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ABSTRACT The Est-6 gene of Drosophila melanogaster
was cloned by screening libraries with synthetic oligonucleo-
tides corresponding to tryptic peptides from purified esterase-6
(Est-6) protein. cDNA clones were isolated that hybridized in
situ to the site of Est-6 on chromosome 3 at 69A1. Inserts in
putative Est-6 cDNA clones were 1.85 kilobases (kb) long, and
blot hybridization analysis of electrophoretically fractionated
RNA, using a cDNA clone as a probe, revealed two transcripts,
of 1.68 and 1.83 kb. The two transcripts showed the same
developmental profile as the Est-6 protein. Neither transcript
was detected in an Est-6-null line. The cDNA fragment was
homologous to a 2.3-kb EcoRI-BamHI fragment in genomic
clones, and this region was interrupted by the 8-kb B104
transposable element in the Est-6-null line. Conceptual trans-
lation of the cDNA sequence revealed a protein of 548 residues
with 19% sequence similarity to acetylcholinesterase from the
Torpedo ray.

Esterase-6 (Est-6; carboxylic-ester hydrolase, E.C. 3.1.1.1),
the major B-carboxylesterase of Drosophila melanogaster, is
produced as a monomer in the anterior ejaculatory duct of the
male reproductive system and plays an important role in its
reproductive biology (1, 2). There is considerable polymor-
phism at the Esz-6 locus in natural populations for activity and
electrophoretic mobility of the enzyme, and at least some of
this variation is subject to natural selection (3). Moreover,
there are qualitative differences between D. melanogaster
and its sibling species in the structure and expression of Est-6
).

This paper describes the cloning and initial characteriza-
tion of the Esz-6 gene of D. melanogaster. This opens the way
for a study of the molecular basis of the evolution of Est-6
structural and regulatory sequences in Drosophila, although
this report focuses on the more distant origins and relation-
ships of the locus. In particular, the Est-6 cDNA sequence
has been analyzed for sequence similarity with members of
the serine hydrolase family of enzymes.

The serine hydrolases are presently defined as a function-
ally related class of hydrolytic enzymes containing a serine
residue in their active site (5). The class comprises the
relatively well-characterized serine protease multigene fam-
ily (6) as well as various carboxyl-, choline-, and aliesterases
(7, 8). Despite their functional and structural similarities, it is
not clear whether any of the various esterases are genetically
related to each other or to the serine proteases, or whether
their similarities are the outcome of convergent evolution.

The serine protease genes that have been cloned and
sequenced show extensive regions of sequence similarity,
including a characteristic Asp-Ser-(His/Gly) tripeptide at the
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active site (6, 9). Nucleotide sequence data have only been
reported for one eukaryotic esterase, acetylcholinesterase
from the ray Torpedo californica (8). This enzyme shows
very little sequence similarity to the serine proteases and
contains a Glu-Ser-Ala tripeptide at the active site.

The sequences of up to 20 amino acids around the active
site have been reported for several esterases (refs. 11 and 12;
see also Table 1). Each of these peptides has the Glu-Ser-Ala
tripeptide found in acetylcholinesterase and also shares at
least six of eight residues immediately around and including
the active-site serine. Three of these eight residues are also
found in the consensus sequence of the serine proteases.
Thus there is limited evidence for a relationship among the
eukaryotic esterases, but only equivocal evidence that they
are related to the serine proteases.

Our strategy for cloning Est-6 involved the sequencing of
tryptic peptides from purified Est-6 protein, the synthesis of
corresponding oligonucleotides, and the screening of a Dro-
sophila cDNA library with the oligonucleotide probes. The
identity of putative Est-6 clones was confirmed by in situ
hybridization to polytene chromosomes, developmental
RNA blot hybridization analysis, DNA and RNA blot hy-
bridization analyses of an Est-6-null strain, and DNA se-
quencing.

MATERIALS AND METHODS

Protein Purification, Peptide Sequencing, and Oligonucleo-
tide Synthesis. Est-6 protein was purified from 3- to 5-day-old
males of an Oregon R strain of D. melanogaster, using the
procedures of Mane et al. (1). Peptide mapping was carried
out according to the methods of Chambers et al. (13), and the
amino acid compositions of 56 tryptic peptides were deter-
mined using a Beckman 121 MB amino acid analyzer after
hydrolysis with 6 M HCI for 18 hr at 110°C in vacuo. Six
peptides with the lowest predicted codon degeneracy were
sequenced using an Applied Biosystems 470A gas-phase
amino acid sequencer.

Oligonucleotides were synthesized, using an Applied Bio-
systems DNA synthesizer, to correspond to all or a portion
of three sequenced peptides which would provide minimum
codon degeneracy (14). Deoxyinosine was inserted to further
reduce redundancies in two of the three oligonucleotides (15).
As is clear in Fig. 1, it was still necessary to prepare each
oligonucleotide as an equal mixture of 32 or 64 related
sequences to cover the remaining degeneracies.

Abbreviations: Est-6, esterase-6 enzyme; Est-6, esterase-6 locus.
Present address: CSIRO Division of Entomology, Black Mountain,
Box 1700 Canberra City, ACT 2601, Australia.

YPresent address: Department of Biochemistry, Victoria University
of Wellington, Private Bag, Wellington, New Zealand.

I'To whom reprint requests should be addressed.



3360 Genetics: Oakeshott et al.

Nucleic Acid Preparations. Genomic DNA from adult flies,
bacteriophage A DNA, and plasmid DNA were prepared and
analyzed by standard procedures (16). Total cellular RNA
was extracted from several different life stages of the Canton-
S strain of D. melanogaster and from adults of the Est-6-null,
Dm 100 strain (17), by the guanidinium thiocyanate/cesium
chloride procedure of Chirgwin et al. (18). Poly(A)* RNA
was fractionated from total RNA preparations by affinity
chromatography using oligo(dT)-cellulose (16). RNA was
denatured in glyoxal and dimethyl sulfoxide prior to electro-
phoresis in horizontal 1% agarose gels prepared in 10 mM
sodium phosphate (pH 7.0).

Hybridizations. A D. melanogaster adult male cDNA
library (in Agtl0; a gift of T. Kornberg and L. Kauvar,
University of California, San Francisco) was screened with
the oligonucleotide probes. Replicate filters of the library
were screened by hybridization under low-stringency condi-
tions (37°C, 6x SSC; 1x SSCis 0.15 M NaCl/15 mM sodium
citrate, pH 7.0) with 5’-end-labeled oligonucleotides (16, 19);
about 2 x 107 plaque-forming units were screened.

A library of genomic DNA from D. melanogaster (a partial
Sau3A digest of the Dm 145 Est-6° strain cloned into A
EMBL4) was subsequently screened with putative Est-6
sequences isolated during the oligonucleotide screening
above. Double-stranded DNA probes were prepared by
nick-translation, and filter-hybridization was carried out
under standard conditions (16).

DNA from positive clones was labeled with biotin by
nick-translation (20) and hybridized in situ to salivary gland
polytene chromosomes of Oregon R third-instar larvae (21).
Hybridization was detected using streptavidin-horseradish
peroxidase (Bethesda Research Laboratories) stained with
3,3'-diaminobenzidine.

For DNA (Southern) blot hybridizations, DNA was trans-
ferred from agarose gels to nitrocellulose filters and hybrid-
ized as described by Maniatis et al. (16).

For RNA blot hybridizations, RNA was transferred to
Zeta-Probe membranes (Bio-Rad) and prehybridized and
hybridized at 60°C in 1.5 SSPE (1x SSPE is 0.18 M
NaCl/0.01 M sodium phosphate, pH 7.0/1 mM EDTA)/0.5%
skim milk powder/0.5% NaDodSO4/50% (vol/vol) formam-
ide containing carrier DNA (500 ug/ml), yeast carrier RNA
(500 ug/ml), and poly(A) (20 ug/ml). Membranes were
washed at 65°C with 0.1x SSC/0.1% NaDodSO,. Single-
stranded RNA probes were prepared by subcloning putative
Est-6 fragments into pGemini vectors (Promega Biotec) and
synthesizing radiolabeled transcripts by use of SP6 RNA
polymerase (22).
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DNA Sequencing. Both strands of the putative Esz-6 insert
were sequenced by the dideoxy chain-termination method
(23). EcoRI-Pst 1 and EcoRI-BamHI fragments and partial
Sau3A and Tagq I digests were subcloned into appropriately
cut M13mp18 or M13mp19 vectors.

RESULTS

Isolation of Clones. Amino acid sequences were determined
for six tryptic peptides from purified Est-6 protein, and
oligonucleotides were synthesized to correspond to five or
more consecutive amino acids in three of the peptides
(ETP-5, -13, and -19; Fig. 1). The oligonucleotides were used
to screen a library of D. melanogaster adult male cDNA.

Two putative Est-6 clones were isolated that hybridized to
all three oligonucleotide probes and contained identical
1.85-kilobase (kb) inserts. The chromosomal site to which the
insert hybridized was defined more precisely by in situ
hybridization to polytene chromosomes prepared from larvae
heterozygous for standard chromosomes (Oregon R) and one
of three deficiencies in the Est-6 region: vin® (68C8-11-69A4-
5) and BK9 (68E2-69BI1), which delete Est-6, and vin’
(68A3-69A1), which does not (ref. 24; R.C.R. and R.W.P.,
unpublished data). The putative Est-6 clones hybridized to
the vin® but not vin® or BK9 chromosomes, and the region of
hybridization was localized to 69A1 (data not shown), in
agreement with the location of Est-6 determined by the
deficiency mapping of Akam et al. (24). Southern hybridiza-
tion of the inserts in the Est-6 clones to genomic DNA showed
that they were homologous to the same single-copy genomic
sequence (data not shown).

The 1.85-kb insert in the cDNA clone was used as a probe
to isolate three overlapping clones spanning 35 kb of genomic
DNA from the D. melanogaster Dm 145 library. The cloned
genomic DNA only hybridized to 69A1 on polytene chromo-
somes, and Southern analysis indicated that homology to the
insert was confined to a 2.3-kb region bounded by EcoRI and
BamHLI sites (Fig. 2). The similarity of the Pst I and BamHI
restriction sites in the 5’ region of the cDNA and genomic
clones suggests that there are no or only small introns in this
region. We have no evidence to exclude the possibility of one

~ or more small introns in the 3’ portion of Est-6.

RNA Blot Analysis. After agarose gel electrophoresis,
blot-transfers of RNA from several life stages of the Canton-S
strain of D. melanogaster and from adult males of the
Est-6-null strain were hybridized to single-stranded RNA
probes derived from each strand of the 1.85-kb cDNA
fragment (Fig. 3). No specific hybridization was detected
with one strand, but two poly(A)* transcripts, of about 1.68

ETP 5 Ser-Asp-Thr-Asp-Asp-Pro-Leu-Leu-Val-Gin-Leu-Pro-GIn-Gly-Lys

Oligo: CTS TGX CTRCTS GG

ETP 13  Glu-Asp-Phe-Gly-GIn-Leu-Ala-Arg
Oligo: CTS CTI AAI CCI GT¢ IAS CG§ ICS

ETP 16  Val-Gly-Asp-Glu-Ser-Ala-Glu-Asp-Ser-(Ser-Gly)-Lys-Lys
ETP 19  Ser-Pro-Ala-Tyr-Ala-Tyr-Val-Tyr-Asp-Asn-Pro-Ala-Glu-Lys
Oligo: CG.ATI CG. ATI CALATI CTI TTI GGL CG{CTITT
ETP22  Asp-Thr-Lys Fic. 1. Amino acid sequences of tryptic pep-
tides from purified Est-6. The sequences of three
synthetic oligonucleotides are given beneath the
ETP 28 Ala-Phe-Glu-Leu-Gly-Arg corresponding peptides. I, deoxyinosine.
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Key—R:EcoRl, H:Hindlll, B:BamHI, P:Pstl —— 250 bp homology to the cDNA. bp, Base pairs.

kb and 1.83 kb, were detected with the other strand. The
larger of these transcripts is very similar in length to the size
of the insert in the cDNA clones, suggesting that the cDNAs
are, if not full-length, nearly full-length copies of Est-6
message. The direction of transcription implied by the strand
specificity of hybridization is indicated in Fig. 2 and con-
firmed by the location of the small poly(A) tract in the cDNA
sequence (see below). The developmental profiles of the two
transcripts are congruent with that of Est-6 protein (17).
However, only one major protein form with Est-6 activity has
been mapped to the Est-6 locus (1), and it remains unclear
whether both or only one of the transcripts is translated into
this protein.

The 1.68- and 1.83-kb transcripts are both absent in adult
males of the Est-6-null strain of D. melanogaster (Fig. 3).
Subsequent Southern analysis of this strain (data not shown)
indicates an insertion of the 8-kb B104 transposable element
(25) adjacent to the BamHI site in the middle of the gene (Fig.
2).
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FiG. 3. Blot hybridization analysis of transcripts homologous to
Est-6 cDNA. The first eight lanes give a developmental profile in
wild-type D. melanogaster (pA*, poly(A)* RNA; total, total RNA;
V3 and V¢, virgin male and female). The rightmost lanes compare
total RNA of adult males from Est-6-null and wild-type (active)
strains. Embryos had aged 0-16 hr after egg laying. Early larvae were
early second instar, and late larvae were mid third instar. Pupae were
collected 1-3 days after pupariation, and adults, 3-7 days after
eclosion. All stages were reared at 22°C. Markers at left show
positions and sizes (kb) of HindIII restriction fragments of bacteri-
ophage A DNA used as standards and of the 1.83- and 1.68-kb
transcripts that hybridized to the probe.

Sequence Analysis. Fig. 4 presents the full sequence of the
cDNA fragment and the inferred amino acid sequence de-
rived from its only long open reading frame. The amino acid
sequence encoded by the open reading frame probably begins
at position 25 and ends at 1669. A 17-nucleotide poly(A) tail
begins at 1820. The consensus poly(A) signal sequence,
AAUAAA (26), begins at nucleotide 1799. The inferred
amino acid sequence includes peptides similar to all six
tryptic peptides sequenced from purified Est-6 protein. Only
4 of the 59 residues in the tryptic peptides differ from those
deduced from the cDNA. » ‘

The first 21 residues (—21 through.—1) of the inferred
amino acid sequence probably define a signal peptide. This is
suggested by the fact that one of the tryptic peptides (ETP'5)
begins at residue 1, although the serine at this position does
not constitute a site for cleavage by trypsin. Several char-
acteristics of the putative signal peptide—its length, hydro-
philic residues near the beginning and end, a hydrophobic
core, and a final residue with a short side chain—are
commonly found in signal peptides (27).

Mature Est-6 protein probably extends to residue 527,
which precedes the first termination codon in this reading
frame. This sequence would result in a nonglycosylated
protein of M, 59,380, in accordance with previous estimates
(1). Potential N-linked glycosylation sites occur at residues
—2,21, 399, 435, and 485 in the inferred amino acid sequence
(28). .

Active-site peptides from a series of eukaryotic esterases
all contain the sequence Gly-Glu-Ser-Ala (Table 1). This
sequence is not found in its entirety in the inferred Est-6
sequence, although the tripeptide Glu-Ser-Ala is found at
residues 242-244 within tryptic peptide ETP 16 (Fig. 4).
However, the residues immediately surrounding this tripep-
tide show no homology with active-site sequences from the
other esterases. On the other hand, a longer region with
substantial homology to the active sites of other esterases is
found at residues 186-193 (Table 1). Comparison of this
region with a consensus sequencé for the active site peptides
from nine esterases shows only one mismatch in eight
residues, a histidine for glutamic acid difference at residue
187. Although histidine is basic and glutamate is acidic, their
side-chain hydration potentials are very similar (29). More-
over, similar hydropathies and secondary structures are
predicted (30) for this region in Est-6 and Torpedo acetyl-
cholinesterase.

DISCUSSION ‘
Six lines of evidence show that we have cloned the Est-6
gene. First, the cDNA clone originally isolated hybridized to
all three Est-6 oligonucleotide probes. Second, the cDNA
clones and homologous genomic clones hybridized in situ to
the cytological site of the Est-6 gene. Third, the develop-
mental profile of RNA complementary to the cDNA clone
parallels that of Est-6 activity. Fourth, flies from an Est-6-null
strain lacked this RNA and have an 8-kb insertion in
homologous genomic DNA. Fifth, the cDNA fragment con-
tains sequences that would encode peptides similar to all six
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The identity of the active site in Est-6 was inferred from the

tryptic peptides sequenced from purified Est-6 protein.
strong similarity of an eight-residue sequence with the con-

Analysis of this sequence suggests that the mature form of the
enzyme is derived from a proenzyme containing a 21-residue
signal peptide (27). The presence of potential N-linked

glycosylation sites in the enzyme supports previous evidence

that Est-6 is a glycoprotein (1).
sensus of the active sites in nine other eukaryotic esterases.

The only difference between this sequence and the consensus
was a histidine for glutamic acid substitution immediately
adjacent to the central serine residue. Although this differ-

- ence has little effect on predicted hydropathies and second-

' ary structures, it may affect the net charge and substrate
specificity of the region. A second feature of the Est-6 active
site concerns the alanine residue at position 192. This residue
also occurs in one aliesterase and three cholinesterases. The
five other eukaryotic carboxylesterases characterized have
glutamic acid or isoleucine at this position (Table 1). The
functional significance of this difference is uncertain, but the
evolutionary implications are that Est-6 may be more closely
related to mammalian cholinesterases and aliesterases than to
mammalian carboxylesterases.

genomic

Southern analysis at reduced hybridization stringency (55°C)
did not reveal additional homologies. One explanation for the

AAGTTACATGAATAAAATCAAAAA

T
gLysLeuHisGlu

TTTTTCGTTCTETGTAATTTITTAATTATTTAATTATTCTCAACTGGCTTTAAATATCATT

, and there is precedent

the two transcript sizes
for a signal sequence prior to the termination codon in a

AAGAGTCCTGCCTACGETTATGTCTATGACAATCCAGCCGAAAAA
TcrAcAAAAécrcrrrcrcécrTTATAITirccrrTTrcircrrrcrtrArAAAcAATEZ

1AAAkor116111AcccccAAAAAAAAAAAAAAAAAGGAATTC

Est-6 tryptic peptides sequenced, although corresporiding
oligonucleotides had been prepared from only three of these
peptides. Sixth, a region of the inferred amino acid sequence
of Est-6 has pronounced homology to the active-site peptides

Developmental RNA blot analysis using the Est-6 cDNA
clone as a probe revealed two poly(A)* RNA species, of 1.68
and 1.83 kb. The shorter transcript is less abundant, although
both have the same developmental profile. Both transcripts
are likely to derive from the same gene because

The cDNA sequence contains a long open reading frame
coding for a protein of 548 residues that includes the six

of known esterases.
two transcripts inivolved the use of alternative polyadenylyla-

tion sites; in addition to the poly(A) signal sequence at
nucleotide 1799, another consensus signal sequence occurs at
position 1667 just prior to the termination codon. The

distance between the two sequences is similar to the differ-
transcript or the use of two promoters could also account for

eukaryotic system (31). Alternative splicing of a primary
the two message sizes.

ence between

1681
1741
1801
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Table 1. Comparison of the presumptive active-site peptide of Est-6 with known active sites of

other serine hydrolases

Enzyme

Sequence

Esterases
Drosophila Est-6
Torpedo acetylcholinesterase
Eel acetylcholinesterase
Horse aliesterase
Human cholinesterase
Carboxylesterase
Chicken
Horse
Pig and sheep
Ox
Consensus
Selected proteases
Bovine trypsin
Drosophila trypsin-like
Streptomyces trypsin-like
Hornet chymotrypsin
Crab collagenase
Pig elastase
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Data for Torpedo acetylcholinesterase and the Drosophila trypsin-like protein are taken from
Schumacher et al. (8) and Davis et al. (9). All other data are from Dayhoff (11) and references therein.

Standard one-letter amino acid symbols are used.

The relationship of Est-6 to the mammalian cholinesterases
is likely to be a distant one. A comparison of Torpedo
acetylcholinesterase (8) and Est-6 reveals only 19% overall
amino acid sequence similarity. There are two local regions
of greater similarity; one 20-residue sequence from positions
30 to 49 in Est-6 has 65% sequence similarity to residues
33-52 in acetylcholinesterase (8); a second region, of 151
residues, which contains the presumptive active site and runs
from positions 132 to 282, shows 43% similarity with residues
143-295 in Torpedo acetylcholinesterase.

Searches of the National Biomedical Research Founda-
tion** and Genbank'' data bases revealed only one other
protein, bovine thyroglobulin (10), with significant sequence
similarity to Est-6. The specific regions of Est-6 responsible
for the similarity are the same as those similar to acetylcho-
linesterase, although in this case the active site is not
conserved.

None of several serine proteases in the data bases show
significant overall sequence similarity to Est-6 or acetylcho-
linesterase. There is direct evidence for limited local simi-
larity around the active site (Table 1), but it is clear that Est-6
and acetylcholinesterase are at most only distant relatives of
the serine protease multigene family.

**Protein Identification Resource (1987) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), Release 12.0.
ttNational Institutes of Health (1986) Genetic Sequence Databank:
GenBank (Research Systems Div., Bolt, Beranek, and Newman,

Cambridge, MA), Tape Release 44.0.
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