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Abstract

Early studies of eye pigmentation in Drosophila melanogaster provided compelling evidence that the cinnabar
(cn) gene encodes the enzyme kynurenine 3-monooxygenase (EC 1.14.13.9). Here we report the cloning of
approximately 60 kb of DNA encompassing the ¢n gene by chromosome walking in the 43E6-F1 region of
chromosome 2. An indication of the position of cn within the cloned region was obtained by molecular analysis
of mutants: 9 spontaneous cn mutants were found to have either DNA insertions or deletions within a 5 kb region.
In addition, a 7.8 kb restriction fragment encompassing the region altered in the mutants was observed to induce
transient cn function when microinjected into cn™ embryos. The cn transcription unit was identified by Northern
blotting and sequence analysis of cDNA and genomic clones from this region. The predicted cn protein contains
several sequence motifs common to aromatic monooxygenases and is consistent with the assignment of cn as

encoding the structural gene for kynurenine 3-monooxygenase.

Introduction

The brick red colour of the compound eye of Drosophi-
la melanogaster is determined by the presence of the
brown (ommochrome) and red (drosopterin) screening
pigments that optically isolate the individual omma-
tidial units. These pigments are located mainly in spe-
cialized pigment cells that form a sleeve around each
ommatidium. The biosynthetic pathways for the pro-
duction of the two classes of pigments, which are
biochemically aistinct, are under strict developmen-
tal control. Ommochrome deposition in the develop-
ing eye first begins around 47 h after pupariation and
continues until two days after eclosion (Ryall & How-
ells, 1974), while the drosopterins first appear about
70 h after pupariation and are deposited until two to
three days after adult emergence (Fan et al., 1976).
These features of tissue-specific and temporal con-
trol, in combination with the identification of over 50
genes that have a primary effect on pigment production

(Lindsley & Zimm, 1992), make eye pigment synthe-
sis in Drosophila melanogaster an attractive system for
studying coordinated gene regulation.

Xanthommatin, the main ommochrome screening
pigment found in dipteran eyes, is biosynthetical-
ly derived from tryptophan via a series of oxidation
reactions that involve N-formylkynurenine, kynure-
nine, and 3-hydroxykynurenine as intermediates (see
reviews by Linzen, 1974; Phillips & Forrest, 1980;
Summers, Howells & Pyliotis, 1982; Sullivan, 1984).
Four eye colour genes of D. melanogaster — scar-
let(st), white(w), vermilion(v), and cinnabar (cn)-
encode products that are absolutely required for xan-
thommatin synthesis because null mutations at these
loci abolish brown pigment production entirely. Two
of these genes (st and w) code for products that are
involved in the uptake and storage of xanthommatin
precursors (Sullivan & Sullivan, 1975; Howells &
Ryall, 1975). Both st and w have been cloned and
an examination of the amino acid sequences of their
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putative protein products (Mount, 1987; Tearle et al.,
1989; Pepling & Mount, 1990; Ewart et al., 1994)
has shown that they both belong to the Traffic ATPase
(ABC) super-family of membrane transporters (Ames,
Mimura & Shyamala, 1990; Hyde et al., 1990). The
other two genes code for enzymes required for xan-
thommatin biosynthesis. The v gene encodes the path-
way enzyme tryptophan oxygenase (Baglioni, 1960;
Baillie & Chovnick, 1971; Walker, Howells & Tearle
1986). This gene has been cloned (Searles & Voelker,
1986; Walker, Howells & Tearle, 1986) and its molec-
ular structure fully characterized (Searles et al., 1990).
Compelling biochemical data indicates that the cn gene
encodes the third enzyme of the pathway, kynurenine
3-monooxygenase (EC 1.14.13.9);! no activity of this
enzyme was detected in adults or pupae of strains
homozygous for three different mutant alleles of cn
(cn?, cn®, and cn®5%) (Ghosh & Forrest, 1967; Sulli-
van, Kitos & Sullivan, 1973). In pupae that have one,
two, or three copies of the cn™ allele, enzyme activi-
ty is proportional to the cn* dose (Sullivan, Kitos &
Sullivan, 1973).

The activity of kynurenine 3-monooxygenase in
D. melanogaster has been shown to vary in a devel-
opmentally specific manner, with peaks in both lar-
val and pupal life (Sullivan, Kitos & Sullivan, 1973).
Grillo (1983) determined that the larval activity can
be attributed almost entirely to expression in the
Malpighian tubules and that pupal kynurenine 3-
monooxygenase activity can be detected only in devel-
oping eye tissue. Thus the cn gene is of interest because
of its distinct tissue and temporal specificity, being
expressed only in the larval Malpighian tubules and
in the developing eyes and ocelli of the pharate adult.
The enzyme is also of interest because of its subcellular
localization. In Saccharomyces (Bandlow, 1972), Neu-
rospora (Cassady & Wagner, 1971), rat liver (Okamoto
et al., 1967) and in the Mediterranean flour moth Eph-
estia (Stratakis, 1981), kynurenine 3-monooxygenase
has been shown to be associated with the outer mito-
chondrial membrane. It seems likely that this is also the
case in D. melanogaster because it has been localized
to the mitochondria (Sullivan, Grillo & Kitos, 1974)
and shown to be hydrophobic (Grillo, 1983).

Three of the four genes known to be essential for
the production of xanthommatin have been cloned.
This paper describes the cloning of the fourth, cn.
As described below, a short chromosome walk was

! Formerly known as kynurenine 3-hydroxylase (EC 1.14.1.2 pre-
1978, and EC 1.99.1.5 pre-1964)

undertaken in the 43E-F region of chromosome 2, the
chromosomal region to which cn has been localized by
genetic and cytogenetic analysis (Lindsley & Zimm,
1992). By analysing the genomic DNA from a series of
cn mutants using Southern blotting, a 5 kb region was
identified as being the likely location of the cn gene.
This and adjacent regions were sequenced and shown to
contain a transcription unit with the potential to encode
a polypeptide with several amino acid sequence motifs
characteristic of monooxygenase enzymes.

Materials and methods

Drosophila stocks

Wild-type and ‘mutant strains of Drosophila
melanogaster were obtained from a number of sources,
listed in Table 1. All stocks were routinely reared at
either 18 ° or 25 °C on standard cornmeal-treacle medi-
um (Roberts, 1986).

Library screening and Southern blotting

For each step of the chromosome walk, three genome
equivalents of an amplified Canton S genomic DNA
library, constructed in EMBL3A (Walker, Howells &
Tearle, 1986), were screened using standard proce-
dures (Maniatis, Fritsch & Sambrook, 1982; Bender,
Spierer & Hogness, 1983). cDNA clones were iso-
lated from libraries constructed from seven- to nine-
day-old pupal RNA (Poole et al., 1985) and from size
fractionated cDNA derived from newly emerged adult
heads (Dreesen, Johnson & Henikoff, 1988). For both
genomic and cDNA libraries, replica nitrocellulose fil-
ter lifts were hybridized with nick translated probe
DNA at 60 °C as described by Walker, Howells, and
Tearle (1986).

Genomic DNA was isolated from adult flies as
described by Bender, Spierer, and Hogness (1983).
Bacteriophage lambda and plasmid DNA were pre-
pared as described by Sambrook, Fritsch, and Maniatis
(1989). Restriction digestions and Southern blotting
were performed as described by Walker, Howells, and
Tearle (1986) except that genomic Southern blots were
hybridized at 42 °C in 50% formamide, 5 x SSPE,
1 x Denhardt’s solution, 10% dextran sulphate, 0.1%
SDS and 50 pg/ml herring-sperm DNA and washed at
a final stringency of 0.5 x SSC/0.1% SDS at 65 °C.
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Strain Background Origin Source Reference

Canton S standard wild-type wild-type ANU Lindsley and Grell, 1968

cn! outcrossed to Canton S Spontaneous in wild-type =~ ANU Tearle, 1987

cn? SMS Spontaneous in In(2R)Cy 1. Alexandrov  Lindsley and Zimm, 1992

o T(Y:2)C UnknownY BG Lindsley and Zimm, 1992
;2)C Unknown ID Lindsley and Zimm, 1992

cn? In2LR)ds**abPcnbw’! UnknownY BG Lindsley and Zimm, 1992

enk wild-type Spontaneous in B bb BG Lindsley and Zimm, 1992
wild-type Spontaneous in B bb ID Lindsley and Zimm, 1992

en’y nelYp3 8 cn’8ibw’ Unknown¥ BG Lindsley and Zimm, 1992

cn®e wild-type Spontaneous ANU Tearle, 1987

cn®h wild-type Spontaneous ANU Tearle, 1987

cne wild-type Spontaneous in y2su(w®)  ANU Tearle, 1987

cn®6i wild-type Spontaneous ANU A. Howells unpublished

en'tr wild-type Spontaneous in vg A.Fontevilla  Valadé del Rio, 1982

cn?®d wild-type MR induced M. Green M. Green unpublished

cnMRI wild-type MR induced M. Yamomoto M. Yamomoto unpublished

1(2)cn?4h80 SM5/1(2)cn®h80 radiation induced L Alexandrov  Alexandrov, 1984

DAI2R)cn”™®  SMSIDf{2R)cn’* radiation induced L Alexandrov  Alexandrov, 1984

Dfi2R)CAS3  CyOIDf(2R)CAS3 radiation induced ™ Lindsley and Zimm, 1992

Dfi2R)cn-h3 CyOIDf{(2R )cn-h3 radiation induced ™ Lindsley and Zimm, 1992

Abbreviations: ANU, The Australian National University; BG, Bowling Green State University, Bowling Green Ohio, USA;
ID, Indiana University, Bloomington Indiana, USA; TM, Max-Plank-Intitut fiir Entwicklungsbiologie, Tiibingen Germany.
TThe origin of these alleles is not reported in the literature.
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Figure 1. Basic restriction maps of the recombinant clones isolated from the 43E polytene band region. The orientation of the walk in relation
to the centromere and telomere and the location of the Gapdh gene are shown. Solid black bars indicate the regions deleted in Df2R)CAS3,
Dfi2R)cn-h3, DR2R)en”® and I(2)cn®*0, Coordinates originate at the unique Xhol site in AH2 (see Figure 5).
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RNA extraction, blotting, and RT-PCR procedures
RNA was extracted from frozen animals by an adapta-
tion of the method described by Bingham and Zachar
(1985). 0.2 mg of frozen material was homogenized in
2.5 ml of 10 mM Tris-HCI (pH8)/350 mM NaCl/2%
SDS/7M urea/10 mM EDTA and immediately vortexed
in 1 ml of buffered phenol followed by 1 ml of chioro-
form. The aqueous phase was then collected, reextract-
ed as above, and ethanol precipitated. Poly AT RNA
was then isolated from this crude preparation by oligo
dT cellulose chromatography (Nakazato & Edmonds,
1974).

Northern blot analysis was performed by elec-
trophoresing equal quantities (approx. 10 ug) of gly-
oxylated poly AT RNA through 1% agarose, blot-
ting onto nylon membrane (Hybond N+, Amer-
sham), and hybridizing to a randomly primed 32P
labelled DNA probe in 50% deionized formamide/2
x SSPE/1% SDS/1% BSA/0.5 mg/ml sheared herring
testis DNA/10% dextran sulphate at 50 °C. Blots were
washed at a final stringency of 0.1 x SSC, 1% SDS at
60 °C prior to autoradiography.

cDNA was made from DNase treated poly AT RNA
using a commercial cDNA synthesis kit (Pharmacia
P-L Biochemicals) utilizing the oligonucleotide 5'-
AACTGGAAGAATTCGCGGCCGCAGGAA(T) -3
to prime the reverse transcription (RT) reac-
tion. Two rounds of hemi-nested PCR were per-
formed on 1 pg of ¢cDNA in 100 ul reactions.
Each amplification contained 2.5 U Taq DNA
polymerase/0.2 mM dNTPs/2 mM MgCl,/50 mM
KCl/10 mM Tris pH 8.3/100 pmol of each primer.
Primers 5'-CAGAATCAAAACGATCTCCTG-3' and
5'-CATTTGCGACCTGGCCATGTAC-3', which are
specific to cn exon 2, were used in combination
with primer 5'-AAGAATTCGCGGCCGCAGGAAT-
3'. Thermal cycling conditions for both primer combi-
nations were as follows: 96 °C (5 min), 35 cycles of
96 °C (10 s), 65 °C (15 5), 72 °C (1.5 min) followed
by a final extension of 72 °C (5 min).

Plasmid cloning and sequencing

Restriction fragments derived from recombmant phage
were cloned using standard procedures (Sambrook,
Fritsch & Maniatis, 1989) into the pBluescribe (pBS+
and pBS—, Stratagene) phagemid vectors. PCR ampli-
fied cDNA sequences were cloned into pBluescript
(Stratagene) prepared as described by Marchuk et al.
(1991). All phagemids were propagated in E. coli strain
JPA101 (a Tet® derivative of JM101 constructed by J.
Adelman).

Size
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Figure 2. Localization of the AG3 clone to the region absent in both
the Dfi2R)CA53 and Dfi2R)cn-h3 deficencies. Equal quantities of
EcoRI-cut genomic DNA were probed with radiolabelled A\G3 DNA.
DNA samples include Canton S (lanes 1 and 4), Df{2R)CA53/Cy0
(lane 2), andDf{2R)cn-h3/CyO (lane 3).

Nucleotide sequences were determined from
single-stranded DNA by a modification of the standard
Sequenase method (Tsang & Bentley, 1988) using 35S-
dATP (Amersham, >1000 Ci/mmol) and 7C-deaza-
dGTP (Boehringer) in place of dGTP (Mizusawa,
Nishimura & Seela, 1986). Nested deletions required
for sequence analysis were generated by the method of
Henikoff (1987). Sequence analyses were performed
with the MacVector (IBI) or GCG (Devereux, Haeber-
li & Smithies, 1984) suites of sequence manipulation
programs. Protein and nucleic acid sequence database
searches were performed using the BLAST algorithm
(Altschul et al., 1990) via the electronic-mail search
facility provided by the National Center for Biotech-
nology Information (NCBI).

Embryo injections for transient expression assays

Embryos (less than 40 min old) that had been man-
ually dechorionated and desiccated were microin-
jected with cesium chloride purified plasmid DNA
(600 mg/ml) essentially as described by Rubin and
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Figure 3. Localization of the AF2, AG3, and AH2 clones relative
to the lesions in D2R)cn’®? and /(2)cn®*30. Replica Southern
blots containing approximately equal loadings of EcoRI-cut genom-
ic DNA were probed with the AF2 (lanes 1-3), AG3 (lanes 4-6),
and AH2 (lanes 7-9). DNA samples analysed were Canton S (CS),
DR2R)cn9[SMS (79b9), and i(2)cn®#80/SMS (84hB0). Alexan-
drov and Alexandrov (1992) report Df2R)cn”® to be lacking the
43E5-7 to 43E19-F1 polytene band region.

Spradling (1982). The injected animals were main-
tained at 20 °C until eclosion. Eye phenotype was
scored within 24 h of eclosion and rechecked around
72 h later.

Results

Cloning the cinnabar region by chromosome walking
AG3, a genomic clone originating from within poly-
tene band 43E and containing the glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) gene (Sullivan et
al., 1985), provided an entry point into the cn gene
region. Using standard chromosome walking tech-
niques, two sequential steps were taken from each end
of the AG3 clone to isolate overlapping clones from a
Canton S derived genomic library. Preliminary restric-
tion mapping of DNA from the recombinant phage
(denoted AE6, AF2, AH2, and AJ1; see Figure 1)
showed that the genomic region covered by the five
clones spans just over 60 kb.

To localize the cloned sequences within the 43E-
F polytene band region, Southern blot analyses of
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genomic DNA from wild-type and from heterozygotes
carrying Df{2R)CAS53 , Dfi2R)cn-h3, Df{2R)cn™%?,
and §(2)cn®4"8% were performed. All four of these
chromosomes lack cn function as well as that of one or
more flanking lethal complementation groups (Alexan-
drov, 1984; Alexandrov & Alexandrov, 1991; Linds-
ley & Zimm, 1992; Wustmann et al., 1989). Radiola-
belled DNA prepared from the AG3 clone was found to
hybridize to Df{2R)CA53/CyO and Dfi2R)cn-h3/CyO
DNA with approximately half the intensity of that
observed for wild-type (Figure 2). By probing South-
ern blots similar to that shown in Figure 2, it was
found that the sequences covered by the entire 60 kb
are absent in both Dff2R)CA53 and Df{2R)cn-h3 (data
not shown). The hybridization signal with DNA from
the I(2)cn®4h80 heterozygotes was reduced to about
half that of wild-type for all the bands hybridizing to
AF2, AG3, and AH1 (Figure 3, lanes 1, 4, and 7 com-
pared to lanes 3, 6, and 9), as well as with AE6 and AJ1
(data not shown). This indicated that the entire genomic
region covered by the walk is deleted in the i(2)cn84h80
chromosome. In contrast, DNA from the Df{ 2R)cn"9%¢
showed wild-type levels of hybridization to AF2 (Fig-
ure 3, lane 1 compared to 2), and AE6 (not shown), but
reduced levels with AH2 (Figure 3, lane 7 compared to
8) and AJ1 (not shown). AG3 appears to span one of the
deletion endpoints in the Df{2R)cn”?®? chromosome,
as one fragment (of about 6 kb) shows normal levels
of hybridization while the others show reduced levels
(Figure 3, lane 4 compared to 5). Alexandrov (1984)
determined that the Df{2R)cn”°%? chromosome lacks
cn function as well as that of a juxtaposed lethal com-
plementation group immediately centromere proximal,
whereas (2)cn®4h80 lacks cn and the flanking lethal
gene immediately distal (Alexandrov, 1984; Alexan-
drov, unpublished). From the orientation of the two
deficiencies with respect to the chromosome it was
deduced that the distal endpoint of Df{2R)cn”%%? is
located within the AG3 sequences and, of the five
recombinant phage, AJ1 contains sequences closest to
the centromere. Because cn function is absent in both
Df(2R)cn™® and [(2)cn®4"8°, cn was concluded to
lie on the centromeric side of the Df{2R)cn7%%? break-
point, i.e., in the righthand region of AG3, in AH2, AJ1,
or beyond.

Southern blot analysis of cinnabar mutant strains

In an attempt to locate the cn transcription unit with-
in the region covered by the chromosome walk, 15
independently isolated, cytologically normal cn alleles
(Table 1) were examined by genomic Southern analysis



254

Size Size
&y 1 2 3 4 5 6 7T 8 gy,
16 > """'! 20 ->
5> 4 - - el -
1> e 5>
. — 3>
—
14> o R v -
11> - s . 1.5 ->
0.8 >

9 10 11 12 13 14 15 16 17 18
T ERE L E X E 2 L B
.
-
B o= - - - -

s
. Lt

Figure 4. Hybridization of radiolabelled AH2 DNA to EcoRI digested (lanes 1-8) and Sall digested (lanes 9-18) genomic DNA from various
cinnabar mutants. DNA samples analysed include Canton S (lanes 1 and 9), cnd (lanes 2 and 10), cn_"b' (tanes 3 and 11), ¢’ from Bowling
Green (lanes 4 and 12), cn®%¢ (lanes 5 and 13), cn®® (lanes 6 and 14), cn®* (lanes 7 and 15), cn’¥ (lanes 8 and 16), cn%* (lane 17), and

SM5/(2)cn®80 (ie., cn?, lane 18).

for DNA rearrangements. When AH2 was hybridized
to blots carrying DNA cut with a variety of restric-
tion enzymes, altered restriction patterns relative to
wild type were found in a large number of the mutants
(see Figure 4 for examples). This high level of restric-
tion site polymorphism was not observed when the
Southern filters shown in Figure 4 were stripped and
hybridized with AE6, AF2, or AJ1 (data not shown).

A detailed restriction map of the sequences carried
in AH2 was constructed and the nature and position
of the molecular lesion in each mutant (as determined
from a series of detailed genomic Southern analyses)
was determined (Figure 5). DNA insertions or dele-
tions were mapped to a region in the centre of the AH2
clonein 9 of the 15 cn alleles examined, suggesting that
the cn transcription unit spans this region. Of these 9
alleles, 7 showed a single alteration while 2 alleles (cn?
and cn®4*) have two. The cn? strain obtained from the
Bowling Green Stock Center contains a 0.5 kb deletion
as well as a 7.5 kb insertion located about 5 kb distally,
although this insertion was not found in DNA from
the cn® strain obtained from the Indiana Stock Cen-
ter (data not shown). For cn®", two insertions were
detected, one of 0.4 kb and a second of approximately
1 kb located about 4 kb distally (Figure 5). Both cn®
and cn®%* show a 0.5 kb deletion that appears to be
identical in both size and position. Two other alleles
(cn?, cn™7) contain identical 1.5 kb deletions (com-
pare the relevant lanes in Figure 4 for examples) and

cn? and cn* have identical 8 kb DNA insertions (data
for cn* not shown). In addition, identical restriction
patterns to that observed for cn! were also seen in
DNA from cn®¥? and cn™®! (data not shown).

Localization of cinnabar by transient expression
Transient expression of microinjected DNA was used
to ascertain whether the region of AH2 identified by
mutant analysis could supply cn function in vivo.
Transient expression of injected DNA containing the
cn transcription unit was considered likely to induce
partial xanthommatin deposition in crn~ individuals
because 1) ¢n is non-cell autonomous in tissue trans-
plantation experiments (Beadle & Ephrussi, 1936),
2) xanthommatin deposition in adult eye tissues can
be partially restored by feeding cn™ larvae on a diet
supplemented with 3-hydroxykynurenine (Schwabl &
Linzen 1972), and 3) microinjection of rosy* and vt
encoding DNA into rosy~ and v~ embryos has previ-
ously been shown to partially restore adult eye pigmen-
tation (Rubin & Spradling, 1982; P.W. Atkinson and
W.D.W, unpublished). Plasmid DNA containing the
7.8 kb Xhol-Kpnl fragment (designated XK8, coordi-
nates 0 to +7.8, Figure 5), which includes the region
altered in the cn mutants, was found to induce partial
xanthommatin deposition in 37% of the adults devel-
oping from microinjected cn’!;wP¥® embryos. Thus,
the XK8 fragment was concluded to contain the cn
gene.
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Figure 5. Summary of the molecular characterization of the cinnabar gene region. (A) Restriction map of the AH2 clone; (B) Location of the
XK8 sequences shown to induce eye pigmentation in cn™ animals; (C) Enlarged restriction map of the central portion of AH2; (D) Molecular
lesions identified by Southern blot analysis of cn mutants. Insertions (A) and deletions (V) are indicated in proportion to their size and location.

Coordinates correspond to kilobases from the unique Xhol site,

Sequence analysis of the cinnabar region

In order to establish the molecular structure of the
cn gene region, the sequence of 12.3 kb of genom-
ic DNA (from the Xhol site, coordinate 0.0, to the
Xba I site, coordinate +-12.3) was determined, as was
the sequence of several partial cDNA clones and an
RT-PCR product derived from this region. The por-
tion of the genomic sequence data that includes the cn
gene is shown in Figure 6. The cn gene is interupted by
two introns whose splice donor and acceptor sequences
compare favorably to the known Drosophila consensus
(Mountet al., 1992). The second ATG codon of exon 1

(nucleotides 3741-3743) appears to be the ¢n initiation
methionine because it is flanked by sequences similar
to the D. melanogaster translation initiation consensus
(Cavener & Ray, 1991). In addition, codon prefer-
ence analysis (Gribskov, Devereux & Burgess, 1984)
of the sequences flanking this ATG revealed it to be
coincident with the transition from triplets that poor-
ly correlate with the known Drosophila codon bias,
to triplets that more closely resemble the bias found in
Drosophila coding sequences. Sequences similar to the
CCAAT (nucleotides 3556-3563), TATA (nucleotides
3600-3605), and mRNA CAP (nucleotides 3683-3689)
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CGGGCTATCCTGCACATGCTACTGTGGTTTTTGGGCCGCTGART TACGGT T TTGTTG TGGAAATATTCGGTT TTCTATT T TCTA T GTGCATGAGTTTTTCCACAGCAGCTTTTGGTGTG
ACCGCGGTTCGAGCGACAAAAAATACCTTGGTGGCCAAGGAAGAATACCAGAAAGCT TAGCGTTGGCAACGCGTTGACAGGGT TETCAGCGTTTGTCACATTAATTTAAATTAGCGCGGT
TTTMAAAACAGAACATGTATTTATT TATTTATACTTTTAGTAATTGAACTGCATGACACTTC TTTAGTATGATCCARAATTTCCATTCAGATACTTGGTAAT TTTCCTTCATTAGCAAT
CTTAAGTGTAAGTGCTCACAATTTACAGTICT TATCTGT TTARAATGT TTAAT TATATCATGTAATCTCGGCTGGCTTAATCTAATGTTTTC TTATCGTGAATTCATTGTTCGCTTAATC
TTATGTTTTCTTCTTGTCCATCGAAGATAGATGCATTTGTACGAGTATGTAATAAAGAAAAATAAAAACATATTCTGAATT T TGAATTTGTAATGATATATTTTCCCATTACTTAAGCTT
AGTTAACTTAGCTTATTTAACAAGTAAACACGAGGAAACGCAGGTCAATATTTGAAACATTCGTITCARATACTACTCATACAAAATAATATCARAAACACT I TTCGAAAGTGTGCGCGTA
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L HL VGFPQQHOQTTIODTTIVYOCPSDTITIISWLNTIS®PA ASTCTLA ASTIS S I
CCATCTTCATTTCGC TGCCAACGAGCCAGCAGARCGGTCATGAGCCCAGRAATCGTTAGCCAGGAGGTAAACGECCGCCAGGAGCCARCAGAAGCTGCGAGGGACGAGAGACATGGACGA
P S S FRCO(QQRASRTUVMSPGIUVS(QZEVNG GRU OEZ®PTTEA AARTDTETRTUEHTGHR
CGGCGCCEOCTEGCAGTTATTCGAGCAGCAC TTGTEACTCTAACAAAGTTATTTGAAGTATACAAT TATTACTC TGCGAAAGCATARATAGATTGTCGGTCTATAAATATAGCGAATGAA
R RR YV AV IGAGTL
ATTTAGTGTTAATCATTAACAAAATAATATATAGTCTATATTTAGAGTAGACCGTAGTACGGTTATAAACAGGCAATAATTC TAGTTTATCTTCATGTTATC TARAACTAAGCTTTGCTA
ATTTGCTAAAATACACATCATAGTAGTAGAATTATAGAATTCGAATTCTTTTCGAATCATTCCTAAGTAATCTTTAAATTATGCTGCATTTTGATGTGTCTTCACATATGTAGTTAGATG
CGTTATCTTTAGTGTTTTTAAATCCCTGCTTCCAGATATARGGC TCTTATCACGCT I TCTACGCATCTTAT TCTCCATAACACTAGETGGGTTCTCTGGCAGCCTTGAACTITGCCCGCA
V6 SL AALUNTFARHN
TGGGCAACCACGTGGATTTGTACGACTACCGGGAGGATATCCGCCAGGCCCTAGTGGTTCAGGGCAGGAGTATTAACCTGECTC TITCGCAGCGTGGCCETAAGGCGCTGRCCECCETGE
G NHVDULYEYREDTIRUQALVVYV Q2QGRSTINILALSOSTZ QPRGRTE KA ATLAA AUVG
GTCTGGAGCAAGAGETGCTGGCCACCGCCATACCCATGCGAGGCAGAATGCTCCACGATGTGCGAGGAAACTCCAGTGTGGTCCTATACGATCCCATTAACAATCAATGCCTGTACTCCG
L E §Q EV L AT A I P M RGRMULHDPDV RGNS SSVV LYDPIUNIEKO GO CTLTYS SV
TGGGACCTCGACAGC TGAACGAAGTCCTTTTGAATGCCTGCGATARGCTGCCCAATATACGC TGCCACTTCGAGCACAAGC TGACAAGTACCAATCTGCGAGAGGGATCCATGGAGTTCC
@G R R QLNEVILLNA ACDIEKTLZPNIRCHPEU HIEKTLTSANTLURESGT SMETFR
GCAATCCCGCCAAGGAAGCCGTAGCTGCCCATACTEATCT TATAGTCGGCTGCGATGGTGCCTTCAGTAGTGTGCGCCAGCACTTGETCCETTTGCCGGGCTTCAACTACTCCCAGGAGT
N P AKEA AV A AHEADILTIUVGCDGAP S SVROQHLVRLDPGPFUNYSOQESFY
ACATAGAAACGGGGTATCTGGAGCTCTGCATACCCTCGAAATCGGGAGACTTCCAGATGCCTGCCAACTATC TGCACATATGGCCGCGTAACACCTTCATCATGATTGCCCTGCCGAATC
I E TG Y L ELCIPSKSGDTFQMPANTYTLUHTIUWNPQRNTTF FMMTIALTPUNSZGQ
AGGATAAGTCTTTCACGGTCACGCTGTCCATGCCCTTTGAGATCTTCGCTGGCATTCAGAATCAAAACGATC TCCTGGAATTC TTTAAGC TGAACTTCCGGGACGCACTGCCACTGATTS
D K S FTVTULSMPFETITFAGIQ QNG Q@ENDLTLTETFTFTIKTLUNTFPFQ RDUALUPTLTISG
GAGAGCAACAGCTCATAAAGGACTPTCTTCAAGACCAGGCCACAGTTTCTCETCTCCATCAAGTGCCGGCCGTATCATTATGCGGATAAGGCACTGATCCTCOGCGATGCCECCCATACGA
E Q Q L I KDPFIKTHRPQPFULVSIIEKC CRPYHYADTE KA ALTITLGDA A AUHA AM
TGGTTCCGTACTACGGCCAGGGTATGAATGCTGGAATGGAGGATGTCACGCTGCTCACCGACATTTTGGCCAAGCAGCTGCCACTGGACGAGACGTTGGCCCTGTTCACCGAATCCCGCT
Vv P YYGQGMNA AGMEDUVTLLTDTITLA ATEKA Q@LZPLUDETTLA ATLTFTTESUSTR RW
GGCAGGACGCCWCGCCMMGCGACcrccccATGTAcAAWA'ercGTGGGWTGGAACTAGAAmmmmmcmnmnmmmmcrcrmmccmu
Q DAFAICDTLA AMYNVYVE
GCGAGACCTGACCAMCGTTGGACATNCGGCTGCGGAAATGGCTGGACACACTGCTGTTCCG‘I'CTGT‘I'I'CC'IGG’I'DGGA’I'PCCTCTCTATMCAGCGTCTCCT'I"I‘TCCAGTATGCC'I'I‘A
R DL T KR WTVFURTULRIKMWLDTLLFRTLTPFU®PGWTIPLYUNSU VISV FSSMZPY
TCGACAGTGCATTGCCAACCGGAAGTGGCAGGATCAGCTGCTGAAACGCATTTTCGGCGCCACT T T I TGGCCOGCCATTCTGACTGGTGGAGCTATATATGCACAGCGATTTTTATAAAG
R Q ¢C I ANRIKUWQQDO QULULIEKZ RTITPFGATT FTLA AAIUVTGGATIYATZ QTR RTF L STop
TAAAATTTAAAGTCTATATAAATTGTTACACTGATTATAAAGTAAATCGTCTGAATTTAGTACTAGTAAATTTTATTAATAAGATAGTACACAAACATTATTAGCATTAACCCATTATTG
-y
GAAATGATAAGTGTAGATATACAGCAACTATATPTCAAACTGGAGTGTGTTTCTTARAAGACATATTTAAGTACGAATGATATTACCGACAATACCATTTCAAAAATTCATTACATACAT
ACATACAAACATATATGGAAATGTTTACAAATGTTGCACCGCAAATGTTGCTAGCAGCACCAGCTTGTAAACATTTACACCCACACAT T TGTATCTTTAAATTTC TTGACTATGAAACG
CAACATGTTGAGAAAACGTCTTATACTITATGTTCGATTTGATGAGAAATTT PT T TGGATTTAAATCTGTC TG TTGTGCTCAATAAAAGGTGTTTACTTATTCAAAAATACCTCACCGAG

Figure 6. Nucleotide sequence and deduced amino acid translation of the cinnabar gene. The sequence shown starts at the ATG initiation codon
of the adjacent, divergently transcribed dCnB2 transcription unit (Warren, Phillips & Howells, 1996). Putative CCAAT (nucleotides 3556-
3563), TATA (nucleotides 3600-3605), mRNA CAP site (nucleotides 3683-3689), AUG initiation signal sequences (nucleotides 3738-3743),
and polyadenylation signal sequences {nucleotides 6240-6245) are double underlined and the location of the poly A tail determined by cDNA
analysis indicated. Nucleotide numbering corresponds to sequences deposited in GenBank accession U56245,

consensus sequences (McKnight & Kingsley, 1982;
Hultmark, Klemenz & Gehring, 1986) were also iden-
tified in the region upstream of this ATG codon (Fig-
ure 6). Analysis of sequences derived from the 3’ end
of the cn transcript, obtained by RT-PCR amplifica-
tion of RNA isolated from 56-74 h pupae, revealed a
poly A tract commencing after nucleotide 5859. Since
the first consensus AATAAA polyadenylation signal
sequence downstream of the stop codon at the end of
exon 3 occurs at nucleotide 6240 (Figure 6), a cryptic
polyadenylation signal must have been used to termi-
nate this transcript. Given the location of the mRNA
CAP consensus, the size of the two introns and loca-

tion of the poly A tail, the full length cn transcript was
predicted to be approximately 1.8 kb.

Comparison of the cinnabar protein sequence to other
monooxygenases

Conceptual translation of the cn gene, presented below
the nucleic acid sequence shown in Figure 6, yields
a protein product that is 524 amino acids in length.
This sequence was used to search the Swiss-Prot/PIR
protein databases as well as translations of the Gen-
Bank/EMBL/DDBJ nucleotide sequence databases.
Sequence similarity to a number of proteins was detect-
ed, including several known monooxygenases that act
on aromatic substrates. In addition, homology was
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observed between sequences near the N-terminus of
the cn protein and a large number of FAD binding
enzymes. An alignment of the cr protein to a num-
ber of these homologous proteins is shown in Figure
7. Two conserved domains were clearly identified; the
first, spanning residues 89-117, are involved in the
binding of FAD (Wierenga, Terpstra & Hol, 1986) and
the second, spanning residues 383-411, are implicat-
ed in the formation of a substrate binding cavity and
NADPH binding site (Weijer et al., 1983; Sejlitz et
al., 1990). The extended sequence similarity to several
known monooxygenases and the presence of FAD and
NADPH/substrate binding motifs in the proposed cn
protein indicates that cn encodes a flavin containing
aromatic monooxygenase.

In order to investigate aspects of the secondary
structure of the polypeptide encoded by cr, hydropathy
predictions were made using the method of Kyte and
Doolittle (1982). With the exception of the extreme
N- and C-terminal regions, the hydropathy of the cn
protein is consistent with a globular cytosolic struc-
ture (data not shown). The N- and C-terminal regions
are hydrophobic and could be involved in membrane
anchoring. Because other outer mitochondrial mem-
brane targeted enzymes have been proposed to contain
an amphiphilic alpha helix at their N-terminus (von
Heijne, 1986), this region of the cn protein was exam-
ined in detail for such structures. Although the extreme
N-terminus has very few charged residues and appears
unlikely to form an alpha helix, a region of probable
helical structure begins at around residue 70. Given
that the FAD binding motif, found within the first 20
or so amino acids in all the other known monooxyge-
nase sequences belonging to subclass EC 1.14.13, is
located just over 90 amino acids from the N-terminus
of the cn protein, it seems likely that the first 70 amino
acids are involved in mitochondrial targeting and/or
anchoring.

Northern blot analysis of cinnabar expression

To determine the transcriptional characteristics of cn,
a 0.8 kb partial cDNA clone spanning sequences from
nucleotides 3887 to 5068 was hybridized to polyA™
RNA extracted from larvae, pupae, and newly emerged
adults. Two transcripts of about 1.8 kb and 2.2 kb were
detected in varying amounts in mid- and late-larvae and
in early- and mid-pupae with the highest levels being
present in mid-pupae (Figure 8). Low levels of both
transcripts were observed in RNA from late pupae,
but neither could be detected in newly emerged adults.

ot (Y]
[3] v o 3] U 7]
~ o Y o, o o
= 2 2 4 a o
g & & & 3 3
e R . R
§ % £ ¥ B 8 ¢
s & =& § & S Z
Size
(kb)
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Figure 8. Northern blot analysis of cn mRNA. RNA extracted from
50-70 h larvae (mid larvae), 72-92 h larvae (late larvae), 24-32 h
pupae (early pupae), 40-58 h pupae (mid-pupae), 72-78 h pupae
(late pupae), and newly emerged adults (NEA) was hybridized with
aradiolabelled plasmid clone containing cn cDNA sequences. Each
lane contained equal quantities of polyA+ RNA as judged by ethid-
ium bromide staining of the gel prior to blotting. The leftmost lane
shows size standards ( Hindlll fragments of A phage DNA).

This developmental profile is consistent with the devel-
opmental variation in kynurenine 3-monooxygenase
enzyme activity, which shows peaks in both larval and
pupal life with the highest activity being present in
mid- to late-pupae (Sullivan, Kitos & Sullivan, 1973).
Although both transcripts are found during larval and
pupal development, the 1.8 kb transcript appears to be
the dominant cn mRNA in larvae, whereas the 2.2 kb
transcript is the dominant cr mRNA found in pupae.
The size of the 1.8 kb mRNA is consistent with the
cn gene structure detailed in Figure 6, while the exact
nature of the 2.2 kb mRNA has not yet been deter-
mined.

Discussion

Four independent lines of evidence indicate that we
have cloned and sequenced the cn gene: (i) the cloned
sequences encompass a region that displays altered
restriction patterns in nine different cn mutants; (ii)
an 8 kb restriction fragment from this region is capa-
ble of supplying cn function when introduced into cn™
mutants; (iii) the deduced cn protein displays amino
acid similarity to other proteins known to encode aro-



matic monooxygenases, and (iv) the cloned sequences
hybridize to RNA transcripts with developmental pro-
files consistent with the developmental variations seen
in kynurenine 3-monooxygenase activity.

The molecular analysis of cn mutants shows sever-
al unexpected features. Whereas a high proportion of
spontaneous mutations in a number of D. melanogaster
genes are caused by the insertion of transposable ele-
ments (Berg & Howe, 1989), only cn® and cn# appear
to contain transposable element insertions. The 7.5 kb
insertion detected in a cn® strain obtained from the
Bowling Green Stock Center may be a transposable
element, but it is unlikely to be associated with the loss
of cn activity because it lies about 6 kb upstream from
the cn gene and is not present in the cn? strain obtained
from Indiana University. The molecular analysis of cn
mutants also revealed a number of seemingly identical
lesions, including four mutants (cn!, cn™", cnMR!
and ¢cn®%%) that have similar 1.5 kb deletions. The
finding that cn™" is associated with a deletion is dif-
ficult to reconcile with the reported instability of this
mutant and of its ability to induce reversions of cn?
and cn? alleles in trans (Valade del Rio, 1974; 1982).
One possible explanation for these results is that the
four alleles simply represent copies of the cn? lesion
resulting from cross contamination of strains. For the
cn®84 and cnMB! alleles, which were isolated rela-
tively recently as single mutant individuals in sepa-
rate MR mutagenesis experiments, strain contamina-
tion seems less likely. Although the details of cn™?!
isolation are uncertain, the cn®%¢ allele was selected
over a chromosome containing the cn? allele (M.M.
Green, unpublished). Since MR chromosomes have
been shown to induce P-element mobilization (Green,
1986) and therefore must also induce P-transposase
activity, cn®? and cn™ B! may have been derived from
cn! by gene-conversion following a P-element exci-
sion and subsequent double-stranded break repair, as
described by Engels et al. (1990).

Northern blot analysis revealed two cn mRNAs of
about 1.8 and 2.2 kb, the former being consistent with
the anticipated size of the ¢n transcript as inferred from
the DNA sequence data. Although we have no defini-
tive data on the 2.2 kb mRNA, the simplest explanation
is that this transcript contains an additional 400 bp of 3’
untranslated sequences resulting from polyadenylation
following the signal found at nucleotide 6240 instead
of the cryptic signal used for generating the 1.8 kb
mRNA. The developmental profile of cn transcript lev-
els is consistent both with the biology of eye pigmen-
tation (Summers, Howells & Pyliotis, 1982) and with
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the developmental variation in levels of kynurenine
3-monooxygenase enzyme activity (Sullivan, Kitos &
Sullivan, 1973).

Comparison of the cn polypeptide to other flavin-
containing monooxygenases that act on aromatic sub-
strates led to the identification of two conserved
sequence motifs corresponding to the FAD binding
site and to the putative NADPH binding active site
regions. Given the biochemical similarites of this class
of enzymes (requiring NADPH to catalyse the incor-
poration of one atom of oxygen into an aromatic sub-
strate) the lack of more general sequence similarity
seems surprising. A comparison of the sequences of
kynurenine 3-monooxygenase from a number of other
species would provide insight into the level of sequence
variation resulting from the different substrate speci-
ficities of these enzymes and their mitochondrial tar-
geting signal sequences. Towards this end we have
commenced the characterization of the D. virilis cn
homologue (C. Patterson, S.P. & A.J.H., unpublished).

The unusual position of the FAD binding motif in
the cn protein, found within 20 residues of the N-
terminus of all of the other known flavin-containing
monooxygenase-like sequences shown in Figure 7, is
consistent with the proposal that the first 80 N-terminal
residues of the cn protein contain sequences neces-
sary for mitochondrial targeting. However, the nature
of sequence motifs involved in targeting proteins to
the outer mitochondrial membrane is still in consider-
able doubt. Monoamine oxidase B is another nuclear-
encoded FAD binding enyzme targeted to the outer
mitochondrial membrane (Greenawalt & Schnaitman,
1970), which in contrast to the cn protein, has its
FAD binding domain located extremely close to the
N-terminus (Ito et al., 1988). Similarly, the 42 kD
and 38 kD outer mitochondrial membrane proteins,
involved in the mitochondrial protein import mecha-
nisms in yeast and Neurospora respectively (Baker et
al.,, 1990; Kiebler et al., 1990), do not contain N-
terminal targeting sequences of the type employed by
other well-characterized outer membrane proteins such
as porin or the 70 kD protein (Hase et al., 1984; Mihara
& Sato, 1985; Kleene et al., 1987).

The work presented in this paper provides a firm
basis for future studies of the structure, function, and
regulation of the cn gene. A comparison of cDNA
and genomic DNA sequences from this region has
also led to the characterization of a divergently tran-
scribed gene, dCnB2, located immediately upstream of
cn (coordinates +1.1 to +2.7), which encodes a pro-
tein homologous to the Ca?* binding regulatory sub-



260

unit of the protein phosphatase, calcineurin (Warren,
Phillips & Howells, 1996). The identification of initi-
ation codons for both cn and for the divergently tran-
scribed dCnB2 gene defines a 1 kb regulatory region
that probably contains all of the cis-acting sequences
involved in the regulated expression of both dCnB2 and
cn. Comparison of this region with upstream regions
in the other genes involved in xanthommatin produc-
tion may provide valuable information about the cis-
elements and trans-acting factors that act to coordi-
nate the expression of genes involved in this common
metabolic process in the terminally differentiated pig-
ment cells of the developing adult eye. Such informa-
tion should contribute to a greater understanding of
the molecular mechanisms that regulate the activity of
genes in time and space during metazoan development.
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