal K2
antiserum, see chapter II.
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Exons
Hg. 3. Diagram with percentages of amino acid substitutions (AAS) in exons 7b
to 17. Exons 18 and 19 are not shown. Their amino acid sequences are com
pletely identical between the two species. Note the higher percentages in the
alternative exons 7b, 7d, 9a-b, lie, and lla-d compared with the common exons.
Exceptions are the alternative exons 7c, 9c, ISa-b, and 18. Preliminary sequence
data on exon 7a revealed the highest percentage of substitutions so far (17.1%).
Amino Add Chmngem In Exon 9 i n Conserved
The comparison of amino acid sequences of alternatively spliced exons (7b-d,
9a-c, lle-d, and 15a-b) revealed that the changes of residues between members
of one group (like 7a compared with 7b) are often identical in both species. The
situation is particulary obvious in the alternative exons 9a-c, which are quite
similar in amino acid sequence. The differences must be functionally important,
because they are completely conserved between the two species (see Fig. 4).
Similar observations were done in case of the alternative exons 7a-d, and lle-d,
although the picture is more complicated in these exons. The alternative exons
ISa-b (encoding part of the hinge region, Fig. 1, p. 99) are highly similar, indi
cating that all positions are functionally important (Fig. 2).

9a
9b
9c

Dh
Dm
Dh
Dm
Dh
Dm

YNGFEOLCINFTNEKLQQFFNHVMFVLEQEEYTKEGIHWDFIDFGMDLLACIELIEK
YNGFEQLCINFTNEKLQQFFNHIMFVMEQEEYKKEGINWDFIDFGMDLLACIDLIEK
YNGFEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWAFIDFGMDLLACIDLIEK
YNGFEQLCINFTNEKLQQFFNHHMFVLEQEEYKRECIDWAFIDFGMDLLACIDLIEK
YNGFEQLCINFTNEKLMFFNHHMFVLEQEEYQREOIEWTFIDFGMDLQLCIDLIEK
YNGFEQLCINFTNEKLQQFFNHHMFVLEQEEYQBEGIEWTFIDFGMDLQLCIDLIEK
*К1КЯйк>М11Ш(|Е«««й

VftA

AAAAA

Ж *

*

* Ä It Η * Λ Λ *

**

Rg. 4. The alignment of amino acid residues of alternative exons
Note the strong conservation. At six positions (aa 23, 33, 38, 40,
there are changes if comparing 9a with 9b, etc. For example in D.
at position 23 there is change in 9a compared with 9b and 9c. In D.
is also a change at the same position.
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Higher Sate of Synonymous Site Substitutions in Alternative Exona
We analyzed the amount of synonymous site substitutions (SSS) between the
two species in fourfold degenerate codons for each exon (li et al., 198S). The
alternative exons 7b, 7c, 7d, lie, 11a, and lib do have significantly more SSS
compared t o the exons 8, 10, 12, 13, 14, 16, 17, and 19 (Materials and Methods, p.
97; Fig. S, p. 107). The other alternatively spliced exons 9a, 9b, 9c, lie, ltd, ISa,
and 15b showed SSS values similar t o or far below those of the common exons.
The figure obtained with the calculated percentages of SSS for all synonymous
codons is not much different from the result presented in Fig. 5. This has also
been observed for the histone genes of D. hydei and D. melanogaster (Fitch and
Strausbaugh, 1993).
'56
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Fig. S. Diagram with the distribution of percentages of synonymous site substi
tutions in fourfold degenerate codons of total number fourfold degenerate codons represented by black bars (%SSS). There are significantly more synonymous
substitutions in the alternative exons 7b, 7c, 7d, He, 11a, and lib compared t o
the common exons. Compare for example exons 7b and 8. The black and white
dots represent the percentages fourfold degenerate codons of the total codon
number in an exon (%FDC). It is clear that the higher percentage of synonymous
substitutions in for example exon lib is not due t o a higher number of fourfold
codons. The percentages of fourfold codons in the exons 7b, 7c, 7d, lie, 11a, and
lib are in agreement with the common exons. The alternative exons 9a, 9b, and
9c were not included in this comparison because their percentages of fourfold
codons of the total number of codons, respectively 17.5%, 14.0%, and 15.8% are
far below the average percentage of all codons (42.8%). Exon 18 was not inclu
ded because it does not contain fourfold degenerate codons.
The Base Composition in Alternative Exons is not Biased
The base composition of the synonymous sites from alternative exons (7b-15b),
common exons (8-19) and the introns of the raMHC genes of both species were
investigated and compared with the data published recently for the Adh gene
(Moriyama and Hartl, 1993; see Table 1, p. 108).
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TABLE 1
Вале compoaltlona at synonymous altea and Introna of
mMHC genea and Adh genea of D. hydei and D. melanogaster
Introns
Synonymous sites
Species
Gene
% A
Τ
С
G
% Α
Τ
С
G
D. hydei
mMHC alex
1S.3 33.1 35.6 16.0
28.7 31.1 22.6 17.6
2.8 22.0 57.6 17.6
mMHC cex
Adh
16.5 26.3 36.8 20.3
36.0 31.2 15.3 17.5
D. mei.

mMHC alex
mMHC cex
Adh

9.0
2.6
5.8

25.5 43.4 22.0
23.3 48.7 25.6
13.1 54.7 26.3

28.9 28.2 25.3 17.6
35.8 24.9 20.3 19.0

In case of synonymous sites the percentages of A, T, C, and G in fourfold
degenerate codons (L, V, S, P, T, A, R, and G) were calculated from the alter
native exons (alex) 7b-d, 9a-c, lle-d, and 15a-b and the common exons (cex) 8,
10, 12, 13, 14, 16, 17, and 19. For introns the percentages of A, T, C, and G were
calculated from the large introns 7c, 7d, lid, 12, and 18 (see Materials and Methods,
p. 97).
From Table 1 It is clear that the base composition of the alternative exons
differs considerably from that of common exons. This phenomenon is observed
in both species. In general the base composition at the synonymous sites of the
alternative exons is more random. The alternative exons of the D.
melanogaster
mMHC gene showed a slight bias towards the use of С . In D. hydei the situation
Is similar to the Adh gene.
In both species there is a bias against the use of A and in favour of С in
the commonly spliced exons. The Adh gene of D. hydei is in its base composi
tion different from the common exons of the D. hydei mMHC gene. The base
composition in the common exons of both the D. hydei and D.
melanogaster
mMHC gene, however, resemble the D. melanogaster Adh gene much better.
The values for A, T, C, and G in the introns are more comparable. A clear
bias like in synonymous sites of the common exons of the mMHC and Adh
genes does not exist. Introns, however, do have a higher A and Τ content (Mount
et al., 1992).
The Upatnam Region of the Τ Splice Site of Ежов 13 ¡a Conserved
The 5' and 3' splice sites are highly identical and agree with the Drosophila
splice junction consensus sequences as described by Mount et al. (1992) (for insects Shapiro and Senapathy, 1987; see Fig. 6, p. 109). Nearly all introns start
with GT and end with AG. The alternative introns lle-c start with GC. The
sequences adjacent of the 5' splice sites are more conserved than at the 3' splice sites. This varies from 2 nt in the 5' splice site of exon 16 to a stretch of 13
nt downstream of the 5' splice site of exon 7b.
Sequences close to the 5' splice sites within a group of alternatively spliced
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Dh/Dm

5'

exon

Dh
Dm
Dh
Dm
Dh
Dm
Dh
Dm

ACACTATCTGTC TAG
TCTATATACATA TAG
ATATGACATATA RAG
CCAATCAATAAA TAG
GTTCGCGTAAA1TAG
CCTATATATATA TAG
ACTATGTGTATG ГАС

AC
АС
AA
AG
AG
AG
AG

Dh
Dm

ATTTGGTATATAITAG
CCTTTATACCAACAG

CARGC
CARGC

Dh
Dm
Dh
Dm
Dh
Dm

CC3AT
ССЗАТ
TC3AT
TC3AT
C13AC
CT3AC
CA3AT
CA3AT

GTAATTC ГСССАААА
GTAATTC 3CCTCTCC
GTAAGGC3ATACAGA
GTAAGGC 3ATACAAA
GTAAGTT 3ACGCAAG
GTAAGT13AAGTGCA
GTAAGTC RCGGCAGT
GTAAGTG3TCGCCAA

В

TCCAC
TCCAG

GTGAGTATTCGCGGA
GTGAGTATCGGACGG

CCCTATCCCACGfTAG" TÄtAA
CCAACTCCAATG TAG TÍ:: AA
TGCACCACACAT TAG TÍZAA
AAATATGATATC TAG TA=AA
TAAAACTATATA3AG TA^AA
CGTTCTCCGATC fAG TA:AA

9a

AARAG
AAflAG
3
3
3
3

GTGCTTARGCTAAAC
GTGCTTA 1AGATTCA
GTTCGTC 3ATCTCGA
GTTCGTC ГССТСССА
GTACAGC 3GCCACAA
GTACAGA3ACGGCCA

Dh
Dm

TGTATTATTCAA;AG COTAT
TTTTCTTACCAC rAG CCCAT

10

Dh
Dm
Dh
Dm
Dh
Dm
Dh
Dm
Dh
Dm

TGAAATTAACT1TAG
AATACTCAACTA TAG
CATGAACATCAA"AG
TCTACATCCTGA ~AG
AATTTGCTTTTC:AG
ATTTCCATATTG3AG
GTGAACGACATA TAG
TATGTGACCATA ГАС
TACCCACCCATA TAG
CAAACCCCCATA;AG

Dh
Dm

TTGCCAAATAT
.TATTffiA
GÏbTT
ACGAAAAAi.AAAAg.:AG G I 3 T T

12

ТЛЗСС GTGAGTA 3AAAAACA
TTECC GTGAGTA TTCCCCAG

Dh
Dm

TCTAATGACTTACAG Ci
TCTAATGACTTACAG Ci

CT
CT

13

TGCGC
TCCGC

Dh
Dm

CTCTGGTCTCGÍTAG GA:AT
GTTCAATTCCAÍ TAG GBГАТ

14

G C T A A STAAiTïhGTAGAAT
GCfTAA GTAAGTA TTGCGAAT

Dh
Dm
Dh
Dm

CTTTTTGCTAC1TAG GCrCG
CATTTGCTAATC;AG Gc :TG
TATTGACTAATC3AG GC ;TG
ATCTGTCTAAAC:AG GC :TG

15a

Dh
Dm

GACCACGTTCC
TTGAATCACTA,

Dh
Dm

TTTCATTCTAC
TATCCTTTACT

Dh
Dm
Dh
Dm

TTTTGTTTTCTd :AG
ATCTCTCTTCCd :AG

MT
ГАС
ГАС
MG
MG
MG
MG

7a
7b
7c
7d

9b
9c

ATgiICG GTAAGTA rCGGTTGC

ΤΊ MT

lie

тига

lia

GTRCC
GTRCC
CT M C
CT M C
CIRCC
CTRCC
CT ПСА
CUCA

AlpICG GTAAGTGJTCAGCCTC

lib
lic
ild

CC
CC
CC
CC
Cl
CC
CA
CA
CA
Ci

HAG
RAG
RAG
RAG
RAG
RAG
RAG
RAG
RAG
RAG

GCACGCA ГАСТТТАА
GCACGCA 3GCAAAAA
GCATGCA TAAGTTCT
GCATGAT RAAGATAT
GCACAGA 3TCTTCTT
GCATATA W C G T T T C
GCACGAA 4CCTTTTT
GCACGCA:AATCAAA
GTATATC\GCGACAA
GTATATG 4CTGACAA

GTAAGT1JTTCACCTA
GTAAGTAJTCCCATTA

GTAATA13TTGTGGC
GTAATA13TCGTGAT
GTATATC iATCTATG
GTATTGA M T T G A T C

15b

GC TGC
if¡AG
'AG GC TGC

16

ACJAAG GTGAGTCJTAACGCGC
ACRAG GTAGGTTI:AACCACT

f

17

сизей СТААЙТАЬААССАСА
CífccG GTAAGTmTTGAACA

.CGCAp:AG ATJTTA
CACCTCTACGC.
:AG AI :TA
CACTTACG;lAAAAg,

18

crfTTT СІТААЙТІ

ca :CG
cd :CG

19

AG GOT;

AG Gctr;

TTTTTTTTTTNCAG
ССС

ATN
G

CI TTT GTAAGTl

Consensus

lAACGCC
AACGTGT

AATTC
AATTC
AAG GTAAGTAN
С
G
Τ

Hg. 6. Alignment of the 3' and 5' splice junction sequences between both spe
cies. Boxes indicate the splice sites . In the 3' splice junction of exon 12 one gap
was found, marked by ".". Note the conservation of the 3' splice junction of
exon 13. See the text for details.
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exons are more identical (compare for example 7a, 7b, 7c, and 7d). There seems
t o be no correlation between members of groups of alternative exons, like for
example 7d and lib (these exons are pupae/adult specific, see chapter I, p. 30).
The S' splice junctions of the common exons (8, 10, 12, 13, 14, 16, and 17) re
semble the consensus sequence more closely than the alternative exons (Fig. 6,
p. 109). This is, however, only valid for the intron sequences of the junction.
Similar observations cannot be made for the sequences upstream of the 3'
splice sites. In general these sequences are pyrimidine-rich (Mount et al., 1992).
George et al. (1989) described that the intron sequences directly upstream of the
3' splice sites of exons 7b, 7c, 9b, lie, 12, 16, and 18 are purine rich. In the D.
hydei mMHC gene the upstream 3' splice site sequences of exons 7c, 9c, 11a,
and lie are purine-rich. The upstream 3' splice site sequences of exons 7b, 7d,
9a, 9b, lid, 12, 14, 15a, 16, and 18 in D. hydei contain more pyrimidines than in
the D. melanogaster homologs.
Taken together, we do not observe a significant similarity of the mMHC ge
ne 3' splice junction upstream regions with the pyrimidine-rich consensus for
Drosophila (Mount et al., 1992). These regions have nevertheless more pyrimidi
nes than purines. In both species we observed a tendency to have more purines
in the upstream 3' splice regions of the alternative exons compared with the
common exons.
Remarkably, the upstream sequences of the 3' splice site of exon 13 are
conserved over IS nt (see also Fig. 2, p. 103). It is the only completely conserved
splice junction among the 22 exons investigated. Branchpoint sequences were not
yet determined.
Introns Contain Sevo*! Conserved Sequence Blocks
The lengths of the introns are clearly conserved (Fig. 7, p. 111). They vary from
74 (67, Dm) nt between exons 16 and 17 to 1516 (1444, Dh) nt between exons 12
and 13. The length of the introns around alternative exons are mostly several
hundreds of nucleotides. The introns surrounded by common exons (like between 4
and 5, 5 and 6 (see George et al., 1989), and 16 and 17) are smaller than 80 nt.
The only exception is the intron between exons 12 and 13 with a size of approxi
mately 1.4 kb in D. hydei and 1.5 kb in D. melanogaster. These observatons indi
cate a functional constraint on the content of the introns around the alternati
vely spliced exons and on the intron between exons 12 and 13.
The overall similarity of the Intron sequences varies between 40.7% and
54.6% (as determined with the GAP program). There is an increase in similarity
between introns of one alternative exon group located more downstream of the
first member (most 5"). For example within an intron 7d alignment more simila
rities can be found than in an intron 7c alignment. They nearly all contain short
stretches of clear similarity, underlined in Fig. 2. This phenomenon is also
observed in comparisons between other genes of Drosophila species (Kassis et
al., 1986; Michael et al.. 1990; Тгеіег et al., 1989; Wilde and Akam, 1987).
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Flg. 7. Illustration of the Intron length (nt) around the alternative exons of D.
hydei (open bars) and D. melanogaster
(black bars). The intron 7a is located
between exons 7a and 7b, etc. The lengths of the introns between common exons
12-14 (sizes (nt) intron 12: 1444 (DW-1S16, intron 13: 290 (Dh)-221, and 16-17 (74
(DM- 67) are not shown in this figure. Note the clear conservation in intron
length, except for intron 18 (between exons 18 and 19). The introns of D. hydei
are in most cases longer than those of D. melanogaster.
Intron 12 Contarne Sequence Elementa Similar to those of the Mat Genea
We scanned the sequence of both genes for motifs which are also present in
several genes expressed in testis. The search included motifs out of upstream
sequences from genes as ß2-tubulin, Mst gene family, Mst77F, Stellate, Janus B,
Gonadal, Hsp26, Ref(2)P, and Rb97D (see for more details chapter I).
The sequence of intron 12 (between exons 12 and 13) was the only region
with similarity to motifs present in some of these genes. In the middle of the
intron (approximately 830 nt upstream of exon 13) two elements exist which are
similar to the consensus motif (TTGTCAAAT) found in the non-transcribed upstream sequences of the testis-specifically expressed Mst87F, Mst84Da-d,
and
Mst98Ca-b gene family (Kuhn et al., 1988; 1991; Schäfer et al., 1993). The elements are localized in a region of 33 nt which is completely conserved between
both Drosophila species (Fig. 8A, p. 113). This is the longest intron region found
so far which is completely identical. A third copy of this motif was found 460
nt upstream of exon 13 also almost identical in both species (Fig. 8A, p. 113).
Sequences similar to other motifs, like the 14 bp ß2UEl (ATCGTAGTAGCCTA) and the 18 bp ß2DEl (A4UUAUACGU3A3U) of the ß2-tubuün gene (Michiels
et al., 1991; 1993), the translational control element of the Mst gene family
(consensus ACATCNAAATTT; Schäfer et al., 1990), the 7 bp motif (TGTCGTC) of
the Gdl gene or the elements described for the Hsp26 gene (TCAAACGA,
(A)7G(A>3> were not found.
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If the Mst-like sequence elements have any significance in controlling the
synthesis of a transcript starting in this intron one would expect to find down
stream of them, potential transcription initiation and translation initiation se
quences. Such sequences could indeed be localized. In a highly conserved region
starting 45 nt (34 nt in D. melanogaster)
downstream of the third Mat element
we found six potential transcription initiation sequences localized close to each
other. They all resemble the consensus sequence described by Michiels et al.
(1991). (Fig. 8B1, p. ИЗ). Moreover, approximately 30 nt upstream (in D. hydei 40
nt) sequences are present similar to the TATA box (Breathnach and Chambón,
1981).
Finally, we found an ATG sequence approximately 220 nt upstream of exon
13 in good context for translational initiation (consensus described by Cavener,
1987; Cavener and Ray, 1991). Also this region in intron 12 is highly conserved
between both species (Fig. 8B2). In D. hydei an open reading frame (ORF) can
be found between this ATG (pos. 11136) and the start of exon 13 with the potential to encode 77 residues. This putative ORF is in frame with exon 13. An
ORF in D. melanogaster can only be made with a nucleotide insertion or deletion.
As already mentioned before the upstream sequences of the 3' splice junction of
exon 13 are strongly conserved over 31 nt (Fig. 8B3, p. 113). Striking is the fact
that it is the only conserved 3' splice junction region among 22 exons examined.
The Τ Untranslated Region ia Nearly Identical
So far only a small portion of the 3' untranslated region (UTR) of D. hydei was
cloned as a part of a testis-derived cDNA (chapter IV, p. 86). The alignment
shows that this region is highly identical between both species. Preliminary data
on the 5' upstream region of exon 2 revealed also clear sequence similarities
(Harhangi and Miedema, unpublished data).
Discussion
Our analyses of the mMHC gene sequences from D. hydei and D.
melanogaster
revealed a number of interesting features, (i) The protein coding regions are
highly conserved (97%). (ii) In the alternative exons there are relatively more
amino acid substitutions than in the common exons. (¡ii) The amino acid residues different between the alternative exons 9a-c of D. hydei differ also at the
same positions in these exons of D. melanogaster. (iv) The number of silent site substitutions vary in the alternative exons more than among the common
exons. (v) The base composition at the synonymous sites of the alternative
exons is not biased, like as it is with the common exons (less A and more C).
(vi) The lengths of the introns are nearly identical in both Drosophila species,
(vii) The introns contain several short sequence blocks conserved between both
species, (viii) The large intron located downstream of exon 12 contains sequence elements similar to those present in the testis-specifically expressed
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Mst gene family and similar to consensus motifs for initiation of transcription
and translation, (ix) The untranslated 5' and 3' regions are strongly conserved.
The D. hydei mMHC Gene Structure and Sequence la Highly Similar
to the D. melauogaater
Homologue
The discovery of two mMHC proteins - tp 200 and tp 15S - within the testis of
D. hydei and D. melanogaster (see chapter II) induced us to isolate and sequen
ce the mMHC gene of D. hydei. An alignment between the introns, upstream
and downstream regions (transcribed and non-transcribed) of D.
melanogaster
could help to localize conserved sequences with the potential to control ex
pression of this gene in the testes.
The D. hydei mMHC gene structure differs only in minor details from the
D. melanogaster mMHC gene (Figs. 1 and 2). The amino acid sequence showed all
the characteristics of a normal myosin heavy chain type II sequence, including
the globular head (SI) region at the NH 2 -terminus (Harhangi and Miedema,
unpublished data), the flexible hinge (S2) region and an α-helical coiled tail (Fig.
2, p. 100: George et al., 1989; McLachlan, 1984). The D. hydei mMHC protein has
a non-coiled tail piece at the carboxy terminus (see Fig. 2, p. 105; predicted by
the methods of Chou and Fasman, 1978 and Gamier et al., 1978). For unclear
reasons George et al. (1989) described the start of the non-coiled tail piece in
the D. melanogaster 14 amino acid residues downstream, although both sequen
ces are completely identical in this region.
The mMHC amino acid sequence is highly conserved between D. hydei and
D. melanogaster. In the region of exons 7b to 19, with a total of 2032 amino
acids we observed only 66 amino acid changes (3.2%). In Drosophila the percen
tages of amino acid identity can vary in general from 31% (Transformer gene of
D. melanogaster versus D. hydeil t o 99% (97% for Sina and Hsp82 genes of D.
melanogaster
versus D. virilis; 94-99% for the Mici genes of D.
melanogaster
versus D. simuians, D. pseudoobscura, and D. virilis; see Table 2 of O'Neil and
Belote, 1992; Leicht et al., 1993). The high percentage of identity (96.8%) for the
mMHC protein is not unexpected considering the fundamental importance of
this protein for motility.
Higher Sate of Amino Add Changea In Alternative Exona
The proportion of amino acid changes is relatively higher in the alternative
exons compared to the common exons (Fig. 3). This suggests that alternative
exons evolve quicker than the common exons. The existence of several sequence
related exons might allow more changes, because the potential exists to splice
another functionally similar alternative exon. An example are the data on mutant
Mhc11. This mutant has a base substitution in the 5' splice junction of exon 9a
(Kronert et al., 1991; chapter I, p. 31). In the jump muscles of this mutant exon
9b was spliced instead of 9a (wild-type jump muscle use exon 9a). The coding
sequences of exon 9b are therefore sufficient to maintain wild-type or near
wild-type function.
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The presence of alternative exons with no amino acid changes at all, indicates that there is a functional constraint on some of these exons. It is interesting
that the alternative exons with no amino acid substitutions, like 9c and lSb (Fig.
3) are used in slow muscle types (larval, visceral, and abdominal body wall;
Kronert et al., 1991; Collier et al., 1990). A similar situation can be found in the
alternatively spliced exons 5/6 of the Myosin Alkali Light-Chain iMìcù gene.
Exon 6 is used in the IFM (quick muscle type) and showed in interspecific
comparison more amino acid differences than exon S, which is part of Mici
transcripts in other (slow) muscles (Leicht et al., 1993). Presumably any mutation
in alternative exons used in slow muscles (changing for example muscle structure)
could lead to malfunctions in early muscle development which may have strong
effects on the viability of the flies.
We observed relatively more amino acid substitutions in the common exons
(8, 10, and 12) of the head (3.8%) compared to those (exons 13, 14, 16, 17, and 19)
of the tail region (1.4%) of the mMHC molecule. This suggests a stronger functional constraint on the tail sequences, although it is known that the head
sequences are more conserved than the tail (Emerson and Bernstein, 1987). In
chapter II it was demonstrated that the smaller mMHC protein (tp 155) is present in the testes of several different, evolutionary divergent Drosophila species
(chapter II, Fig. 8, p. S3). Our other data so far indicate that this protein contains mMHC tail residues (see chapter II, Fig. 3, p. 48 and Fig. 4, p. 49). These
data were confirmed at the mRNA level (chapter IV, Fig. 2 and 3, p. 87-88). The
mMHC alignment presented in this chapter (Fig. 8, p. 113) revealed information
considering the internal initiation of a smaller mMHC transcript. The internal
initiation was confirmed by primer extension experiments (chapter IV, p. 91). We
would like to postulate that the reduced percentage of amino acid substitutions
in the tail region of the mMHC molecule is at least partly due to the possible
existence of a second mMHC variant with certain functions in testis tissue.
The Amino Add Changea In Alternative Exon Group 9 are Conserved
The changes in amino acid composition between members of an alternative exon
group (like exons 9a-c) might reflect structural and/or functional differences. If
these substitutions are identical between two Drosophila species separated 62
million years ago, one would assume that these variations are indeed important
for the function.
We observed similar amino acid changes in the alternative exon groups 7, 9,
and 11 of both species. As an example, we showed In Figure 4 (p. 106) the situation in the highly conserved exons 9a-c. The function of these exons is not
clear. Involvement in actin-binding, in ATPase activity, or a role in ATP binding
was suggested (see ref. in Kronert et al., 1991; 1993). The latter function is based
on the presence of an invariant tryptophan residue (tryptophan changes its fluorescence pattern if ATP is added). Kronert et al. (1991) suggest that the residues
on either side of the Invariant tryptophan, which are different in each isoform,
can affect the ATP binding. These residue changes can also be found in D. hydei.
Interspecific
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The substitutions in exon 9c of two lysines (position 33-34; Fig. 4) into glutamine and arginine are conserved too. Kronert et al. (1991) pointed out that these
lysines (9a) are present in skeletal muscles and the glutamine and arginine (9c)
in smooth and cytoplasmic (slow) muscle types. It is known that exon 9a is
used In quick muscles like IFM (chapter 1, p. 31). It is tempting t o speculate
that the presence of these residues changes the local structure and therefore
influences the contraction speed.
Higher Bate of Synoaymoyus Site Substitutions In Alternative Ежова
We were interested whether the alternative exons have a similar rate of syno
nymous site substitution (SSS) compared t o the common exons. It turned out
that, as with the amino acid substitutions, the SSS vary more among the alter
native exons (Fig. 5). There are relatively more SSS in alternative exons 7b, 7c,
7d, He, Ua, and lib. This corresponds almost with the relatively higher number
of amino acid substitutions in these exons (except for 7c, lie, and lid). Such a
correlation between higher rates of SSS and a higher rate of amino acid substi
tutions was also found in other genes (Lipman and Wilbur, 1985; Schaeffer and
Aquadro, 1987; Fitch and Strausbaugh, 1993).
Our data suggest that there is a selective constraint on the rate of SSS in
the common exons and on some alternative exons, such as 9a-c, lie, lid, and
ISa-b. The reason for a higher rate of SSS in several alternative exons could be
that they are less often spliced in muscle tissues (see also amino acid substitu
tions discussion). George et al. (1989) showed with Northern blot hybridizations
that exons 9a and 9b are less abundant in larval and pupal RNA compared with
exon 9c. It is interesting that exon 9c does not show SSS (in fourfold degene
rate codons) or amino acid substitutions. The exons 9a and 9b do show both
amino acid substitutions and SSS (Figs. 3, p. 106 and S, p. 107). However, the
interpretation of SSS rate in the exons 9a-c should, be taken with caution, be
cause they have considerably less fourfold degenerate codons than all other
exons.
Taken together, our observations suggest a correlation between the expres
sion level of alternative exons 9a-c and their rate of both SSS and amino acid
substitutions. The amount of data currently available is not sufficient to arrive
at general conclusions. Northern blots with larval and pupal RNA probed with
exons 7a-d and lla-d do not indicate apparent variations in expression level
among each other (George et al., 1989), although there are variations at both
nucleotide and amino acid sequences (Figs. 3, p. 106 and S, p. 107). More sensitive
m RNA quantification techniques need to be applied.
The Base Composition of Alternative Exons la not
ша Biased ал the Common Exons
The base composition at the synonymous sites and introns do not show a clear
correlation (Table I). At least in the common exons there is a clear bias to the
use of а С and against an A. As pointed out by Moriyama and Hartl (1993) this
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indicates that selective constraints at the trans lational level work on the synonymous codons. One has to make, however, the assumption that rates and
pattern of mutation in introns are the same as those of synonymous sites.
It is interesting that the alternative exons in both species have a more
equal distribution of the four nucleotides in the third position of synonymous
sites. This lack of bias is in good agreement with the higher rate of SSS and
amino acid substitutions for most of these exons. Highly biased genes do have
in general less substitutions (Shields et al., 1988). This situation can be o b served in the common spliced exons. The base composition of the D. hydel
raMHC gene resembles that of the D. melanogaster homologue. The similarity
for the mMHC gene is probably due to the high expression level of this gene in
both species. On the contrary, the Adh gene varies considerably more in its base composition at the synonymous sites between Drosophila species. In case of
the Adh gene much more variation in expression is known among different Drosophila species (Moriyama and Hartl, 1993).
Introna Around Alternative Exons Contain Information
Presumably to Control Splicing
The mMHC intron sequences contain several interesting features. This includes (1)
the structure of the splice junctions, (ii) the lengths of the introns, (Hi) the
increase of the lengths of introns within a group of alternative exons, (iv) the
presence of conserved sequence blocks within the introns and (v) the lack of
related motifs among different introns.
The structure of the S' and 3' splice junctions around the alternative exons
differ mostly from the common exons (Fig 6, p. 109) The 5' splice junction of
the common exons resembles the consensus sequence more closely than alternative exons do. This suggests the presence of special Ul-RNAs which can only
interact with the 5' junctions of the alternatively spliced exons. Special U1-RNA
molecules were found in mouse and frog (see ref. in Bach et al., 1990). On the
other hand, the exon sequences of the S' splice junctions of the alternative
exons resemble the consensus more. This fits with the observations done by
Jackson (1991) on the non-consensus S' splice sites. The surrounding sequences
of the 5' AG GC site of exons lle-c exactly match the data for GC sites (some
bases (-1, -2, +3, and +S) match the general consensus more than regular splice
sites do) as described by Jackson (1991). It is known that mismatches between
the splice junction and Ul-RNA are tolerated either 5' or 3", but not at both sites (Jacob and Gallinaro, 1989).
The 3' splice junctions of the alternative exons contain more purines than
the common exons. This indicates special constraints on the splicing-machinery
at the 3' acceptor-site. There are nevertheless more pyrimidines present within
the sequences upstream from the 3' splice site, but these sequences do not
match the consensus sequences as described by Mount et al. (1992).
In Figure 7 (p. Ill) we showed that the lengths of the introns closely resemble each other. The introns of D. hydei are mostly longer than those of D.
melanogaster. This is also observed for D. virilis introns compared with D. meInterspecfic
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lanogaster (Newfeld et al., 1991; see for general survey on intron lengths Hawkins, 1988). It is interesting that the sizes of the introns around alternative
exons are significantly larger compared with those around common exons. The
only exception is intron 12, located between common exons 12 and 13 (Figs. 1
and 2).
The length of the introns suggests a functional contraint on the sequence
content. It is shown for several Drosophila genes with larger introns (more than
100 nt) that they accomplish certain functions (they can contain promoter or
enhancer sequences, or bind regulatory proteins; see ref. in Bingham et al., 1988;
Basler et al., 1989; Gasch et al., 1989; Schultz et al., 1991; Buttgereit and Renkawitz-Pohl, 1993). In this context we made several observations. The length of
the introns around the alternative exons increases in the 3' direction of the gene. In addition, often more intron sequence similarities can be found if the
intron length increases. However, such conserved sequences are unique for each
intron and have no homologs elsewhere in the gene. The lack of conservation
between the introns within one gene was also observed by George et al. (1989)
and is now confirmed by our alignments.
The question arises how the splicing machinery can discriminate between for
example exon 7b and 7c. Most likely, both cis and trans-acting factors influence
the exon choice. The intron between 7b and 7c contains different sequences
compared with the intron upstream of 7b and downstream of 7c. The conservation of sequences within a intron indicates that these are cis-elements which
may bind proteins or they influence the local secondary structure to promote
splicing (Green, 1991). Secondary structures of the pre-mRNA involved in regulation of splicing are no longer a matter of speculation (review Balvay et al., 1993).
It is possible that more important sequences need to be present if the intron is becoming larger, either to bind more regulating proteins or to stabilize
the pre-mRNA structure. So far, we can only speculate about the actual importance of the conserved intron sequences. The significance of these sequences
remains to be investigated. Nevertheless, the alignments provide one with a point
to start.
Putative Sígnala for Transcription and Translation In Intron 12
The presence of testis mMHC transcripts with a size of 4.S and 4.2 kb raises
questions about their molecular structure (chapter IV, Figs 2 and 3, p. 87 and
88). We discussed previously in chapters II and IV that it is highly unlikely that
they result from another mMHC-like gene. Both the antisera analyses, peptide
mapping and Northern blot experiments indicate that a considerable part (if not
all) of the 4.5 kb transcript contains sequences from the 3' end of the mMHC
gene (chapter II and IV). One possibility is that they are formed by an alternative splicing process, initiating at the 5' site where the other large mMHC
transcripts start (Wassenberg et al., 1987). On the other hand they could initiate
internally. Therefore, we scanned the gene for putative transcription and t r a n s lation start sequences.
It turned out that intron 12 contains a number of conserved blocks with
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good similarities to transcription and translation start motifs (Fig. 8, p. 113).
Moreover, in two conserved blocks similarity was found with a sequence element found in the 5' upstream sequences of the testis-specific Mst gene family
(Kuhn et al., 1991). Clear similarities with other genes expressed in the testis of
Drosophila were so far not obtained. It must be emphasized that the relevant
alignments where done exclusively within conserved sequences. A strong indication that the alignments are significant is the conservation of the 3' splice
junction of exon 13. It is striking that it is the only conserved junction among
22 3' splice junctions investigated. The size of both protein (tp 155, chapter II,
p. 47) and transcript (4.S kb, chapter IV, p. 88) is in agreement with the localization of the here presented transcriptional and translational start sequences.
The 57 nucleotides long highly similar region (Fig. 8B1, p. 113) between
both species initiated us to check whether this region has any significance. As
described in chapter IV (p. 91 ) preliminary primer extension and Northern blot
analyses with intron 12 DNA fragments confirmed the here presented alignment
(Fig. 8, p. 113).
Our major puzzle is the putative ORF found upstream of exon 13. The base
composition of this ORF (of the D. hydei gene) fits with the codon usage for
Drosophila. No similarity with any protein in the genebank could be found. The
nucleotide and amino acid alignments with D. melanogaster
show similarity at
the 5' (directly downstream of the ATG, Figs. 2 and 8) and 3' end (3' junction of
exon 13). If this region is really translated in both species, than the proteins
are rather diverged in their NH2- terminus. This is in contrast with the high
conservation of the mMHC coding sequences. At present we cannot exclude that
this region is only transcribed and eventually spliced out (regular splice sites
sequences were, however, not found).
Strong Conaemtlon
of 3' Untranslated Region
More than 110 nt of the 3' UTR are almost identical between both species (Fig.
2, p. 105). This indicates a functional constraint on this part of the 3' UTR. In
contrast, the 3' UTR of ß2 tubulin mRNAs are not conserved in D.
melanogaster
and D. hydei, although the protein sequences are nearly identical (95%; Michiels
et al., 1987) It is known that these regions can contain signals controlling
mRNAs translation, stability and localization within the cell. Recently, it was
shown that the 3' UTR act as a regulator of gene expression both in cis and in
trans (Rastinejad and Blau, 1993). Interestingly, this phenomenon was observed
with the 3' UTR of the vertebrate muscle genes tropomyosin, troponin I, and
α-cardiac actin (Rastinejad and Blau, 1993; reviews: Wickens, 1993; Jackson, 1993;
Duret et al., 1993). The role of the 3" UTR of the Drosophila mMHC remains to
be investigated, but the clear similarity between D. hydei and D.
melanogaster
suggests an important function.
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Conclusions
We compared the alternative and common spliced exons for amino acid changes,
synonymous site substitutions, and synonymous site base composition. Most alternative exons show significant more amino acid and synonymous site substitutions than the common exons. The base composition of the alternative exons
was less biased, which is in agreement with a higher rate of nucleotide substitutions. It seems that there is a lower functional constraint on these exons.
The largest intron (12) of the coding sequence region contains several putative sequence elements which might direct the synthesis of a second mMHC
transcript. The Drosophila mMHC gene can, if these findings are correct, encode
more than only large mMHC molecules.
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General Discussion

Koos Miedema

Parti

Some Aspects of Cloning With the Aid of Antibodies

"...In feite is niets behoudzuchtiger dan wetenschap. Wetenschap legt de rails.
En voor wetenschappers is het heel belangrijk dat hun werk over die rails rijdt."
L. Wittgenstein

In this part I will discuss some practical and theoretical aspects of gene clo
ning with the aid of antibodies, because a major part of the results described in
this thesis were obtained with the aid of antisera.
Using antisera t o clone genes or gene fragments was dependent upon the
development of expression libraries. Young and Davis (1983) were the first who
described the construction of a λ vector which allowed the expression of foreign
proteins in E. coli cells. Today, there are many examples for genes successfully
isolated with the aid of polyclonal and/or monoclonal antisera (for example:
Adam et al., 1986; Adams Pearson et al., 1988; Garber et al., 1989; Goldstein et
al., 1986; Gower et al., 1989; Kiehart et al., 1989; Rienitz et al., 1989; Sillekens et
al., 1987; Tillmann et al., 1989; Wang et al., 1992; Whitfield et al., 1988; Wieland
et al., 1992; Yan et al., 1990).
An important shortcoming of this method is, however, that the same anti
genic determinants may occur in different proteins which can consequently be
recognized by the same antiserum (Nigg et al., 1982; Nigg, 1988). This holds true
not only for polyclonal antisera but in particular for monoclonal antisera. A
monoclonal antiserum may recognize an epitope which is shared by many diffe
rent proteins. For example: even a small protein encoded by a part of a ribosomal 28S cDNA (ribosomal 28S RNA does not code for proteins) can have an epi
tope for an unrelated monoclonal antiserum (Miedema, unpublished results).
Although gene cloning with antisera seems to be a straightforward approach,
I want to point out some problems of this method and describe the different
control experiments which have to be done.
Poaalble Controla After Screening on Expression Library
Screening a cDNA expression library with antisera includes the danger of
picking up false positives. The first step to avoid false positives is to prepare
another antiserum against (other epitopes of) the original protein of interest.
This can be either a monoclonal or a polyclonal antiserum. Putative positive
clones must also cross react with the second serum. The use of a library with
full length cDNAs is important in this case (Goldstein et al., 1986). Another
useful approach is the affinity purification of the original antiserum with the
protein of the cloned cDNA, to develop a so called monospecific antiserum.
Subsequent reprobing on Western blots or tissue can confirm the signals obtai
ned with the original antiserum (Sillekens et al., 1987). Obviously, only polyclo
nal antiserum can be used for affinity purification. Affinity purification of a
monoclonal antiserum with positive clones of a cDNA expression library (picked
up with this monoclonal antiserum) as described by Yan et al. (1990) makes
conceptually no sense at all. Finally, a good alternative is the development of
a new antiserum (mono- or polyclonal) against the protein encoded by the
cDNA picked up out of the screen. Next, this antiserum can be used for com
parison with the original antiserum at various different levels, like Western
blotting, immuno-fluorescence and immuno-EM on tissue (Wieland et al., 1992).
General Discussion.
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In connection with the analysis of putative positive clones the experimenta
tor has to consider the number of these clones. If there are more then two
signals it Is useful to check if they cross hybridize at the DNA level. If they do
it will be in most cases sufficient to develop only one serum. Otherwise one
should prepare more antisera or perform more affinity purifications.
In the early days of gene cloning with antisera investigators used often
monoclonal antisera for their first screen. Today, there is more preference for
using polyclonal antibodies. Polyclonal antisera can recognize more epitopes
within a protein, which reduce the danger of isolating false positives.
Next, an overview is presented summarizing the different control experi
ments which can be done after obtaining putative positive clones from a cDNA
expression library (see also Table 1, p. 129). In addition it will be mentioned
whether or not these experiments were performed by us.
Ал tisera controls
Induction with IPTG and staining of the fusion protein with an anti-0-galactosidase antiserum demonstrates expression and size of the fusion protein within
the bacterial cells (Sillikens et al., 1987). This experiment will provide the inves
tigator with information about size and amount of the fusion protein. The size
should be in agreement with the calculated size from the cDNA clone. If the
expression of the fusion protein is low it is worthwhile to analyze other positi
ve clones or to try ree" host cells (see Garber et al., 1989). Our analyses of fu
sion protein FpK2-30 (including IPTG induction and staining with anti-ß-galactosidase, not shown) were in complete agreement with those published by Adam
et al. (1986) and Sillekens et al. (1987).
A polyclonal serum can be affinity purified with either the original protein
of interest or with the fusion protein derived from the isolated clone. As a
control for specificity of the affinity purification one can perform an affinity
purification on ß- galactosidase (114 kD part of the fusion protein). Subsequent
incubation should give a negative result (see above; for example Kiehart et al.,
1989). We succesfully performed an affinity purification of the polyclonal K2
with mMHC FpK2-30, see chapter II, Fig. 2, p. 47. The control with ß-galactosidase only was, as expected, negative (not shown).
Another control is depletion of the antiserum with the protein or fusion
protein. Incubation with such a depleted antiserum should give a reduced or no
signal pattern. In case of these controls both Western blots and tissue can be
used (see chapter II and III).
Most Investigators develop a new antiserum against the fusion protein derived from the isolated clone. This is in most cases a polyclonal antiserum. Such
an antiserum has the advantage to recognize other epitopes on the protein,
which increases the reliability in detection of one type of protein (see our results with polyclonal anti-FpK2-30 antiserum on both Western blots (chapter II,
Fig. 2, p. 47) and testis tissue (chapter III, Fig. 3, p. 68) and for example the
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work of Wieland et al., 1992).
fYelmmune serum - taken from the animal before immunization - is an im
portant control. This serum should not cross react with the protein and tissue
of interest (chapter II, Fig. 4, p. 49 and chapter III, Table 1, p. 74) Some preim
mune sera show an unusual high cross reactivity with the cytoskeleton of eukaryotic cells (Nigg et al., 1982; Nigg, 1988). It is worthwhile t o t e s t preimmune
sera before immunization.
Α similar protein from another tissue can be useful to confirm the immune
reactions. For example we used the carcass myosin proteins to demonstrate the
similarity in immune signals compared to the testis signals (chapter II, Fig. 2, p.
47).
An often used technique is Immuoo-predpltatloB t o confirm and extend an
tisera data. mRNA isolated (from the same tissue as where the protein was de
tected and/or isolated), hybrid selected with the isolated clone will be in vitro
translated into protein. This protein can be incubated with the antiserum t o
precipitate the corresponding protein. The immuno-precipitated complex Is run
on a gel and compared to the size of the protein of interest (Sillekens et al.,
1987).
Antisera raised against the protein derived from the isolated clone should
not only cross react with proteins extracted from tissue, but also cytologically
on tissue. Indirect Immuno-fluoreaence and Immuno-electron microscopy techni
ques must confirm protein isolations from tissue and provide the localization of
the protein of interest (see chapter III; Gower et al., 1989; Wang et al., 1992).
Protein controls
The protein produced by in vitro translation of the isolated cDNA can be analy
zed In various ways, for example structurally or for enzymatic activity. Klehart
and Feghali (1986) showed that the cytoplasmic myosin heavy chain protein is
ultrastructurally related to muscle myosin. Adams et al. (1986) demonstrated the
poly(A)-binding activity of their "antibody"-isolated protein. In case of the trout
dynein the ATPase activity could be shown (Garber et al., 1989).
Several authors used peptide mapping to confirm the correctness of their
isolated product. Kiehart et al. (1989) compared partial CNBr peptide maps of
cytoplasmic myosin heavy chain protein with their isolated cDNA translation
product. The patterns were comparable. Hames (1981) pointed out that reliable
comparisons between proteins by the peptide mapping technique only can be
made if two (or more) different proteases are used. The use of only one type
of protease can have the result that peptide fragments of unrelated proteins
have the same mobility in a gel. Peptide mapping with two different proteolytic
enzymes was also succesfully performed in our research, see chapter II, Fig. 3,
p. 48.
An extension of the peptide mapping technique is amino add sequencing, to
compare the protein of interest (used to develop an antiserum) with the se
quence of the isolated clone (for example: Adams Pearson et al., 1988; Bassuk
et al., 1989).
General Discussion.
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Nucleic acid controls
Nearly all investigators make use of different nucleic acid controls (see below).
This is certainly due t o todays easy accessibility of these techniques.
Southern blotting will show the experimentator whether the isolated cDNA
clone cross reacts with other clones. This is particularly important if many pu
tative positive clones were obtained. Next, hybridization on genomic DNA and on
chromosomes will show if the isolated gene fragment is single copy (see chap
ter II, p. SI).
Sequence analysis of the isolated clone can reveal homoloy to existing ge
nes. This can be fruitful in chosing subsequent experiments. Sequence analysis
of clone DmK2-30 (chapter II, IV) opened the way to develop other mMHC an
tibodies to extend our Western blot and immuno-EM data.
Northern biota can show size, number, expression level and developmental
distribution of transcripts (chapter IV).
Transcript In altu hybridization can show which cells express the gene within
a tissue. In our case transcript in situ hybridization on male germ cells (chapter
IV, Fig. 4, p. 89) was an useful confirmation of the data obtained with antisera
on ultrathin sections of testis cells (chapter III).
Genetics
If the localization of the gene is known (in situ hybridization on chromosomes)
the search for mutante can start. Either mutants are already available or one
has to set up a new genetic screen. The antisera can be used to investigate the
proteins of the mutant. A null mutant for example should show no signal. It is
possible, however, t h a t the null mutant affects the expression of other genes
too (see for example the work on mMHC mutant Mhc7 by Chun and Falkenthal,
1988). The antisera could recognize a strongly related protein encoded by the
gene, of which the expression level is influenced by the mutated gene. So,
mutants cannot guarantee the correctness of cloning.
We both used muscle MHC mutants and germ line mutants (chapter II, p.
52 and 49). Our antiserum (anti-FpK2-30) against mMHC protein revealed a lo
wer signal on Western blots with proteins of mMHC mutants. This only indica
tes the specificity of the antiserum for mMHC proteins, but is not a clear
proof that our antiserum recognizes mMHC proteins as is apparent from the
discussion before.
The germ line mutants provided us with clearcut evidence that at least one
of the mMHC isoforms (tp 155) is expressed in the male germ line, because
male germ cells were either completely lacking or partly missing.
Ρ element rescue is an elegant technique by which the cloned cDNA frag
ment can be used t o rescue the mutant phenotype via Ρ element mediated
transformation experiments (Schultz et al., 1991; Gloor et al., 1991).
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TABLE 1
Summary possible controle after screening an expression library
Nucleic acid
Antisera
Protein
Southern blotting*
Check fusion protein«
Structure
Sequence analysis*
Affinity purification*
Activity
Northern blotting*
Depletion*
Peptide mapping*
Transcript in situ*
New antiserum*
Amino acid sequence
Preimmune serum*
Genetics
Similar protein*
Immuno-precipitation
Mutant analysis*
Immunofluorescence*
P-element rescue
Immuno-EM*
Asterisk mark the experiments described in this thesis.
Conclusions
The main difference between "antibody cloning" and cloning with nucleic acids is
the high number of laborious controls which need to be preformed in the case
of cloning with antisera. There seems to be no consensus about the minimum
experimental requirements for the correctness of the "antibody cloning". Some
authors show nearly all possible control experiments (see Adam et al., 1986),
whereas others only compare the cross reactions of a new antiserum with the
original one (see Gower et al., 1989). In my opinion the development of a new
antiserum against the protein of interest or (cloned) fusion protein is the first
step to do. Subsequently, comparisons need to be made at protein (Western
blot) and tissue (immuno-fluorescence or immuno-EM) level. Next, amino acid
sequencing or peptide mapping of the protein of interest (including comparisons) must be done. In this way the possibility to isolate a false positive can
be ruled out. Other experiments (like Northern blot or protein structure analysis, etc.) do not contribute directly to "cloning correctness". They provide the
experimentator only with an indication that the cloned gene fragment is related
to the antiserum.
The work presented in this thesis shows all the necessary control experiments. Therefore, mMHC proteins are present in the testis of Drosophila. Nevertheless, many molecular and biochemical problems around the expression and
biological function of these proteins remain to be solved.
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Part Π

Structure and Function of Nebenkern Deriratives in Drosophila Sperm Tail

""Wat je hier doet valt niet mee" zei hij. "Je lichaam doet pijn en je geest
knarst van de Inspanning. De moeite die je doet om je vrij te maken is niet gering." "Maar" zei Peter prompt "je moet wel bedenken dat het best mogelijk is
dat je hier geen enkel resultaat zult boeken.""
J.W. van de Wetering

In this part of chapter VI some aspects of the structure and function of ne
benkern derivatives in insect male germ cells will be investigated. Finally, a
brief overview will be presented of some future experiments.
Nebenkern Derivatives in Insect«
Most biologists are familiar with the scheme of a vertebrate spermatozoon,
a round head which contains the nucleus, a midpiece region with the mitochon
dria, and a tail which allows the spermatozoon to move (Fig. 1A, p. 133). This
scheme is oversimplified, considering the enormous variety in shape which can
be found in nature. The shape of the spermatozoa can be just as diverse as that
of the species from which they come. Take for example the millepede Pachyjulus sp. which spermatozoa have the shape of a bell (Fig. IB) or the disk
shaped spermatozoa of the primitive insect Eosentomon
transitorium
(Fig. 1С;
both phylum Arthropode; Jamieson, 1987).

Fig. 1. A. Schematic drawing of a mammalian sperm. The head contains the acrosome (involved in entering the egg) and the haploid nucleus with the chromatin.
The neck region contains the basal body which associates the nucleus with the
midpiece. Below the neck, in the midpiece, mitochondria are wrapped around the
axoneme. The tail or flagellum contains the axoneme and accessory fibres.
(Amos and Amos, 1991). B. Pachyjulus sp. Schematic drawing of unreacted sperm.
From Baccetti, B. 1979. See for details and more references Jamieson (1987). C.
Schematic drawing of the mature spermatozoon of Eosentomon transtorium.
Af
ter Baccetti et al., 1973. See for details and more references Jamieson (1987).
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Insect spermatozoa, in general, differ in two morphological aspects from
vertebrate spermatozoa. They do not have a clear midpiece region, and the
sperm tails of most insects - if not all - contain mitochondrial or nebenkern
(accessory nucleus) derivatives (see for overview Arthropoda: Jamieson, 1987).
The presence of a nebenkern is not restricted to insects. Also some Gastropod
species (phylum Mollusca) do have a nebenkern in their sperm tails (see ref. in
Perotti, 1973).
The "Nebenkern" was probably discovered by v. la Valette St. George in 1867
during his study of spermiogenesis in meal beetles. The term "Nebenkern" (ac-

Flg. 2. A. Notonetta glauca. Cross section through the tail region, showing the
axoneme and three areas with paracrystalline material (marked by A, B, and C,
Afzelius et al., 1976). В. Psocus sp. Transverse sections of sperm flagella. Arrow
marks paracrystalline material within one of the nebenkern derivatives (Jamieson,
1987). C. Culex sp. Transverse sections of sperm tail. Arrow marks paracrystal
line material within one of the nebenkern derivatives (Jamieson, 1987). D. Heliothis punctigera. Transverse sections of parasperm (apyrene sperm), md: mito
chondrial derivatives, ax: axoneme. Bar is 0.25 μιτι (Jamieson, 1987). Note the
differences in morphology of nebenkern derivatives.
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cessory nucleus) was introduced by BUtschli in 1871. In 1886 v. La Valette St.
George demonstrated the morphogenesis of the mitochondria during spermiogenesis (see Liebrich et al., 1985 for historical overview).
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Fig. 3. Schematic illustration of ultrastructure from striated muscle tissue, D.
hydei paracry stal line material and backs wimmer Notonecta glauca paracrystalline
material. Cross (A) and longitudinal (B) sections. Note the absence of fiber
connections with 90° angle to thick and thin filaments in longitudinal section
of muscle tissue (B). This seems t o be same in N. glauca (Baccetti et al., 1977;
Jamieson, 1987). С . Three-dimensional scheme of D. hydei paracrystalline lattice.
Gold particles (see chapter III, Fig. 4, p. 70) were mostly found on three laye
red fiber network, marked by *. cf: cross fibers, tf: thin filaments, thf: thick
filaments.
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Wtrmetructure of the Paratryatalllne Material
The nebenkern development in insects was studied extensively by several investi
gators with both light and electron microscopic techniques. The ultrastructure
of the sperm tails (cross sections) from a few insect species is shown in Figure
2 (p. 134). Note the paracrystalline material within the nebenkern derivatives and
the species specific morphology of it (Fig. 2, p. 134; Jamieson, 1987).
As already pointed out in chapter ΠΙ (p. 63) a complex reorganization pro
cess of mitochondria occurs during nebenkern development. Mitochondria aggre
gate, fuse and their characteristic shape of membranes (cristae) disappear. Sub
sequently, paracrystalline material accumulates within the nebenkern derivatives.
Both cross and longitudinal sections revealed that in general the crystalline
lattice is composed of a fiber network (see Figs. 2, p. 134 and 3, p. 135). Although
the presence of paracrystalline material within the class insecta is conserved,
the molecular fine structure is not. Sperm of each species seems to have an
unique crystalline structure. This is particularly apparent within the genus Drosophila (chapter III; Grond, 1984; Jamieson, 1987; Tokuyasu, 1975b). It would be
interesting to know whether there exists a protein which can be found in the
crystalline material of all species. The differences in structure suggest the
presence of several species specific proteins. Also modifications of proteins with
a conserved structure can contribute t o the observed differences in crystalline
structure.
The ultrastructural study of Meyer (1964) on the paracrystalline material of
D. melanogaster and D. hydei showed details of the structure of the crystalline
lattice. At first sight the structure resembles that of muscle fibers. Closer exa
mination revéales that the crystalline structure is completely different (see both
D. hydei and N. glauca in Fig. 3, p. 135). The main difference with muscle fibers
is the existence of fiber connections 90° to the fibers visible in longitudinal
sections, see Fig. 3B. In a longitudinal section of muscle tissue there are no
clear connections visible between the thick and thin filaments. So, the paracrystalline material has not the buildscheme of muscle fibers.
Striking is the ultrastructural similarity of the paracrystalline material with
the so called "system-I fibers". These fibers are associated with flagellar root
microtubules of flagellate green alga. Flagellar roots are associated with the
basal bodies, at which the flagella are anchored. System-I fibers are in this way
part of the cytoskeleton. They are non-contractile and consist largely of a 34
kDa protein (assemblin; Amos and Amos, 1991; Lechtreck and Melkonian, 1991;
Patel et al., 1992). May be related proteins are present in the insect paracrystalline material.
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Molecular Componente and Function of Nebenkern
Derivatine
The few reports in literature which deal with the molecular components of the
crystals are not informative and controversial (Bacetti et al., 1977; Meyer, 1964;
Perotti, 1973).
Probably one of the most detailed studies is the work of Baccetti et al.
(1977). These authors analyzed the proteins of the mitochondrial derivatives from
Notonecta glauca L.. They discovered that the crystals contain two main poly
peptides Mr 52000 and Mr 55000, called "crystallomitin". They are closely rela
ted, contain a high percentage of proline, and are insoluble in SDS and guanidine-HCl due to disulfide cross-links. The authors suggest t h a t the crystals may
have an elastic function in the sperm tail, but the actual role of the crystallomitins is unknown.
It has been suggested that the paracrystalline material results from the
reorganizaton of mitochondrial respiratory proteins. In gastropods evidence was
presented that the crystalline material contains active respiratory enzymes (see
ref. in Perotti, 1973). Perotti (1973) demonstrated t h a t cytochrome с oxidase
activity was absent from the crystalline material. It is possible that insect
spermatozoa use an anaerobic metabolism t o maintain the ATP level (see ref. in
Perotti, 1973). Meyer (1964), however, used Janus green staining which indicated
the presence of respiratory enzymes.
It seems unlikely that the derivatives function as a storage place of meta
bolites, because (i) no glycogen was detected, (ii) no degradation of intracellular
phospholipids takes place, and (iii) the paracrystalline material does not change
in shape until fertilization has taken place (see discussion in Perotti, 1973).
Components (such as proteins or mitochonchondrial DNA) of the paracry
stalline material could have a role in cytoplasmic inheritance, because the sperm
tail enters completely the egg, subsequent modifications and fragmentation ta
kes place during the first nuclear cleavage and the onset of the cellular blasto
derm stage (Hildreth and Lucchesi, 1963; Perotti, 1973). However, Reilly and
Thomas (1980) showed that the paternal mitochondrial genome does not contri
bute to cytoplasmic inheritance.
The mitochondrial DNA of the nebenkern derivative could play a role in mor
phogenesis of the nebenkern (Liebrich et al., 1985). There is some evidence that
transcription in the nebenkern still occurs until deposition of paracrystalline
material is completed. Inhibition of RNA synthesis in cultured testis, however,
does not prevent mature spermatocytes from differentiating into spermatids
(Curgy and Anderson, 1972; Gould-Somero and Holland, 1974). One can argue
that mRNA necessary for spermatid differentiation is made before meiosis and
has nothing to do with mitochondrial transcription in the nebenkern.
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Taken together, previous studies of the nebenkern derivatives could not
establish a consensus for the function. Meyer (1966) suggested that the nebenkern might function as a stabilizing element of the sperm tail. This seems likely considering the enormous length of the sperm tail In some species (in D. bydei more than 1 cm). The sperm tail might collapse without such a mechanical
support (see chapter I, p. 22; discussion Ref(2)Pnu11
mutant).
Locmllzmtlott and Function of mMHC Proteina In Nebenkern
Identification of the components of the nebenkern derivatives will probably
illuminate the function. A step into this direction is done by our finding that
mMHC protein isoforms are part of the nebenkern derivatives. How the mMHC
proteins are orientated in the crystalline lattice is unclear. We observed more
often gold particles on the three layered fibers than on the single layer which
is localized in between, see Fig. 3C, p. 135 (chapter III, p. 70). The precize localization is dependent on the intactness of the paracrystalline material, which is
influenced by fixation conditions for immuno-EM. On the other hand, epitopes
may be masked, when the crystalline lattice is completely intact. Reconstruction
of the three dimensional network and different antibody incubations will help in
localizing mMHC and other proteins.
As already mentioned in chapter III we can only speculate about the function
of mMHC proteins in nebenkern derivatives. Considering the force-generating
ability of mMHC proteins It seems likely that these proteins play a role in tension-producing crossbridges between the fiber structures. However, we know
that the axoneme itself can cause movement. May be mMHC proteins only
support the cross linking of nebenkern filaments into bundles and networks.
In this context it is interesting to note that there is some immunological
evidence for the presence of myosin in both vertebrate and primitive chordate
sperm. Both Campanella et al. (1979) and Virtanen et al. (1984) showed cross
reaction of anti-smooth muscle myosin antisera with the neck region of human
spermatozoa. Tamblyn (1981) showed immunological evidence for the presence of
nonmuscle myosin in bovine spermatozoa. Unfortunately, immuno-EM data are
not available. The ultrastructure of the neck region of human sperm does not
revéale any muscle or muscle-like structures. The electron-dense segmented
columns of the centriole region of the neck could contain myosin molecules
(Holstein and Roosen-Runge, 1981).
The sperm cells of the chordate Ascidia ceratodes have no midpiece, but a
single mitochondrion beside the nucleus of the head. This mitochondrion translocates along the sperm tail when the sperm enters the egg. Lambert and Lambert (1984) showed that anti-smooth muscle myosin antibodies cross react with
the mitochondrion and the sperm tail. For both vertebrate and Ascidia sperm it
was reported that actin could be localized in the midpiece and in the mitochondria, respectively (see ref. in Lambert and Lambert, 1984). In case of the Ascidia
sperm actin and myosin can be involved in the translocation of the mitochondrion along the sperm tail.
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РомІЫе Future Experimenta
Our research on spermatogenesis in Drosophila showed the presence of muscle
myosin proteins in the sperm tail. This resulted in new questions which need to
be answered. I will propose here some experiments for the future which can
help to get the answers.
First, the molecular structure of the cDNA encoding mMHC t p 1SS needs t o
be characterized. This will confirm the data presented in chapter IV and V. In
addition, the problem whether their exists another mMHC-like gene will be
solved too (see discussion in chapter II, p. 57). Hopefully, the full length cDNA
will provide us with a region which is not present in the tp 200 related se
quence. In this way a tp 155 specific antibody can be developed and the locali
zation unraveled.
Knowledge about the exact transcription s t a r t site can open the search for
elements which control the expression of this transcript in the male germ cells.
Ρ element transformation techniques can be used t o establish these elements
(Michiels, 1990). With these techniques it might be possible t o change in vivo
the transcriptional control elements to abolish the expression of t p 155 (Gloor
et al., 1991), this could give more detailed insight in the localization and functi
on of this protein.
We can screen genetically for a mutant which only interferes with the t p
155 protein. This is not straightforward t o do because of the importance of the
regular mMHC protein in the development of the fly. We have to keep in mind
that both proteins (tp 200 and t p 155) could have a redundant function in the
male germ line. So, mutating the gene can result in a lack of phenotype, becau
se the function is taken over or compensated by other (related) proteins. Today
there already several examples described in literature which deal with this func
tional redundancy (Pereira et al., 1992; reviews: Erickson, 1993; Goldstein, 1993).
To reconstruct the molecular composition of the nebenkern crystalline ma
terial nebenkern mutants of both D. hydei and D. melanogaster investigated at
immuno-EM level can be helpful. In this context antibodies against filament
proteins used on ultra-thin sections of spermatids may further illuminate the
molecular content of the network.
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Summary
In this thesis the characterization and localization of two myosin protein isoforms present in the testis of the Fruitfly Drosophlla is described. In addition,
the gene encoding these proteins in Drosophila hydei was isolated and the DNA
sequences characterized.
In chapter \ the knowledge on approximately 25 different genes acting du
ring spermatogenesis of Drosophila is summarized. Only for a few genes more
detailed knowledge about their gene product is available. The second part of
this chapter evaluates the molecular data of the muscle myosin heavy chain ge
ne from Drosophila melanogaster.
To reveal structural components of the male germ cells, an antiserum was
developed against a Drosophila hydei testis protein. In chapter II it is shown
that this antiserum can recognize two different muscle myosin heavy chain
(mMHC) proteins, with a size of M r 200000 and M r 155000, in the testis. Evi
dence is provided that the smaller one is a novel mMHC protein. It is also
found in the testes of several other Drosophila species.
Different anti-mMHC antisera were used to investigate the precise localiza
tion of the mMHC proteins. It is shown that these proteins are part of a sperm
component, the nebenkern derivative, in the spermatozoa tail (chapter HI).
In chapter IV the presence of mMHC mRNA molecules in the testis of
D. hydei and D. melanogaster corresponding in size to the proteins, shown in
chapter II, are described. Transcript in situ hybridization on testis cells of
Drosophila hydei showed the presence of mMHC transcripts in the primary
spermatocyte cells. These results confirmed the data described in the chapters
II and III at the nucleic acid level.
The gene encoding the mMHC protein was isolated from D. hydei and the
molecular structure was compared with the same gene from D. melanogaster
(chapter V). The comparison revealed that the coding sequences of both genes
closely resemble each other. The alignments of the two groups of coding se
quences (alternative and common exons) showed that the alternatively spliced
exons evolve at different rate compared with the common spliced exons. Evalua
tion of the intron sequences revealed the putative transcription start sequences
for the smaller mMHC transcript.
In the general discussion (chapter VI) the approach of gene cloning with the
aid of antisera is considered (part I). The minimal experimental requirements for
succesful antibody cloning are described. In part Π the knowledge on the nebenkern derivatives of Drosophila sperm tail is summarized and discussed in the
context of the observations described in chapter III. The development and ultrastructure of the nebenkern derivatives are well described, but their molecular
content and function remain a puzzle.
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In a simple manner
Biologists are trying to explore the structural composition of living organisms,
their molecular properties, their living room and conditions and their interactions
as well as their evolution. Typical biological research starts often with a precise
morphological description of the different components of an animal, a tissue or
a cell. Molecular biologists study the chemical components or molecules (such
as DNA and proteins) of living organisms. During my study I became more and
more fascinated by the question "how can molecules act". What is the function
of genes (composed of DNA and located on chromosomes) and their gene products (such as proteins)? How do genes "know" when they have to make proteins and how much proteins? Molecular biologists are quite well able to answer such questions. However, they cannot answer more elaborate questions such
as how a cell acts as a whole. The research described in this book deals with
two myosin proteins synthesized in the testis of the fruitfly. I describe the detailed localization of these two myosin proteins in the sperm cell. Furthermore,
the gene which is the blueprint to synthesize these proteins is characterized at
the molecular level. I try to describe what kind of function these proteins could
accomplish in the testis. A clearcut answer cannot be given at the moment.
Nevertheless, the research described in this book is the basis for future investigations. This work can therefore be seen as pioneering. The research is, however,
still far away from questions which consider the "whole". I hope that my work
will initiate further research of these and other molecules acting during sperm
cell development in the fruitfly, which is considered as a model system revealing
fundamental aspects which can be applied to other organisms.
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In a simple manner

Samenvatting
In dit proefschrift wordt de karakterisering and lokalisatie van twee myosine eiwitten binnen de testis van de fruitvlieg Drosophila beschreven. Het gen dat
voor deze eiwitten kan coderen werd gefsoleerd uit Drosophila hydei en de
moleculaire structuur opgehelderd.
In hoofdstuk I worden de gegevens van een aantal genen die actief zijn
tijdens de zaadcelontwikkeling in de testis van Drosophila samengevat. Op dit
moment is maar van een beperkt aantal genen gedetaileerde informatie beschikbaar met betrekking tot hun lokalisatie en functie. In het tweede deel van
dit hoofdstuk worden de gegevens van het spier myosine zware keten gen van
Drosophila melanogaster samengevat.
Er werd een antiserum opgewekt tegen een testis eiwit van D. hydei om
structurele eiwitten van mannelijke kiembaan cellen te isoleren en te karakteriseren. In hoofdstuk II wordt beschreven dat dit antiserum twee verschillende
myosine zware keten eiwitten herkent, met een relatief molecuul gewicht van
200000 en 155000. Er wordt verder aangetoond dat het kleinere eiwit een nieuw
myosine eiwit is. Dit eiwit Is ook aanwezig in de testis van verschillende andere
Drosophila soorten.
In hoofstuk III wordt, m.b.v. verschillende anti-myosine antisera, de lokalisatie van deze myosine eiwitten binnen de testis zichtbaar gemaakt. Deze eiwitten bevinden zich in een speciaal onderdeel van de zaadcel staart, de nebenkern
derivaat.
In het volgende hoofdstuk (IV) worden gegevens beschreven, waarmee de
resultaten in de hoofdstukken II en III worden bevestigd. Er kunnen namelijk
m RN A moleculen worden aangetoond met een grootte die overeenkomt met die
van de eiwitten. De in situ hybridisatie techniek maakt de lokalisatie van myosine mRNA molekulen binnen de kiembaan cellen zichtbaar.
Het myosine gen van D. hydei werd geïsoleerd en de moleculaire structuur
opgehelderd (hoofdstuk V). De structuur werd vergeleken met de reeds bekende
structuur van het myosine gen van D. melanogaster. Deze analysen lieten zien
dat beide genen bijna Identiek zijn in de structuur van hun eiwit coderend DNA
(exonen). De vergelijking tussen beide genen van twee groepen exonen, de alternatieve en gewone exonen, liet zien dat vele alternatieve exonen met een andere
snelheid evolueren dan de gewone exonen. Verder bracht de vergelijking van
niet-eiwit coderend DNA (intronen) de waarschijnlijke start plaats voor het
kleinere myosine messenger RNA aan het licht.
In het eerste gedeelte van het laatste hoofdstuk (VI) wordt het gebruik van
antisera ter isolatie van genen besproken. Er wordt beschreven welke experimenten noodzakelijk zijn voor een succesvolle toepassing van deze techniek. In
het tweede deel wordt de kennis van de nebenkern derivaten van de zaadcel
staart samengevat en bediscussieerd in het licht van de resultaten beschreven in
hoofdstuk III. Alhoewel de ontwikkeling en structuur van de nebenkern derivaten
goed onderzocht is, blijkt dat de moleculaire structuur en functie nog onbekend
is.
Samenvatting
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Eenvoudig gezegd
Een wetenschapper die levende wezens onderzoekt is iemand die wil weten waar
deze voorkomen, waaruit zij bestaan en hoe zij werken. Een onderzoek start dan
ook veelal met een nauwkeurige beschrijving van de verschillende "onderdelen"
van bijvoorbeeld een dier, plant, orgaan, weefsel of cel. Moleculair biologen
bekijken met name de moleculen of bouwstenen (bijvoorbeeld DNA en eiwitten)
van levende wezens. Tijdens mijn biologie studie raakte ik steeds meer gefascineerd over hoe deze moleculen werken. Wat is de functie van genen (die bestaan
uit DNA en gelegen zijn in de dragers van het erfelijke material, de chromosomen) en hun gen produkten (zoals eiwit)? Hoe "weten" de genen wanneer zij
eiwitten moeten maken en bijvoorbeeld hoeveel eiwit? Op dit soort vragen weten
moleculair biologen al vrij goed een antwoord te geven. Toch weten wij nog niet
hoe het grotere geheel zoals een cel, orgaan of dier op moleculair niveau werkt.
Het onderzoek beschreven in dit boekje gaat over twee myosine eiwitten die gemaakt worden in de testis van de fruitvlieg. De testis is het orgaan waar de
mannelijke zaadcellen worden gemaakt. Ik beschrijf waar deze myosine eiwitten
binnen de zaadcel gevonden kunnen worden. Verder wordt het gen beschreven
dat de blauwdruk vormt voor het maken van deze eiwitten. Met behulp van deze
gegevens probeer ik af te leiden hoe deze eiwitten zouden kunnen werken. Een
eenduidig antwoord kan nu niet gegeven worden. Het in dit boekje beschreven
onderzoek vormt wel de basis om in de toekomst een antwoord te krijgen. Dit
werk kan daarom bezien worden als pionieren. Het onderzoek staat echter duidelijk nog ver weg van de "grotere geheel" vraagstukken. Ik hoop dat dit boekje
voor andere wetenschappers een basis (en naslagwerk) is voor verder onderzoek
naar deze en andere moleculen die een rol spelen in de ontwikkeling van de
zaadcel bij de fruitvlieg of andere organismen.
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