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Sperm surface B-/N-acetylhexosaminidases are among the
molecules mediating early gamete interactions in inverte-
brates and vertebrates, including man. The plasma membrane
of Drosophila spermatozoa contains two [B-/N-acetylhex-
osaminidases, DMDHEXA and DmHEXB, which are required
for egg fertilization. Here, we demonstrate that three puta-
tive Drosophila melanogaster genes predicted to code for
B-N-acetylhexosaminidases, Hexol, Hexo2, and fdl, are all
expressed in the male germ line. fd/ codes for a homolog of
the o-subunit of the mammalian lysosomal B-N-acetylhex-
osaminidase Hex A. Hexol and Hexo2 encode two homologs
of the B-subunit of all known B-N-acetylhexosaminidases,
which we have named B; and B,, respectively. Immunoblot
analysis of sperm proteins indicated that the gene products
associate in different heterodimeric combinations forming
DmHEXA, with an of§, structure, and DmHEXB, with a
BB, structure. Immunofluorescence demonstrated that all
the gene products localized to the sperm plasma membrane.
Although none of the genes was testis-specific, fdl was highly
and preferentially expressed in the testis, whereas Hexol
and Hexo2 showed broader tissue expression. Enzyme
assays carried out on testis and on a variety of somatic tis-
sues corroborated the results of gene expression analysis.
These findings for the first time show the in vivo expression
in insects of genes encoding B-/N-acetylhexosaminidases, the
only molecules so far identified as involved in sperm/egg rec-
ognition in this class, whereas in mammals, the organisms
where these enzymes have been best studied, only two types
of polypeptide chains forming dimeric functional B-/N-acetyl-
hexosaminidases are present in Drosophila three different
gene products are available that might generate numerous
dimeric isoforms.
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Introduction

It has been demonstrated in mammals, in lower vertebrates,
and in invertebrates as well that a successful interaction
between sperm and egg requires as the primary event the
recognition of oligosaccharide moieties of the glycoproteins
of the extracellular envelope(s) of the egg by complemen-
tary molecules of the sperm plasma membrane (Dell et al.,
1999; Koyanagi and Honegger, 2003; Talbot et al., 2003;
Vo et al., 2003). In several animal models, the sperm pro-
teins that mediate the binding to the egg zona pellucida
(ZP) or vitelline envelope (VE) are glycosyltransferases or
glycosidases of the plasma membrane that form complexes
with oligosaccharide substrates present on ZP or VE in
noncatalytic conditions. In mollusks (Focarelli ef al., 2001),
in ascidians (Koyanagi and Honegger, 2003), and in
amphibians (Martinez et al., 2000) it has been shown that
gamete recognition is mediated by glycosidases of the
sperm plasma membrane. In mammals, a $1,4 galactosyl-
transferase (GalT I) of the sperm plasma membrane and a
variety of sperm surface proteins have been demonstrated
to function as ZP receptors in initial gamete recognition,
and it is thought that sperm adhesion to the egg surface
may involve the interaction of multiple complementary
molecules on the sperm and on the oocyte (Talbot et al.,
2003). Interestingly, sperm plasma membrane glycosidases
have been indicated among molecules involved in the early
interactions with the egg also in mammals, including man
(Miranda et al., 2000; Tulsiani and Abou-Haila, 2001;
Khunsook et al., 2003).

We have previously showed the presence in the plasma
membrane of Drosophila melanogaster spermatozoa of two
B-N-acetylhexosaminidases, originally named HEX1 and
HEX2, which have been purified and fully characterized
(Cattaneo et al., 2002). The evidence for their essential role
in fertilization was the finding that males lacking B-N-
acetylhexosaminidase activity from the sperm plasma mem-
brane overlying the acrosome were sterile due to the inability
of their spermatozoa to enter the egg (Perotti et al., 2001).
In this article, HEX1 and HEX2 have been renamed
DmHEXA and DmHEXB, respectively.

A search of the Drosophila genome indicated the presence
of three genes coding for P-N-acetylhexosaminidase-like
enzymes based on sequence homologies: Hexol, Hexo2, and
fdl. In this work, by combining gene expression analysis,
amino acid sequence analysis, and immunochemistry and
immunofluorescence, we show that all the three genes are
actually expressed in the male reproductive apparatus and
that they code for different subunits, which associate to
form the dimeric B-N-acetylhexosaminidases present in the
sperm plasma membrane.
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Results

Hexol, Hexo2, and fdl encode Drosophila homologs of
vertebrate and invertebrate 3-N-acetylhexosaminidases

The genes of D. melanogaster coding for B-N-acetylhex-
osaminidases were identified using the Ensembl database
for Drosophila and querying BLASTP with human (-
hexosaminidase Hex A (GenBank accession number
AAH18927) as an input. The genes Hexol (CG1318), Hexo2
(CG1787), and fdI (CG8824) are mapped to chromosomes 3,
X, and 2, respectively (Table I). The genes have been anno-
tated as the Drosophila putative homologs of genes encoding
B-N-acetylhexosaminidases in man, in the mouse, in the
ascidian Phallusia, and in a few insects (Table II).

Table I. Oligonucleotide primers used for PCR

Drosophila sperm B-hexosaminidases

Analysis of transcripts and of gene products

Four alternative transcripts of Hexol are indicated in the
D. melanogaster genome release 4.0 (Drysdale et al., 2005):
CG1318-RA, 2148 nt long; CG1318-RB, 2006 nt long;
CGI1318-RC, 1197 nt long; and CG1318-RD, 2210 nt long.
CG1318-RA and CG1318-RB are predicted to code for the
identical proteins PA and PB, 622 amino acid long, with a
calculated relative molecular mass (M,) of 70.5 kDa and
five potential N-glycosylation sites (Figure 1A). The tran-
script CG1318-RC is predicted to code for the protein PC,
383 amino acid long, with a M, of 43.8 kDa and three
potential N-glycosylation sites. CG1318-RD is predicted to
code for the protein PD of 606 amino acids, with a M, of 69

Oligonucleotide primers®

Sequence

Gene Chromosome position

Hexol (CG1318) 64B1 (3L) sH1-A
asH1-A
sH1-B
asHI-B

Hexo2 (CG1787) 8A2 (X) sH2
asH2

fdl (CG8824) 49A9 (2R) Sfdl
Asfdl

Act5C (CG4027) 5C7 (X) sAct5C
asAct5C

293425-293444
293724-293744
294626294646
294891-294912
296805-296825
297113-297133
199883-199903
200240-200260
273772-273792
277065-277085

5-GGAGAACTACGTAAGGCCA-3’
5-CCGTATCCAGGGTGAGTCTG-3
5-ATGGTACGCACACGCCCATC-3’
5-CGCCGGCAATGGATTTCAAAC-3
5-GGCATGCCCGTTGGTCGCAG-3’
5-CACTGTCCTTCGTGGAGGAC-3’
5-GCACATGGCAGAACGTCTAC-3
5-CCGGGATTCTGGGCACAGTA-3
5’-CCCAGATCATGTTCGAGACC-3’
5-AGGGCAACATAGCACAGCTT-3’

4H1-A and fdl probes directed to the 3’ region of the gene. H1-B and H2 probes directed to the 5" region of the genes.

Table II. Sequence identity between catalytic domains of Drosophila melanogaster B-hexosaminidases and those of other known -hexosaminidases

Organism Gene Peptide Identity (%)
Hexol Hexo2 fdi
Drosophila melanogaster Hexol CG1318-PA/PB/PD — 42 40
Hexo2 CG1787-PA 42 — 40
fdl CG8824-PC 41 40 —
Drosophila pseudobscura FBgm0072147 GA12099-PA 88 43 42
FBgm0074732 GA14705-PA 42 89 40
FBgm0081336 GA21348-PA 41 40 92
Anopheles gambiae ENSANGG00000018592 ENSANGP00000021081 63 42 41
ENSANGG00000013720 ENSANGP00000016209 42 52 42
ENSANGG00000018968 ENSANGP00000021457 41 40 70
Bombyx mori HEXC P49010 62 38 42
Trichoplusia ni AY078172 Q8T4N1 60 43 42
Manduca sexta AY368703 Q6UJX7 59 41 41
Phallusia mammillata AJ518021 CAD57204 33 33 31
Mus musculus HEXA o-Subunit 32 35 33
HEXB B-Subunit 35 33 35
Homo sapiens HEXA o-Chain 34 37 33
HEXB B-Chain 34 35 34

Sequences were analyzed with BLASTP at NCBI.
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Fig. 1. Analysis of the predicted amino acid sequences encoded by Drosophila melanogaster Hexol (CG1318-PA, PB), Hexo2 (CG1787-PA), and fdl
(CG8824-PB). (A) Multiple alignment of the sequences. Identical amino acids are marked with asterisks (*), strongly similar amino acids are marked with
two dots (:), and weakly similar amino acids are marked with one dot (.). The putative transmembrane domains are shaded in black. The putative cleavage
sites for signal peptidase are boxed. N-glycosylation sites are underscored with a wavy line. Putative furin consensus cleavage sites are underscored by a
double wavy line. Glycohydrolase family 20 domain 2 and catalytic domain are in italics and in boldfaced italics, respectively. The active sites are indicated
by solid arrowheads and the fd/-binding site for B-GIcNAc-6SO,4 ™ substrate by an open arrowhead. The sequences identified by the probes used for north-
ern blotting and RT-PCR are underscored by a straight line. The sequences used for production of antisera are shaded in gray. Alignment was made using
T-Coffee. (B) Extracts from T-Coffee alignment of the catalytic domains of B-N-acetylhexosaminidases from D. melanogaster and from other organisms.
The motif containing the active site (open arrows) is highly conserved from Drosophila to man. The solid arrowheads indicate the active sites. (C) Align-
ment of human HEXA product with fd/ product. The open arrowhead indicates the alignment of human R424 that binds negatively charged substrates
with R555 of the fdl polypeptide CG8824-PB. Human R424 aligns also with R542 of the second fd/ product, CG8824-PD.
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kDa and five potential N-glycosylation sites (Figure 1A).
The gene products CG1318 PA and PB differ from PD only
for the presence of 12 additional amino acids at the C-
terminus. Bioinformatic analysis of Hexol theoretical prod-
ucts with SignalP indicated that the first 22 amino acids near
to the N-terminus of CG1318-PA, PB, and PD have charac-
teristics of a signal peptide (p = 1.000), with a probable
cleavage site at residues 22-23 (mean D score 0.825, cutoff
value 0.43) (Figure 1A). Instead, the putative translation
product of the CG1318-RC transcript has no signal peptide.
The analysis of CG1318-PC with Secretome 1.0b, a method
for prediction of secretory proteins lacking a N-terminal sig-
nal peptide (Bendtsen et al., 2004), indicated that the protein
is not secreted. This information, together with the absence
of any other sorting signal, defines this conceptual transla-
tion product as a cytosolic resident protein.

Hexo?2 is predicted to have a single transcript of 2142 nt,
CG1787-RA, which encodes a predicted 622 amino acid
long protein, with a calculated M, of 70.7 kDa and six
potential N-glycosylation sites (Figure 1A). The first 36
amino acids are predicted to contain a signal peptide (p =
0.959), with a probable cleavage site between residues 36
and 37 (mean D score 0.731, cutoff value 0.43).

The D. melanogaster database indicated the presence of
two putative alternative transcripts of fdl: CG8824-RB of
2747 nt and CG8824-RC of 3220 nt. The transcripts yield
two proteins differing for 13 amino acids at the N-terminal,
that is, the PB protein of 673 amino acids, with a M, of 77.3
kDa, and the PC protein of 660 amino acids, with a M, of
75.5 kDa. Both the conceptual translation products have
three potential N-glycosylation sites (Figure 1A). The seg-
ment spanning amino acid residues 23-40 in PB and amino
acid residues 5-27 in PC constitutes a signal-anchor
domain (p = 0.995). Two putative minimal furin consensus
sequences RXXR, where R is arginine and X any amino
acid (Thomas, 2002), are present downstream from the
hydrophobic domain: one is located at amino acid residues
68-72/81-85, the second one is located at amino acid resi-
dues 127-131/140-144 (Figure 1A).

Alignment of the deduced products of Hexol products
CG1318-PA, PB, PD, of Hexo2 product CG1787-PA and
of the fdl products CG8824-PC, PB with the primary
sequences of known B-N-acetylhexosaminidases from dif-
ferent organisms performed with T-Coffee and BLASTP
(Figure 1A) revealed regions with relevant percentages of
identity to the domain 2 and to the catalytic domain of the
glycosyl hydrolase family 20 to which these types of
enzymes belong (Henrissat and Bairoch, 1993) (Table II).
Sequence alignment also demonstrated the presence in all
Drosophila enzymes of the motif HXGGDEVXXXCW
containing the residues Asp—Glu (DE), which are thought
to form the active site in all members of the glycosyl hydro-
lase family 20 (Prag et al., 2000; Mark et al., 2003). Within
this motif, the majority of the amino acid residues present
in the enzymes from other organisms were conserved (Fig-
ure 1B). In addition, sequence alignment of the theoretical
fdl products with the a-chain of human Hex A by T-Coffee
showed that Argd424 of the human a-chain, considered to
be responsible for the binding of negatively charged
substrates such as B-GlcNAc-6SO,, is aligned with Arg555
of fdl PB and with Arg542 of fdl PC (Figure 1C).

Drosophila sperm B-hexosaminidases

Topology analysis of the putative fd/ products indicated
that they belong to the type II membrane protein group,
with a short N-terminal cytosolic domain of 9-22 residues,
a single transmembrane domain of 18 amino acid residues
and a large extracellular domain containing the N-glycosy-
lation sites and the catalytic site.

A bioinformatic search in Drosophila pseudobscura and in
Anopheles gambiae for homologs of the putative products of
Hexol, Hexo2, and fdl using BLASTP showed the presence
in both species of three B-N-acetylhexosaminidase-like
enzymes encoded by three distinct genes (Table I1). In other
insects, the presence of only one P-hexosaminidase-like
polypeptide has been reported (Table II). The proteins
encoded by the D. melanogaster genes showed 88-92%
identity based on catalytic domain sequences to D. pseudob-
scura proteins, 41-70% identity to B-hexosaminidases from
other insects, and 31-37% identity with those from the
ascidian Phallusia and from mammals (Table II). Percent
identities over the whole sequences were very similar (data
not shown). SignalP analysis indicated that, like D. melano-
gaster fdl products, the N-terminus of D. pseudobscura
GA21348-PA and of A. gambiae ENSANGP00000021457
contains a signal-anchor domain (p = 0.80-0.77), whereas
in all the remaining B-hexosaminidases from all the other
organisms, the N-terminus represents a cleavable signal
peptide (p = 1.00-0.88). Interestingly, these polypeptides
from D. pseudobscura and from A. gambiae are those with
the highest identity to fdl product (Table II).

Expression profiles of Hexol, Hexo2, and fdl

When gene expression was assayed by reverse transcriptase—
polymerase chain reaction (RT-PCR) using Hexol, Hexo2,
and fdl probes that recognize all the transcripts identified in
the D. melanogaster genome database, that is, H1-B, H2,
and fdl (Table I, Figure 1A), Hexol and Hexo2 appeared to
be expressed at similar levels in all of the male organs
tested, that is, midgut, brain, testis, seminal vesicles, ejacu-
latory duct and bulb, and in the ovary (Figure 2A). Instead,
fdl appeared to be strongly expressed in the brain and in the
testis, weakly expressed in other organs of the male repro-
ductive apparatus, and hardly detectable in the midgut and
in the ovary (Figure 2A).

Northern blotting analysis on RNA from testis, whole
adult males, and whole adult females with the same probes
indicated above showed that all of the genes had a tran-
script of 1.9-2.8 kb in all samples and that Hexol and
Hexo2 had also fainter bands corresponding to shorter
transcripts of ~1 kb (Figure 2B). The Hexol long transcript
was present in whole males and females at similar levels,
whereas it was not detectable in the testis. The Hexo2 long
transcript was detected in all samples, with the highest level
of expression in whole males. It is of interest to notice that
this transcript is not reported in the Drosophila testis
expressed sequence tag (EST) collections available at the
Berkeley Drosophila Genome Project (BDGP) (http://
www.fruitfly.org/DGC) and at The National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.
nih.gov/projects/dbEST/). The fdl probe hybridized with a
single transcript that appeared expressed only in testis. The
Hexol short transcript was present in all samples, whereas
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Fig. 2. Analysis of Hexol, Hexo2, and fdl expression by RT-PCR and
northern blotting. (A) RT-PCR analysis was performed using total RNA
extracted from testes (1, 9), brains (2), ovaries (3), midgut (4), seminal ves-
icles (5), ejaculatory ducts and bulbs (6), male accessory glands (7), and
whole males (8). For Hexol, two sets of primers were used, H1-B and
H1-A, which recognize all the gene transcripts and only the long tran-
scripts, respectively. In all experiments, 10 ng of cDNA was used for PCR
amplification, except for Hexol expression in testis with the HI-A prim-
ers, which was negative when using 10 ng of template from the testis (data
not shown) and positive only when 100 ng of testis cDNA was used (lane
9). M, molecular weight markers. The lane 10 shows the RT-minus
control. The same control was carried out for all RT-PCR experiments.
(B) Northern blot analysis was performed using total RNA extracted from
whole females (1), whole males (2), and testes (3). The same membranes
were stripped and reprobed with Act5C as a loading control (lower
panels). Details on probes are shown in Table I and in Figure 1A.

Hexo?2 short transcript was detected only in the testis. Analysis
of the Drosophila EST libraries (http://www.ncbi.nlm.nih.
gov/projects/dbEST/; http://www.flybase.org/) indicated that
no alternative splice form of Hexo2 is predicted, whereas
genome analysis carried out with the UCSC genome
browser (http://www.genome.ucsc. edu/) did not show the
presence of a second transcription initiation site. We can
therefore assume that the Hexo2 short transcript is, most
likely, a degradation product.

The lack from the testis of Hexol long transcripts detect-
able by northern blotting prompted us to further investi-
gate the expression of this gene in the testis and in whole
males by RT-PCR using the probe H1-A directed to the 3’
region of the gene which recognizes only the gene long tran-
scripts, that is, CG1318-RA, RB, and RC (Table I, Figure
1A). When the probe was tested on the same amount of
RNA template from the testis as the one used for the probe
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H1-B directed to the 5" region of the gene, no signal was
detected (data not shown). However, a signal was visible in
the testis after increasing 10-fold the amount of testis tem-
plate (Figure 2A).

Reverse transcriptase-minus controls for all the RT-PCR
experiments were negative (Figure 2A).

In situ hybridization (ISH) performed on the adult male
reproductive apparatus with antisense riboprobes corrobo-
rated the results of northern blot and RT-PCR analysis.
fdl, Hexo2, and Hexol assayed with the fdl, H2, and H1-B
probes that recognize all transcripts showed a similar pat-
tern of expression during spermatogenesis (Figures 3A-D
and 4A): mRNAs were detectable in spermatogonia, they
were more abundant from premeiotic spermatocytes up to
round spermatids and were found at low levels in early
elongating spermatid cysts. No transcripts could be evi-
denced in later stages of spermatogenesis or in the stem
cells. When the same probes were used on the larval gonad,
the three genes appeared to be weakly expressed in sper-
matogonia and more intensely expressed in growing sper-
matocytes, whereas apical cells and the somatic terminal
cells (Cooper, 1950) were negative (Figure 4D and E). In
the larval testis, the levels of Hexol and Hexo2 expression
were similar (Figure 4D), whereas fd/ expression appeared
slightly weaker (Figure 4E). When Hexol expression was
assayed in the adult testis with the probe H1-A that recog-
nizes only the gene long transcripts, low levels of expression
were detected in spermatogonia and premeiotic spermato-
cytes, whereas transcripts were hardly detectable in later
stages (Figure 4B).

g B

Fig. 3. ISH on testis. Whole-mount adult testes assayed with antisense
riboprobes to the fdl (A, B) and Hexo2 (C, D) transcripts. Gene expression
is evident in spermatogonia (g), in premeiotic (pm) and meiotic (m) sper-
matocytes. Transcripts are still present in round spermatids (double
arrows) and in early elongating spermatids (arrows). No expression is
detected in stem cells (arrowhead). (E) Control with sense riboprobe to fd/
transcripts. Similar results were obtained with sense riboprobe to Hexo2
transcripts. Scale bars represent 50 um.
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Fig. 4. ISH on whole-mount adult testis (A—C) and larval testis (D-F).
(A, B) Whole-mount adult testes assayed with the antisense riboprobes to
Hexol, using the H1-B probe to the 5" region (A) and the HI-A probe to
the 3’ region (B) of the gene. The H1-A probe yielded a very low hybrid-
ization signal. Gene expression is absent from stem cells (arrowheads).
(C) Control with the sense riboprobe to the 5" region of Hexol. Similar
results were obtained with the sense riboprobe to the 3’ region of the gene.
Details on probes are shown in Table I. For the spatial distribution of the
different spermatogenic cells within the adult testis, see Figure 3. Double
arrows and single arrows point to round spermatids and to early elongat-
ing spermatids, respectively. (D, E) Larval testis assayed with an antisense
riboprobe to Hexo2 (D) and to fd/ (E) mRNAs. Similar results were
obtained on the larval testis with the antisense probe to the 5" region of
Hexol. Gene expression is absent from stem cells (arrowheads) and from
the somatic terminal cells of the larval testis (double arrowheads). (F)
Control on larval testis with a sense probe to Hexo?2 transcripts. Similar
results were obtained with sense probes to Hexol and fdl transcripts. g,
spermatogonia. Scale bars represent 50 um.

Hexol and HexoZ2 expression was detected also in the ter-
minal epithelium of the testis (data not shown). All the
genes were expressed in the epithelium of seminal vesicles
(Figure SA, C, and D), of the male accessory glands (Figure
5A, C, and D), and of the ejaculatory duct and bulb (Figure
5B, C, and D). Expression of Hexol assayed with the H1-B
probe that recognize all the gene transcripts and Hexo2
expression were intense in all of these organs (Figure 5A
and B), whereas expression of the long transcripts of Hexol
appeared much weaker (Figure 5C). Also fdl transcripts
were present at very low levels in the accessory glands and
the ejaculatory duct and barely detectable in the seminal
vesicles (Figure 5D).

Controls carried out with sense riboprobes on the testis
and on the other components of the male reproductive
apparatus were consistently negative (Figures 3E, 4C, 4F,
and 5SE).

Determination of B-N-acetylhexosaminidase activities

Table III shows DmHEXA and DmHEXB activities in
sperm plasma membrane extracts, in adult testis, and in
other tissues. DmHEXA-specific activity in the testis was

Fig. 5. ISH on whole-mount organs of the male reproductive apparatus
other than the testis. (A, B) Hexol expression examined with the antisense
H1-B probe to the 5" region (A) and with the antisense H1-A probe to the
3’ region (C) of the gene. (D) fdl expression assayed with an antisense ribo-
probe to the gene mRNAs. Analysis of Hexo2 expression with an anti-
sense probe gave results similar to those shown for Hexol in (A) and (B).
(E) Control with sense riboprobe to 5" region of Hexol. Similar results
were obtained with the sense riboprobe to the 3’ region of the gene as well
as with sense riboprobes to Hexo2 and fdl transcripts. Ac, accessory
glands; Ed, ejaculatory duct; Sv, seminal vesicles; T, testis; Tt, testis termi-
nal part. Scale bars represent 50 um.

not significantly different from the one determined in sper-
matozoa (p > 0.05), whereas protein concentration was 5.8
times higher (p < 0.01). This result indicates that noticeable
levels of enzyme activity are present also in sperm precur-
sors. In the whole male apparatus, enzyme specific activity
and protein concentration were approximately two times
higher than those measured in the testis (p < 0.01). Com-
parison of specific activities indicates that, all together, the
other organs of the reproductive apparatus account for
45% of total activity and suggests that the testis is the major
source of DmHEXA activity recovered from the entire
reproductive apparatus. In whole males, DmHEXA-specific
activity was significantly lower than in the reproductive
apparatus (p < 0.01). This finding suggests that DmHEXA
activity in organs other than those of the reproductive
apparatus is negligible.

The specific activity of DmHEXB in the testis was signif-
icantly higher than the one measured in spermatozoa (p <
0.01). Comparison of the activities in the testis versus those

791

220z 1snbny 0z uo 1senb Aq G29¢//982/6/91/21911/qooA|6/woo dno-olwepeoe//:sdiy woij papeojumoqg



F. Cattaneo et al.

Table III. B-N-acetylhexosaminidase activities in Drosophila melanogaster males

Samples Protein (mg/mL) Specific activity

DmHEXA (o-chain) DmHEXB (B-chain)
Spermatozoa 0.40 £0.04 3.42+0.08 106.35 £ 6.39
Adult testis 2.35+0.07 3.23+£0.28 224.18 £9.31
Male reproductive apparatus 4.46 £0.39 5.86+0.26 468.29 £ 35.71
Whole male 32.67+0.49 3.68£0.24 487.00 £ 35.00

Specific activity expressed as nmol 4-MU/mg total protein/min. See Experimental Procedures, section Enzyme assays for further details. All data expressed

as mean = SEM (n = 5). All assays performed in triplicate.

present in the whole male reproductive apparatus and in
the entire male body suggests that significant levels of
DmHEXB are present also in organs other than those of
the reproductive system.

B-Hexosaminidase activities were detected also in the lar-
val testis. DmHEXA- and DmHEXB-specific activities
were 1.94 £0.28 and 203.82 £ 6.19, respectively. DmHEXB
activity of the larval testis was not significantly different
from the one measured in the adults testis (p > 0.05),
whereas the difference in DmHEXA activity between the
larval and the adult testis was significant (p < 0.01).

Immunoblotting

Figure 6 shows the results of immunodot blot analysis of
DmHEXA and DmHEXB extracted from sperm plasma
membrane and partially purified by ion-exchange chroma-
tography. DmHEXA fraction was recognized by the antis-
era raised against the peptides encoded by Hexo2 and fdl,
whereas DmHEXB fraction was reactive with the antisera
raised against the peptides encoded by Hexol and Hexo2.
Controls using pre-absorbed primary antisera (Figure 6) as
well as the other negative controls (data not shown) were
consistently negative, indicating that neither the antisera
nor the ABC method used for detection of bound primary
antibodies gave nonspecific signals. When each primary
antiserum was pre-incubated with the peptides encoded by
the other two genes, no appreciable difference was observed
from the results obtained with the unadsorbed antiserum
(Figure 6), indicating the absence of cross-reactivity.

After western blotting, no protein band was detected in
any of the experimental conditions used in this study,

a-HEXO1 a-HEXO1 a-HEXO1 a-HEXO1
ctr 1 ctr 2 ctr 3

DmHEXA

@)

DmHEXB

a-HEXO2 a-HEX02 a-HEXO2 a-HEXO2
ctr 1 ctr2 ctr 3 ctr 1 ctr 2 ctr 3

indicating that, even when electrophoresis was carried out
in nonreducing and minimal denaturing conditions, the
proteins were not recognized by primary antibodies.

Immunofluorescence staining of spermatozoa

The procedures employed in this study for immunofluores-
cence analysis of spermatozoa would allow labeling only of
the cell surface. All antisera labeled the whole length of the
tail surface with a punctate pattern (Figure 7A-I), whereas
none of them stained the plasma membrane over the
nucleus (Figure 7A, E, and G). Labeling of the tail by the
antiserum against Hexol product was slightly weaker than
labeling by the other antibodies. The antisera against syn-
thetic peptides encoded by Hexo2 and fdl labeled also the
plasma membrane overlying the acrosome (Figure 6E, F,
G, and H). It is worth noticing that in Drosophila the
acrosome is very small and is not detectable with conven-
tional light microscopy. A strong signal over the terminal
portion of the tail was evident after incubation in antisera
against Hexol and fdl peptides (Figure 7C, D, and I).
All the controls were negative.

Discussion

We have previously proposed two B-N-acetylhexosamini-
dases of the sperm plasma membrane, DmHEXA and
DmHEXB, as candidates for a role as recognition proteins
for the egg surface in D. melanogaster (Perotti et al., 2001).
The isoenzymes are single-pass transmembrane proteins
terminally glycosylated, with the catalytic site extracellu-
larly exposed and have a dimeric structure (Cattaneo et al.,

a-FDL a-FDL a-FDL a-FDL

00 @ 06

© @

Fig. 6. Immunodot blotting analysis of DmHEXA and DmHEXB of the sperm plasma membrane. The enzymes from the sperm plasma membrane

extracts have been assayed with antisera against Hexol (a-HEXO1), Hexo2 (a-HEXO2), and fdl (a-FDL) synthetic peptides. The corresponding negative
controls carried out using the primary antisera pre-adsorbed with the synthetic peptides are indicated as ctr 1. For each primary antiserum, the absence of
cross-reactivity is shown in controls 2 and 3 (ctr 2, ctr 3), carried out pre-incubating a-HEXO1 with Hexo2 and fdl peptides, a-HEXO2 with Hexol and fdl

peptides, and a-FDL with Hexol and Hexo2, respectively.
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Fig. 7. Immunolocalization of Hexol, Hexo2, and fdl products on the sperm plasma membrane. Primary antiserum binding was evidenced with Alexa
Fluor 488-conjugated secondary antiserum (green), nuclei were counterstained with Hoechst 33342 (blue) or with propidium iodide (red) and the images
were merged. (A-D) Immunolabeling with antiserum against Hexol peptides. The tail is labeled over its whole length, whereas the nuclear tract of the
plasma membrane is negative. (C, D) Paired micrographs with fluorescence and phase-contrast optics, showing intense labeling of the tail end piece
(arrows). (E, F) Immunolabeling with antiserum against Hexo2 peptides. The plasma membrane overlying the acrosome and the tail are labeled; the
nuclear area is negative. (G-I) Immunolabeling with antiserum against fd/ peptides. The plasma membrane over the acrosome and the tail is fluorescent,
whereas it is negative over the nucleus. (I) The micrograph shows intense fluorescence over the tail end piece (arrow). a, acrosome; n, nucleus. Scale bars

represent 5 um.

2002). Their subunits are noncovalently associated and, as for
all the other known PB-acetylhexosaminidases (Mark et al.,
2003), they have been identified on the basis of their catalytic
activities: the B-subunit hydrolyzes nonreducing terminal 3-N-
acetylglucosamine (B-GIcNAc) or B-N-acetylgalactosamine

from neutral substrates, whereas the o-subunit hydrolyzes
neutral substrates as well as negatively charged substrates
like those bearing a terminal B-GlcNAc-6-sulfate (Cattaneo
et al., 2002). On this basis, we originally proposed that
DmHEXA is a heterodimer of subunits o and B, whereas
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DmHEXB is a homodimer of B-subunits (Cattaneo et al.,
2002). Because of their dimeric structure and catalytic
activity, DmHEXA and DmHEXB are similar to the mam-
malian B-N-acetylhexosaminidases Hex A and Hex B,
respectively (Proia et al., 1984). The M, of Drosophila-
native isoenzymes is ~160 kDa, the apparent M, of
DmHEXA subunits is ~60 kDa, whereas the one of
DmHEXB subunits is ~70 kDa. Isoenzymes similar to
those of the sperm plasma membrane are present also in the
seminal vesicles’ secretion (Cattaneo et al., 2002). Although
B-hexosaminidases are generally present as soluble proteins
in lysosomes, DmMHEXA and DmHEXB are not an isolated
case of nonlysosomal B-hexosaminidases. In fact, these
enzymes, as well as other lysosomal glycosidases, exist also
as integral proteins in the plasma membrane of invertebrate
(Koyanagi and Honegger, 2003) as well as of vertebrate
spermatozoa (Tulsiani and Abou-Haila, 2001; Khunsook
et al., 2003) and in the plasma membrane of somatic cells
(Cordero et al., 2001). Furthermore, they exist also as
secreted species in body fluids of vertebrates (Beccari et al.,
2000; Tulsiani, 2003; Andersson et al., 2005), of inverte-
brates (Marchini ez al., 1989; Del Pino et al., 1999) and are
secreted into the medium by the K, cell line of Drosophila
(Sommer and Spindel, 1991a,b).

In the mouse and in man, the organisms where B-N-
acetylhexosaminidases have been best characterized, only
two genes are present encoding these enzymes, HEXA and
HEXB, which code for the o-subunit and the B-subunit,
respectively (Mark et al., 2003). In the present work, we
have shown that in Drosophila all of the three putative
genes coding for B-hexosaminidases are actually expressed
in vivo. The results of the gene expression studies together
with the results of immunoblot analysis demonstrating
that, at least in the male germ line, all the genes are trans-
lated indicate that in the fruitfly a scenario exists more
complex than the one present in mammals. In a very recent
article, published after this study had been completed,
Hexol, Hexo2, and fdl have been recombinantly expressed
in Pichia pastoris. The biochemical analysis performed on
the fusion proteins confirmed that all the genes encode
functional B-N-acetylhexosaminidases (Leonard et al., 2006).
Furthermore, determination of the specificity toward natu-
ral substrates suggested that the enzyme encoded by fdl
might have a role in the biosynthesis of N-glycans (Leonard
et al., 2006), a function that has been previously ascribed
also to a microsomal B-N-acetylhexosaminidase identified
in lepidopteran cell lines (Altmann et al., 1995).

The D. melanogaster genome database (http://www.flybase.
org/) predicts multiple transcripts for Hexol, that is, four
long transcripts with a similar size and one short transcript,
two very similar transcripts for fd/ and a single transcript
for Hexo2. All the transcripts originate from alternative
splicing of pre-mRNAs. All the predicted polypeptides
encoded by the transcripts contain the two typical domains
of the enzymes of the glycosyl hydrolase family 20, to which
B-hexosaminidases belong. We detected the transcripts in
the testis as well as in other tissues and their size was gener-
ally in good agreement with the predictions. Although no
quantitative evaluation of the gene expression has been car-
ried out, the combined use of northern blots and RT-PCR
suggested that the most prominent sites of fdl expression
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were the testis and the brain, whereas expression levels in
other organs of the male and the female were either very
low or almost undetectable. The finding that fd/ was highly
expressed in the brain was hardly surprising, since this gene
is involved in the postembryonic development of this organ
(Boquet et al., 2000). However, the possible role of -
hexosaminidases in neuronal development remains to be
determined. Hexol and Hexo2 transcripts have a broader
tissue distribution. Northern blotting and RT-PCR indi-
cated that Hexol long transcripts are present at overall sim-
ilar levels in whole males and in whole females, whereas
their level of expression in the testis is extremely low. The
testis instead preferentially expresses high levels of Hexol
short transcript. As to Hexo2, northern blotting suggests
that the overall gene expression is higher in the male than in
the female. Furthermore, the finding that the gene is
expressed in the testis is new, since Hexo2 cDNA is not rep-
resented in the testis EST library generated by the Berkeley
Drosophila Genome Project (Stapleton et al., 2002; http://
www.fruitfly.org/DGC) or in the testis EST library avail-
able at NCBI (http://www.ncbi.nlm.nih.gov/projects/dbEST/).

Hexol short transcript is not a good candidate to code
for Drosophila B-hexosaminidases because its size is too
small to be compatible with any of the isoenzyme subunits.
Furthermore, analysis of the predicted polypeptide encoded
by this transcript suggests that the actual existence of this
conceptual gene product is questionable. In fact, the
absence of any sorting signal identifies it as a cytosolic pro-
tein, whereas, to the best of our knowledge, no B-N-acetyl-
hexosaminidase with a cytosolic location has ever been
reported. In addition, the predicted N-glycosylation sites
and lack of a signal peptide are mutually exclusive. On the
other hand, it has been demonstrated that not all the tran-
scripts present in the Drosophila testis are actually trans-
lated (Andrews et al., 2000). Instead, predictions related to
M, and glycosylation of the longer translation products of
Hexol, Hexo2, and of the fdl products are in good agree-
ment with the results of the biochemical characterization of
DmHEXA and DmHEXB and of their subunits (Cattaneo
et al., 2002).

D. melanogaster seems to be unique as far as the number
of transcripts encoding B-hexosaminidases is concerned. In
fact, the D. pseudobscura genome database, release 2.0,
(http://www.flybase.org/) predicts the presence of only one
transcript for all the genes encoding B-hexosaminidase-like
polypeptides. When we analyzed the other organisms
(Table IT) with UCSC genome browser (http://www.genome.
ucsc.edu/), we found that also in all of them only one tran-
script was predicted for each gene.

The catalytic domains of Hexol, Hexo2, and fdl products
show high conservation of the sequence containing the
active site. The o~ and B-subunits of the known B-hex-
osaminidases have identical structures of the active site
(Mark et al., 2003), but recent crystallographic studies of
the o-subunit of the human B-hexosaminidases have dem-
onstrated as its distinct feature the presence of Argd24 that
confers the subunit the ability to accommodate negatively
charged substrates at the active site (Mark et al., 2003). The
Arg555/542 residues of the fdl products might have the
same role. We therefore suggest that the fd/ products are
homologs of the precursor of the mammalian o-subunit,
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whereas Hexol and Hexo2 encode two distinct B-chains, B,
and B3,, both homologs of the precursors of the B-subunit of
all known B-hexosaminidases. However, bioinformatic
analysis of Drosophila sequences raised some questions as
to the possibility of reconciling the computational predic-
tions with the experimental evidence that (1) a transmem-
brane and a secreted form of DmHEXA and DmHEXB
exist and (2) the two forms have similar molecular masses
(Cattaneo et al., 2002). Topology analysis of the alternative
products of fdl identifies both as type Il transmembrane
proteins. This orientation places the bulk of the protein,
with the potential glycosylation sites and the catalytic
domain, on the extracellular face of the plasma membrane.
Whereas topology prediction for fdl products is consistent
with the experimentally determined characteristics of sperm
B-hexosaminidases (Cattaneo er al, 2002), the long
polypeptides encoded by Hexol and by Hexo2 are pre-
dicted to contain a cleavable signal peptide. Since no addi-
tional region of significant hydrophobicity that may
function as a membrane-anchoring domain is predicted, the
proteins should enter the secretory pathway as soluble
forms. On the other hand, immunoblot analysis of
DmHEXA and DmHEXB extracted from the sperm
plasma membrane with procedures designed to solubilize
transmembrane proteins and immunocytochemistry of
whole spermatozoa clearly indicated that not only fd! prod-
uct but also the polypeptides encoded by Hexol and
Hexo2, contrary to algorithm predictions, are present, at
least in spermatozoa, as intrinsic membrane proteins. How
the soluble forms secreted by the seminal vesicles (Cattaneo
et al., 2002) and possibly in other organs might originate is,
at present, a matter of speculation. In fd/, the presence of a
potential consensus furin cleavage site between the trans-
membrane domain of fdl products and the bulk of extracel-
lular part of the protein suggests the possibility that, along
the secretory pathway, the protein might be proteolytically
processed at this site by some of the furin-like proteins
described in Drosophila (De Bie et al., 1995). The cleavage
would yield soluble polypeptides with the same functional
properties as the corresponding integral membrane forms
and with a M ~7 to 8 kDa smaller, a difference that would
have gone undetected by the experimental procedures used
to define the M, of the membrane-associated and secreted
forms of the isoenzymes (Cattaneo et al., 2002). The current
EST libraries (http://www.flybase.org/; http://www.fruitfly.
org/DGC; http://www.ncbi.nlm.nih.gov/projects/dbEST/)
do not report the expression in the male reproductive appa-
ratus of any of the five D. melanogaster genes encoding
furin or furin-like enzymes, that is, CG8481, CG10772,
CG18734, CG6438, and CG7169. This issue needs there-
fore to be revisited, as the expression of these genes in the
organs of the male reproductive apparatus might have been
overlooked. As to Hexol and Hexo2, if the signal peptide
were not removed during biosynthesis, it would function as
a membrane-anchoring domain, and the enzymes would be
inserted in the plasma membrane with a type II protein
topology similar to that of fdl products. Deficient cleavage
of the N-terminal signal peptide that, despite algorithm pre-
dictions, confers a transmembrane topology has been
described for other membrane-intrinsic proteins, which are
found also as soluble forms (Gibson et al., 1993; Fleischer,
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1994; Olivari et al., 2005). We therefore propose that the
predicted long polypeptides encoded by Hexol, Hexo2 and
the ones encoded by fd/ might be post-translationally and
differentially processed in different tissues, generating
either integral proteins, as those of the sperm plasma mem-
brane, or soluble secreted proteins as those present in the
seminal fluid. Interestingly, when the genes were recombi-
nantly expressed in yeast, Hexol and Hexo2 products were
secreted into the medium (Leonard et al., 2006). Instead,
the fdl fusion protein was predominantly localized in the
plasma membrane as well as extracellularly, and only to a
minor extent in the Golgi apparatus, an observation sug-
gesting that the localization of protein in this organelle
reflects its transit through this compartment while en route
to the plasma membrane (Leonard et al., 2006). The find-
ings of this study would also suggest that the Drosophila 3-
N-acetylhexosaminidases, at least when expressed in yeast,
are not lysosomal enzymes.

The study of gene expression in the male reproductive
apparatus by ISH corroborated the results by northern
blotting and RT-PCR. In particular, the results of ISH for
Hexol using different probes for the gene 5 and the 3’
regions confirmed that transcription of long mRNAs cod-
ing for B-hexosaminidases compatible with those evidenced
on spermatozoa is very low. Hexo2, Hexol, and fdl shared
a similar temporal expression pattern during spermatogene-
sis: mRNAs were already detectable at low levels in sper-
matogonia; they reached the highest levels during meiosis
and were present in small amounts in early elongating
spermatids. The early expression of fdl, Hexol, and Hexo2
during spermatogenesis is in line with the thought that the
late-expressed genes are more likely to be those specific for
the male germ line (Eddy, 2002). Also the decrease in the
levels of transcripts as the cells progressed from meiosis to
early spermatid differentiation is in agreement with previ-
ous observations showing that a number of transcripts
expressed in early stages of spermatogenesis do not persist
into the spermatid advanced elongation stage (Fuller,
1998). ISH also confirmed that, although all of the genes
are expressed both in the testis and in other organs of the
male apparatus, fdl has a highly preferential expression in
the male germ line, and its expression in other organs is
extremely low. The finding that the genes coding for -hex-
osaminidases are expressed also in the epithelia of the male
reproductive apparatus is not unexpected, since we previ-
ously reported the presence of soluble secreted forms of
DmHEXA and DmHEXB in the seminal vesicles’ fluid
(Cattaneo et al., 2002). Therefore, it is likely that the
enzymes are secreted also by the accessory glands and the
ejaculatory duct and bulb.

The observation that genes coding for sperm molecules
that participate in gamete interactions are expressed also in
somatic cells is not new. In the mouse, the best known
mammalian model for the study of fertilization, a GalT I
and type 1 hexokinase (HK1), two sperm plasma mem-
brane molecules that bind to ZP, are encoded by the same
genes that code for the GalT I and HKI1 ubiquitously
expressed in somatic cells (Travis et al., 1999; Rodeheffer
and Shur, 2002). However, in both cases it has been dem-
onstrated that the sperm plasma membrane forms repre-
sent germ cell-specific isoforms derived from differential
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transcriptional and post-transcriptional controls. The study
of the expression of Hexol, Hexo2, and fdl leaves a number
of questions to be answered: are all the alternative tran-
scripts expressed at the protein levels? Is any of the pre-
dicted protein isoforms specific for the male germ line?
Since the gene transcripts predicted by the genomic data-
base are very close in size, we were not able to ascertain
which transcript was expressed in the germ line as opposed
to the somatic cells. Further investigations are therefore
necessary to determine which is/are the transcript(s) present
in spermatogenic cells and whether all the mRNA isoforms
are translated.

DmHEXA and DmHEXB enzyme activities were present
not only in the adult testis but also in the larval testis. This
finding would suggest that the genes coding for isoenzyme
subunits are translated shortly after transcription in pre-
meiotic cells and also in meiotic cells and round spermatids.
Since the o- and B-subunits are enzymatically inactive as
monomers (Mahuran, 1995; Mark ez al., 2003) and since it
has been shown in other organisms that dimer formation
occurs shortly after translation (Proia et al., 1984), it is con-
ceivable that also in the Drosophila spermatogenic cells sub-
unit translation is rapidly followed by their assembly into
functional dimers. Therefore, transcription and translation
of the genes coding for the subunits must be coordinated to
allow the monomers to associate with each other or with
the appropriate complementary monomer. However, the
lower levels of fdl expression in the larval testis as compared
to Hexo2 expression, as shown by ISH, would indicate that
the o-subunit transcription is in some degree delayed in
comparison with the transcription of the P,-subunit and
might explain the significant difference in DmHEXA activ-
ity between the larval and adult gonad.

Immunodot blot analysis and immunofluorescence
showed unambiguously that Hexol, Hexo2, and fdl prod-
ucts are localized in the sperm plasma membrane. Immun-
odot blotting demonstrated that fd/ and Hexo2 code for the
subunits of sperm DmHEXA, whereas DmHEXB subunits
are encoded by Hexol and HexoZ2. On the basis of sequence
and immunoblot analysis, we can draw the conclusion that
in spermatozoa DmHEXA has a off, structure and
DmHEXB has a 3;B, structure. However, we cannot rule
out the possibility that in cells other than those of the male
germ line, the subunits might assemble in a different way.
In fact, assuming that also in the yeast model system used
to recombinantly express the Drosophila genes (Leonard
et al., 2006) B-hexosaminidases are active only when in a
dimeric form (Mahuran, 1995; Mark et al., 2003), the
expression of Hexol, Hexo2, and fdl should have yielded
homodimeric enzymes, with the structure B8, B,B,, and
oo, respectively. In this case, the oo isoform would be the
homolog of the mammalian B-hexosaminidase Hex S (Proia
et al., 1984; Mark et al., 2003).

Immunofluorescence showed that the enzyme subunits
encoded by Hexo2 and fdl are present on the plasma mem-
brane over the acrosome. Although the series of events
leading to egg fertilization in insects are totally unknown, it
is conceivable that, like in all the other organisms so far
studied, molecules that are localized over the acrosome
might be involved in sperm—egg interactions. These findings
therefore suggest a major role for Hexo2 and fdl and for
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their products, DmHEXA, in fertilization. The immun-
ostaining pattern of the end piece of the tail after incuba-
tion in anti-Hexol and anti-fdl peptides is similar to the one
that was previously described for lectin-binding sites of the
Drosophila sperm surface (Perotti and Pasini, 19995), but its
functional significance is obscure.

The results of enzyme assays indicating that most of
DmHEXA activity in the male originates from the testis are
in a good agreement with the data of gene expression show-
ing that fdl expression is highest in the testis, and with the
results of immunodot blotting and immunocytochemistry
proving that fd/ encodes a subunit present on sperm sur-
face. DmHEXB activity levels in the testis are significantly
higher than those measured on mature sperm. We hypothe-
size that some of active enzyme present in spermatogenic
cells is eliminated at the end of spermatid differentiation,
when considerable amounts of cytoplasm, membranes, and
organelles are caudally shed within the so-called waste bag
(Fuller, 1998). An additional contribution to the total
DmHEXB activity measured in the testis probably origi-
nates from the epithelium of the terminal tract of the testis,
where Hexol and Hexo2 are expressed. Significant levels of
DmHEXB activity are present also in other components of
the male reproductive apparatus and in whole males. The
brain and the midgut, where the genes coding for the -
subunits of DmHEXB are expressed, are obviously good
candidates as sources of the enzyme. In particular, it is
known that extracellular B-hexosaminidases are present in
the insect midgut with a role as digestive enzymes (Lehane,
1997) or as a component of the chitinolytic system that is
involved in the turnover of the peritrophic membranes
(Filho et al., 2002). However, other organs that are at
present indeterminate might contribute to the total
DmHEXB activity. In fact, the biochemical assays carried
out in this study on homogenates of testes and of other
organs might have detected activities related to other mem-
brane-associated forms and soluble forms present in the
supernatants. In this context, it is useful to notice that,
when fdl was expressed in vitro, only a minor amount of the
gene product localized in the Golgi apparatus (Leonard
et al., 2006) and that a soluble and a membrane-bound pro-
tein with B-N-acetylhexosaminidase activity have been pre-
viously evidenced within microsomes from lepidopteran
cell lines where they are supposedly involved in the metabo-
lism of N-linked oligosaccharides (Altmann et al., 1995).
Additionally, the possibility cannot be ruled out that, like
in other organisms, B-hexosaminidases exist also as lysoso-
mal species, although, to the best of our knowledge, there is
no report of their presence in insect lysosomes. However, it
is unlikely that the homogenization and solubilization pro-
cedures here employed would have released enzymes from
microsomes/Golgi vesicles and from lysosomes massively.
In addition, the activities of the potential B-hexosamini-
dases from lysosomes or en route to lysosomes through the
rough endoplasmic reticulum and the Golgi apparatus
would not have been efficiently detected at pH 6.5, the opti-
mal pH for the enzymes assayed in this study (Cattaneo
et al.,2002).

Collectively, we have identified Hexol, Hexo2, and fdl as
the genes coding for B-N-acetylhexosaminidases of the
plasma membrane of D. melanogaster spermatozoa for
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which a role as egg receptors at fertilization have been pre-
viously suggested, and we have defined the dimeric struc-
ture of these enzymes. Although none of the genes are
testis-specific, fd/ is highly and preferentially expressed in
the male germ line. Expression and translation of the genes
occur as early as in the larval stage.

The mechanisms of egg fertilization in insects are still
enigmatic because their gametes are not amenable to in
vitro manipulation, and the well-established sperm-egg
binding assays with isolated cells that are used to study
gamete interactions in vertebrate and in a variety of other
invertebrates cannot be applied. This study represents a
firm basis for future and more mechanistic investigations
aimed at unraveling the role of glycosidases in gamete inter-
actions in this animal class using Drosophila as a model
organism.

Materials and Methods

Flies

Wild-type flies of the Oregon R strain were maintained on
standard cornmeal-sugar yeast-agar medium at 25 + 1°C.
Late third instar larvae were sexed and used immediately.
Adult males and females were separated at eclosion and
used 6 days later.

Chemicals

All reagents were obtained from Sigma (St. Louis, MO),
when not otherwise indicated.

Source of genome annotation, databases, and software

The open reading frames (ORFs) of Hexol (CG1318),
Hexo2 (CG1787), fdl (CG8824), and Act5C (CG4027) were
retrieved from Drosophila genome release 4.2 (Drysdale
et al., 2005; http://www .flybase.org/) and analyzed using
the Ensembl database for Drosophila (http://www.
ensembl.org/Drosophila_melanogaster) and BLASTP at
NCBI (http://www.ncbi.nlm.nih.gov/). Sequence alignment
was performed with the program T-Coffee accessible at
EMBnet.ch  (http://www.ch.embnet.org/software/TCoffee.
html) and the program Align accessible at the Genestream
network server (http://xylian.igh.cnrs.fr/bin/align-guess.cgi).
The ORFs putative products were analyzed for hydropho-
bicity profile, detection of signal-peptide cleavage sites and
analysis of nonclassically secreted proteins with the pro-
grams TMHMM V.2.0, SignalP V3.0, and Secretome 1.0b,
all accessible at the Center for Biological Sequence Analy-
sis, Technical University, Denmark (http://www.cbs.dtu.dk/
services/). The sequences were further evaluated with the
combined transmembrane topology and signal-peptide pre-
dictor Phobius (http://phobius.binf.ku.dk/).

RT-PCR

Total RNA was extracted from Drosophila tissues using
Tri-Reagent and then treated with RQ1 RNase-free DNase
(Promega, Madison, WI), according to the manufacturer’s
instructions. PCR primers for each gene were designed on
the basis of the genomic sequence information (Drysdale
et al., 2005) (Table I). Two micrograms of total RNA was
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reverse transcribed with 200 U/uL of Moloney murine leu-
kemia virus (MMLYV) reverse transcriptase (Promega) and
1 pg random hexamers (Promega) in a 50 puL reaction mix-
ture. The cDNA was amplified by PCR in a 30 pL reaction
mixture with 0.6 U of Tag DNA polymerase (Promega),
200 mM deoxynucleoside triphosphate (ANTP) mix, 2.5
mM MgCl,, and 1 uM of each primer. The amount of each
template in PCR was standardized to 10 ng of cDNA, with
the exception of the testis template to be primed with the
H1-A oligonucleotides that was used also at 100 ng. Ten
microliters of each PCR product was electrophoresed on
1% agarose gel and stained with ethidium bromide. The
PCR products were cloned into pGEM-T vector (Promega)
and sequenced with M13 forward and reverse primer using
SequiTherm DNA Polymerase (Epicentre Technology,
Madison, WI). Sequences were analyzed using the ABI
PRISM 3100 Genetic Analyzer (Hitachi Ltd, Tokyo,
Japan).

Controls were performed by omitting reverse transcriptase.

RNA probes

Table 1 shows the oligonucleotide constructs used as
probes. Digoxigenin (DIG)-labeled and 3?P-labeled probes
were obtained using the labeling kit from Roche Diagnos-
tics GmbH, Mannheim, Germany, and the labeling
kit from Promega, respectively. Hexol-DIG-labeled and
radiolabeled RNA probes were obtained by in vitro tran-
scription with SP6 RNA polymerase (Roche) of plasmids
pHI1-A and pH1-B linearized with the restriction enzyme
Ncol (Promega). Plasmids pH1-A and pH1-B are pPGEM-T
derivatives carrying the Drosophila cDNA fragments
293425-293744 (pH1-A) and 294626-294912 (pH1-B). The
fragments were obtained by PCR amplification of cDNA
with the oligonucleotides sH1-A and asH1-A and sH1-B
and asH1-B, respectively, and cloned with the higher coor-
dinates close to the SP6 promoter. Hexo2-DIG- and radio-
labeled probes were obtained by in vitro transcription with
SP6 RNA polymerase of the Ncol-digested pGEM-T deriv-
ative pH2, containing the DNA fragment 296805-297133
obtained by PCR amplification of cDNA with the oligonu-
cleotides sH2 and asH2. The fd/-DIG- and radiolabeled
probes were obtained by in vitro transcription with T7
RNA polymerase (Roche) of the fragment 199883-200260
obtained by PCR amplification of the cDNA with the oli-
gonucleotides sfd/ and asfdl. To obtain radiolabeled probes
for Act5C, which encodes a ubiquitous actin isoform, the
fragment 273772-277085 obtained by PCR amplification of
cDNA with the oligonucleotides sAct5C and asAct5SC was
cloned in pGEM-T. The plasmid was then digested with
Ncol and used as template for in vitro transcription with
SP6 RNA polymerase.

Northern blot analysis

Expression of B-N-hexosaminidase mRNA in whole males
and females and in the testis was analyzed by northern blot
with radiolabeled RNA probes. Total RNA (15 pg per
lane) was fractionated by electrophoresis on a 1.5% agar-
ose—formaldehyde gel, transferred onto a Hybond-N*
membrane (Amersham Pharmacia Biotech, Little Chalfont,
UK) by vacuum blotting and hybridized with different
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32p_Jabeled RNA probes. Hybridization to specific ribo-
probes was performed as previously described (Deho et al.,
1992). After hybridization, the membranes were analyzed
using Typhoon 8600 PhosphorImager (Molecular Dynam-
ics/Amersham Biosciences/GE Healthcare, Little Chalfont,
UK). As a loading control, all the filters were hybridized
also with the Act5C riboprobe specific for actin mRNA.

In situ hybridization

Whole-mount ISH was carried out on testis from third instar
larvae and on the reproductive apparatus of adult males fol-
lowing a standard procedure (White-Cooper et al., 1998),
using DIG-labeled antisense riboprobes and alkaline phos-
phatase (AP)-labeled anti-DIG antibody (Roche). Controls
were performed using DIG-labeled sense riboprobes. Micro-
scope analysis was performed using a Leica DMRB micro-
scope (Leica AG, Heerbrug, Switzerland) equipped with the
cooled CCD video camera Leica DCF480. Photographic
plates were prepared using Adobe Photoshop CS2.9.

Enzyme assays

The preparative procedures originally designed to assay the
sperm enzymes without disrupting the sperm plasma mem-
brane (Cattaneo et al., 2002) have been used also for the
other tissues and organs studied here. Fourteen males were
homogenized on ice in 240 puL extraction medium—20 mM
3-((3-cholamidopropyl)dimethylammonio(-1-propanesulfonate
(CHAPS) in phosphate buffer saline (PBS) with protease
inhibitors (PBS-In), pH 7.2 (Cattanco et al., 2002)—with an
Ultra-Turrax T25 homogenizer (IKA-Werke GMBH,
Staufen, Germany) operating at 9,500 rpm for 3 min. Testes
and whole reproductive apparatuses were dissected from 14
males and collected on ice, washed thrice in 100 pL. PBS-In
and manually homogenized in Eppendorf tubes containing
240 pL of ice-cold extraction medium using a tight fitting
pestle. The homogenized samples were kept in extraction
medium for 1 h at 4°C to allow solubilization of membrane
proteins and were subsequently centrifuged at 14,000 x g
for 2 min at 4°C. The supernatants were used for protein
determination and enzyme assays. Larval testes were dis-
sected out and processed following the same procedures.
Sperm were removed from the seminal vesicles of 14 males
and collected on ice. Extraction of sperm plasma membrane
proteins was carried out in 240 pL extraction medium (20
mM CHAPS in PBS-In, pH 7.2) as described in detail pre-
viously, and the samples were centrifuged at 14,000 x g for
2 min at 4°C (Cattaneo et al., 2002). Fluorimetric enzyme
assays were performed on supernatants using 4-methylum-
belliferone (4-MU) conjugates as substrates as previously
described (Cattaneo et al., 2002). DmHEXA activity was
measured by determining the catalytic activity of the o-
subunit toward 4-MU-7-(6-sulfo-2-acetamido-2-deoxy-[3-
D-glucopyranoside), whereas DmHEXB activity was
determined assaying the activity of the B-subunit using
4-MU-2-acetamido-2-deoxy-B-D-glucopyranoside. Protein
concentration was determined in sperm extracts by measur-
ing absorbance at 280 nm and in extracts from other sam-
ples by Bradford’s method (Bradford, 1976), using bovine
serum albumin (BSA) as standard. Data were expressed as
specific activities and enzyme activities. All the experiments
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were carried out in triplicate. The results were presented as
mean = SEM, with n = 5. Statistical analysis was performed
by one-way ANOVA test, and the data were considered sta-
tistically significant when p < 0.01.

Immunoblotting analysis

Antibodies were elicited against synthetic peptides encom-
passing two different regions for each of the polypeptides
encoded by Hexol, Hexo2, and fdl (Figure 1A). Synthesis of
immunogens, antisera production and purification were
done by Primm srl (Milan, Italy). Briefly, the immunogenic
peptides were assembled using the multiple-antigen peptide
(MAP) system on a 4-branched polylysine core. Structure of
MAP peptides was verified by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spec-
trometry, and the corrected MAPs were purified by reverse
high-performance liquid chromatography (HPLC). The two
peptides encoded by each gene were then used as immuno-
gens in a 1:1 mixture. Antisera to Hexol and Hexo2 peptides
were raised in rabbits, whereas antisera to fdl peptides were
raised in mice following standard protocols. Rabbit antisera
were affinity-purified on synthetic peptide-Sepharose col-
umns, whereas mouse antiserum was used crude. Antisera
titers were monitored with enzyme-linked immunoadsorbent
assay (ELISA) before and after purification.

For immunodot blotting analysis, DmHEXA and
DmHEXB were extracted from the plasma membrane of
sperm removed from the seminal vesicles of 1600 males and
separated by ion-exchange chromatography on a diethylami-
nomethyl Sepharose (DEAE) column, as described previously
(Cattaneo et al., 2002). DmHEXA and DmHEXB fractions
were concentrated in a Vivaspin concentrator (Sigma) to a
final protein concentration of 0.15 and 0.12 mg/mL, respec-
tively. Three microliters of DmHEXA and DmHEXB frac-
tions was spotted on Hybond ECL nitrocellulose membranes
(Amersham Pharmacia Biotech) and air-dried. Membranes
were then blocked with 50 mM Tris buffer saline (TBS) sup-
plemented with 0.1% Tween 20 and 2% BSA, and after TBS
washing, they were probed with 100 uL of serial dilutions of
primary antisera in TBS/Tween 20 for 1 h at room tempera-
ture. Following extensive washing with TBS/Tween 20, bind-
ing of primary antibodies was revealed with biotinylated
antirabbit/antimouse antisera and the ABC-peroxidase
method using the Vectastain ABC kit (Vector Laboratories
Inc., Burlingame, CA) and 3,3,5,5-tetramethylbenzidine
(TMB) as a chromogenic substrate according to the manu-
facturer’s instructions. Antisera optimal concentration was
40 ug/mL. The following negative controls were carried out:
(1) substitution of the primary antisera with pre-immune sera,
(2) omission of the primary antisera, and (3) pre-absorption
of the primary antisera with the corresponding 5 mM syn-
thetic peptides for 12 h at 4°C before use. As additional
controls for antisera specificity, each primary antiserum
was pre-incubated with the peptides encoded by the other
two genes for 12 h at 4°C before probing membranes.

For western blot analysis, following DEAE separation
and concentration, DmHEXA and DmHEXB fractions
were resuspended in 2% sample buffer without 2-mercapto-
ethanol and electrophoresed on 10% polyacrylamide gel
containing 0.1% (w/v) sodium dodecyl sulfate (SDS). Staining
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of proteins with silver staining performed as described previ-
ously (Cattaneo et al., 2002) revealed the presence of bands
with the molecular masses expected for DmHEXA and
DmHEXB subunits (Cattaneo et al., 2002). Unstained sam-
ples of the separated proteins were electrophoretically trans-
ferred to nitrocellulose membranes in 25 mM TB/192 mM
glycine (pH 7.8) and 20% (v/v) methanol at 0.25 A overnight
at 4°C. Reversible Ponceau S staining was used to verify trans-
fer efficiency. The membranes were blocked as described
above and probed with primary antisera undiluted and at a 40
png/mL concentration in TBS/Tween 20. Incubation in primary
antisera was carried out for 1 h at room temperature and over-
night at 4°C. Bound primary antibodies were detected with
biotinylated secondary antibodies and the ABC/TMB method
as described above or with the ABC method followed by
chemiluminescence detection of peroxidase using the Super-
Signal kit (Pierce, Rockford, IL), according to the manufac-
turer’s instructions. For chemiluminescence detection,
immunoblot membranes were exposed to ECL films/X-Omat
XAR (5) (Kodak, Rochester, NY) for 60 s up to 2 h.
DmHEXA and DmHEXB fractions resuspended in SDS-free
sample buffer were also processed for immunoblotting accord-
ing to the procedures described above.

Immunofluorescence

Mature spermatozoa from the seminal vesicles were thor-
oughly washed in PBS (pH 7.2), fixed for 10 min with 2%
paraformaldehyde in PBS at room temperature, blocked
with 0.2 M NH4CI for 30 min, washed in PBS, and blocked
again with 10% normal goat serum in PBS supplemented
with 1% BSA for 30 min. They were then incubated in 40
pg/mL primary antiserum in 1% BSA-PBS for 1 h, and,
following PBS washing, for 1 h in 5 pg/mL Alexa Fluor
488-goat antirabbit/antimouse antiserum (Molecular
Probes, Eugene, OR) supplemented with 3 pg/mL Hoechst
33342 or with 1 pug/mL propidium iodide (PI). Negative
controls were carried out as indicated for immunodot blot-
ting analysis. Microscopic analysis was carried out with a
Leica DMRB microscope equipped with a 100x oil immer-
sion objective, the CCD-camera indicated above and manu-
facturer’s filters for the fluorescent dyes (for Hoechst
33342, the filter set BP340-380, RKP 400, and LP 430; for
Alexa Fluor 488, the fluorescein filter set BP488, BP 450
490, RKP 510, and BP 525/20; for PI, the tetramethyl-
rhodamine filter set BP546/14, RKP 580, and LP 580).
Images were recorded and processed as indicated above.
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