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An Invertebrate Calcium-binding Protein of the Calbindin Subfamily:
Protein Structure, Genomic Organization, and Expression
Pattern of the Calbindin-32 Gene of Drosophila
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Antisera against vertebrate calcium-binding proteins cross-
react with Drosophila nervous and muscle tissue. We have
used an antiserum against carp parvalbumin to isolate from
a Drosophila head cDNA library immunopositive expression
clones. Tissue in situ hybridization identified a clone that
labeled specific neurons and muscles similar to the parval-
bumin-like immunohistochemical staining pattern. Five in-
dependent cDNAs derive from an mRNA whose open reading
frame codes for a 310 amino acid polypeptide. Sequence
analysis identifies six EF-hand calcium-binding domains and
reveals 42% and 37% homology to chicken calretinin and
calbindin D-28k, respectively. Since the positions of 9 out of
10 introns within the ORF are conserved from the Drosophila
gene to both vertebrate genes, we conclude that we have
identified the first invertebrate member of the calbindin sub-
family of calcium-binding protein genes of the EF-hand ho-
molog family. The calbindin-32 gene (cbn) maps to 53E on
the second chromosome. it is expressed through most of
ontogenesis with a selective distribution in the nervous sys-
tem and in a few small adult thoracic muscles. The cloning
of a Drosophilahomolog to vertebrate neuronal Ca?*-binding
proteins opens new routes to study the so far largely elusive
function of these brain molecules.

[Key words: calbindin D-28k, calretinin, parvalbumin, Dro-
sophila, EF-hand, evolution]

In excitable cells, calcium (Ca2+) plays multiple roles as charge
carrier and second messenger (reviewed in Miller, 1988; Ken-
nedy, 1989). A wide variety of interacting systems of channels,
transporters, sequestering organelles, and binding proteins are
responsible for the control of intracellular Ca?+ levels (Blaustein,
1988; Heizmann and Hunziker, 1990; Pietrobon et al., 1990).
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Most intracellular Ca2+-binding proteins (CBPs) known today
belong to one of two groups, the annexin protein family or the
EF-hand homolog family (Heizmann, 1991; Heizmann and
Hunziker, 1991). The latter family at present consists of some
220 proteins that recently have been grouped into 29 subfamilies
on the basis of structural features and mutational distances (Per-
sechini et al., 1989; Kretsinger et al., 1991; Nakayama et al.,
1992). While most proteins of this family contain four EF-hand
domains, a single subfamily with six domains is formed by
calbindin D-28k and calretinin. Information on tissue distri-
bution of both these proteins has recently been reviewed (Par-
mentier, 1990; Rogers, 1991). Little is known, however, of their
physiological function. They are found at high concentrations
in a wide variety of central and peripheral neurons. Their dis-
tribution in various species displays certain conserved but also
surprisingly variable features (Pasteels et al., 1990; Rogers, 1991).

First hints on the expression of a homolog to vertebrate CBPs
in the brain and in muscles of Drosophila came from immu-
nohistochemical cross-reactions of antisera against chicken or
rat calbindin D-28k and carp-II and rat parvalbumin, all stain-
ing an apparently common set of neurons but various different
muscles (Buchner et al., 1988; Stortkuhl et al., 1988). Using the
anti-carp—parvalbumin antiserum, we isolated a cDNA coding
for a protein fragment with homology to EF-hand CBPs (Rei-
fegerste et al., 1991). Here we describe the inferred primary
structure of the complete protein, which we propose to name
calbindin-32 (CBN). The chromosomal localization and intron—
exon structure of the corresponding gene (chn) and the distri-
bution of both the transcript and the gene product by in situ
hybridization and immunohistochemistry using antisera against
fusion protein are presented.

Materials and Methods

c¢DNA- and genomic-library screening
Using a polyclonal antiserum against carp II parvalbumin, we screened
200,000 plaque-forming units of a Drosophila (wild-type Berlin K) head
Agt11 cDNA expression library as described by Youngand Davis (1985).
A 900 base pair (bp) cDNA clone was isolated (cDNA 5 of Fig. la).
The 200 bp EcoRI fragment at the 5' end of the isolated cDNA was
used as randomly primed probe (Feinberg and Vogelstein, 1983; Amer-
sham protocol) for hybridization screening of the same ¢cDNA library.
Four additional cDNAs (¢cDNAs 14 of Fig. 1a) were obtained.
c¢DNA 5 was also used as randomly primed probe for screening a
A-EMBL4 and a A-GEM!1 genomic library (Benton and Davis, 1977)
of wild-type Oregon R flies (libraries kindly provided by W. L. Pak, J.
Yoon, and K. Kaiser). The cloned genomic region was extended resulting
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Figure 1.

c¢DNAs, intron—exon structure, and genomic map of the cbn gene. a, Restriction maps of the cloned cDNAs of the chn gene. Presumably

all cDNAs derive from the same mRNA. Sequence analysis suggests internal priming as the likely cause for the 3’ ends of cDNAs 3-5. The complete
ORF of the mRNA has been sequenced from cDNAs 1 and 4 and has been verified genomically. C, Clal; E, EcoRI; H, HindIII; P, Pstl; S, Sstl.
b, Restriction map of genomic region coding the cbn transcript. Intron sizes range from 57 bp to 10.5 kb. Solid boxes, exons; length of nonsequenced
introns inferred from restriction map and/or PCR analysis; the size of first exon (dashed) has not yet been determined; small arrows, start and stop
codons of open reading frame. B, BamHI; E, EcoRI; H, HindIII; S, Sall. Several HindIII sites in the leftmost 12 kb of the walk have not yet been
mapped. Bars below the genomic restriction map indicaté the corresponding A-phage clones spanning the entire genomic region.

in 14 overlapping phage clones that span a region of nearly 60 kilobases
(kb).

Subcloning and sequencing of cDNA and genomic fragments

Phage DNA was isolated (Sarmhbrook et al., 1989) and EcoRI fragments
were inserted into pBluescript KS vectors (Stratagene). Templates were
sequenced by the chain termination method of Sanger et al. (1977) using
modified T7-polymerase (Tabor and Richardson, 1987). Genomic regions
were sequenced directly with synthetic oligonucleotide primers, whereas
cDNAs were subjected to deletions by exonuclease III/SI (HenikofT,

1987). Both strands of exonic DNA were sequenced and compared; for
introns, in general only one strand was sequenced.

Preparation of fusion protein and antisera

Fusion proteins were produced utilizing the glutathione S-transferase
(GST) expression vector system in Escherichia coli DH5« cells. The
700 bp EcoRI fragment of ¢cDNA 5 was cloned in frame to the
GST of the pGEX-1XT vector. This vector had been produced by de-
leting a single base pair from the pGEX-2T vector (Smith and Johnson,
1988) in the following reaction sequence:
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BamHI Smal EcoRI

... CGT GGA TCC CCG GGA ATT T «uo

l Smal

... CGT GGA TCC ¢cC + G GGA ATT CAT ...

PGEX-2T:

+ d(GGAATTCC)
l T4-Ligase

... CGT GGA TCC CCG GAA TTC, CGG GAA TTC AT. ..

EcoRI EcoRI

lEcoRI + T4-Ligase

PGEX-AT: ... CGT GGA TCC, CCG GAA TTC, AT. ..

BamHI EcoRI

In this way the expression vector pGEX- AT is obtained that combines
reading frame compatibility for Agtl1 inserts with the features of the
pGEX-2T system that allows for rapid purification of fusion proteins
under nondenaturing conditions, proteolytic cleavage, and removal of
the GST carrier. A fusion protein consisting of an 18 kDa calbindin-
32 fragment and the 26 kDa GST carrier was induced and purified as
described (Smith and Johnson, 1988). Single-step purification of the
Drosophila protein can be achieved by incubating the loaded gluta-
thione-agarose beads (Sigma) for 10 hr at 25°C with 0.01 U thrombin/
ug fusion protein in a buffer containing 2.5 mm CaCl,. In the present
experiments the supernatant contained approximately 150 ug of cal-
bindin-32 fragment per liter of DHS culture.

Three mice were injected with 2, 6, and 13 ug of fusion protein
(antisera 1, 2, 3) and boosted after four weeks, and antisera were col-
lected the following week. Three additional mice were injected with 2,
4, and 7 ug of purified cDNA-encoded protein (antisera 4, 5, 6), boosted
twice within 6 weeks, and bled the following week. In Western blot
analysis all six antisera selectively bound to the cDNA-encoded protein;
antisera 2 and 3 also reacted with GST carrier.

Immunohistochemistry

Adult flies. Immunostaining of frozen sections was carried out as de-
scribed previously (Buchner et al., 1986). Flies were fixed for three hr
in 4% paraformaldehyde and washed overnight in 25% sucrose solution.
Sections were cut on a cryostat microtome at 10 um and incubated
overnight at 4°C with primary antisera at dilutions of 1:400 in phos-
phate-buffered saline (PBS; 130 mM NaCl, 7 mM Na,HPO,, 3 mm
NaH,PO,, pH 7.4). The staining procedures followed the protocol of
the biotin—avidin-peroxidase system (Vector Laboratories).

Larval brain whole-mounts. The brains of third instar larvae were
dissected in ice-cold Ringer, fixed overnight at 4°C in 4% paraformal-
dehyde in PBS, washed four times in PBST (PBS + 0.1% Triton X-100),
and incubated for | hr at room temperature in PBT (PBST + 0.2%
BSA) under gentle agitation. The staining procedure again employed
the biotin-avidin technique. Unspecific secondary antibody binding was
blocked by incubating the brains in PBTN (PBT + 2% normal horse
serum supplied in the kit) for 45 min at room temperature (RT). After
incubation in anti-CBN primary serum (mouse polyclonal) at dilutions
of 1:500 or 1:1000 in PBTN overnight at 4°C and then for 1 hr at RT,
the brains were washed twice in PBT for 30 min at RT on a shaker and
another 30 min in PBTN. The biotin-conjugated secondary antibody
was allowed to bind for 2 hr at 37°C, again followed by two washes in
PBT of 30 min each. After incubation for one hr at 37°C in the avidin-
biotin-HRP complex, the brains were washed twice in PBT for 30 min
and equilibrated in PBS by washing twice with PBS. The staining was
achieved by using 3,3'-diaminobenzidine (0.25 mg/ml PBS + 0.03%
H,0,) as chromogen. The reaction was stopped by washing three times
in PBS and three times in PBT.

Embryo whole-mounts. Embryos were dechorionated, fixed, and de-
vitellinized as described by Campos-Ortega (Ashburner, 1989), and
incubated in primary anti-CBN serum at 1:1000 dilution in PBS over-
night at 4°C. The staining procedure followed the above protocol for
larval brain whole-mounts.

Hybridization and affinity blots

In situ hybridization of digoxygenin-labeled cRNA probes to tissue
sections. Treatment of tissue sections and hybridization procedures were
modified after Hafen and Levine (1986). Digoxygenin-labeled cRNA
probes were prepared using the digoxygenin RNA labeling kit (Boeh-
ringer) and the 700 bp EcoRI fragment of ¢cDNA 5 subcloned in
pBluescript KS+ as template. Instead of pronase we used proteinase K
(Boehringer) at a final concentration of 25 ug/mlin 5 x TE (1x TE =
10 mm Tris, 1 mm EDTA, pH 8) for five min at room temperature.
Prior to the second ethanol series the sections were acetylated by 10
min agitation at RT in 200 ml triethanolamine (TEA; pH 8) containing
250 ul acetic anhydride, and were washed in PBS for one min. Two to
four micrograms RNA per ml of i» situ hybridization (ISH) buffer [50%
formamide, S x saline-sodium citrate (SSC), 100 pg/ml salmon sperm
DNA, 50 pg/ml heparin, 0.1% Tween 20] were allowed to hybridize to
the sections in a moist chamber at 50°C overnight. The slides were
washed three times for 1 hr in 50% formamide, 1x SSC at 42°C. The
subsequent RNA digestion was performed at 37°C for 30 min in NTE
(0.5 m NaCl, 10 mm Tris, pH 8, | mMm EDTA) containing RNase A (20
ug/ml) and RNase T1 (1 U/ml). The sections were again washed in 2 x
SSC for 30 min at RT and 15 min in 0.1 x SSC at 50°C. Hybridization
signals were visualized immunohistochemically by using the Boehringer
detection kit (alkaline phosphatase—coupled anti-digoxygenin antibody,
nitro-blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate stain-
ing). In some earlier preparations mentioned in the text, **S-cCRNA was
prepared and detected by autoradiography as described by Zinsmaier
et al. (1990).

In situ Aybridization to polytene chromosomes. Chromosome squashes
were obtained as described by J. Lim (Ashburner, 1989). Hybridization
with biotinylated cDNA probes was performed as in Langer-Safer (1982).
DNA was nick-translated using biotinylated Bio-11-dUTP (GIBCO-
Bethesda Research Labs). Sites of hybridization were visualized by a
streptavidin peroxidase complex (ENZO Biochemicals), followed by
reaction with 3,3'-diaminobenzidine.

Western blots and *Ca?* autoradiography. From freeze-dried flies the
tergotrochanter muscles (TTM), indirect flight muscles (IFM), brains
(B), and heads-without-brains (R) were dissected and separately ho-
mogenized in SDS-PAGE sample buffer containing protease inhibitor
phenylmethylsulfonyl fluoride (0.5 mm). Proteins were separated on
SDS-polyacrylamide gels and electroblotted to nitrocellulose (Kyhse-
Anderson, 1984). Immunostaining was carried out according to the
Proto-Blot protocol (Promega). The detection of Ca2*-binding proteins
by +Ca?+ autoradiography on nitrocellulose membranes essentially fol-
lowed the procedure described by Maruyama et al. (1984).

Northern hybridization. PolyA* mRNA was extracted from 0.5 gm
of 5-d-old pupae (Drosophila melanogaster wild-type Oregon R) using
the mRNA Purification Kit (Pharmacia) according to the manufacturer’s
directions. Five micrograms of isolated polyA+-enriched mRNA (25-
50% purity according to the manufacturer’s guide) were separated on
formaldehyde gels (Sambrook et al., 1989) and vacuum blotted on nylon
membranes (Pall, Biodyne A) following the instructions of the vacuum
blot manufacturer (LKB/Pharmacia, VacuGene XL Protocol 4). Prehy-
bridization was performed at 42°C in 50% formamide, 5 x Denhardt’s,
0.5% SDS, 100 ug/ml salmon sperm DNA, 6 x SSC for two hr. Ran-
domly-primed *2P-labeled cDNA 1 was hybridized overnight at 42°C
in a buffer containing 50% formamide, 2.5 x Denhardt’s, 0.5% SDS,
100 ug/ml salmon sperm DNA, 6 x SSC, 10% dextran sulfate. After
hybridization, membranes were washed twice in 2x SSC, 0.5% SDS at
RT for 15 min each, twice in 0.2x SSC, 0.5% SDS at 68°C for 30 min
each, and exposed for 1 d.

Results

c¢DNAs of the calbindin-32 gene. We screened 200,000 pfu of a
nonamplified Drosophila head cDNA library with an antiserum
against carp II parvalbumin to isolate three clones with sizable
inserts that were used for 3S-cRNA in situ hybridization on
frozen sections. One clone detected an mRNA exclusively ex-
pressed in the retina (data not shown). Sequencing this cDNA
and comparison with the EMBL gene data base demonstrated
that it belonged to the ninaC gene, which has been cloned and
characterized (Montell and Rubin, 1988). The second clone hy-
bridized more generally to retina and brain and has not been
further analyzed so far. The third clone produced an autora-
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GTCAAGTATTAGGCAACGGCAATCGTCGCGTGCGTTTTAAGCCAAATATACTTAAAATCGAAAATTACCTGGAAAAACGGTCGAGAAARAGTGAATTTTAG
TTTTTGGAAAAGGAAGAAATTCCAAAAGCAAGCAGCAGTTTTAAAAAA. . oo v . .. tetceeneennnne ca. 10.5 kKb ....iiiiiiinninnnn
tatggagctgcagectgtgtgggtttttcgtgggtgtttetgttttatcgtattaatttgacagttctagtgegetgacaactggetttteeccagacace

gagcatagcgtttaatggetgeaaattaattgttgtatgectttetectccecagAGATAATTGCTCAGCAGCATCTAGT TTCTCAGCGAGGACAARTAR
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ACCCGAGAACAAAAAAAAAAACATAAGAAATGGACTCTGCCGCCGCCGCCGCCGCCAAGCGCGTTCAAATCGAGAAGGCCCACAACTTTATGCGCCAGTA
R DPE S RETLTKTEKTLTSA ANTGQTFMDUVWAHTYTDIXKTD G
TCGCGATCCCGAGTCCAGGGAACTCAAGAAGCTGTCGGCCAACCAGTTCATGGATGTCTGGGCGCATTACGATARAGATGgtgagt ttagatcttactaa

caaaatttgcaatcattgtatttcactactgecttagaattgtaattatttgettaactttccacattaataatgtgtacttgatataaattaattcaca
N G Y I
tttgaaacacattcagttagtatatattaatcaaaatgatatattagaggtttaataactcattacttatttaaattgtttaccttagGAAATGGCTACA
E G T E L D G F L REF V S S A NATTUDTI S
TTGAGGGCACCGAGCTGGACGGATTCCTGCGGGAGTTCGTGTCGAGTGCCAATGCCACAGACATTAGTCCAGAthaagtctgaaqtggtatggaacaat
AV T D TMULEUETULIKSCFMEAY D N Q D
tgcatcttaatccctcggtcccaattcccagGCAGTAACGGACACCATGCTCGAAGAGCTGAAGTCcTGCTTCATGGAGGCCTACGATGACAATCAGGAT
G K I D I R E
GGTAAAATCGATATCAGAGAGgtgggtaataccaacgccacattecggacccaaaatttcagtttgatgggggecteccatgtegtatgegecaatgttgtct

gtatggatttttgtatacgaaatgacatttcctttagtcatgacggegecttetttgectttittttaaattggtttttaaatgtectecggeegg. ...«
.............................................. Cad. 0,7 KD tivieeecanossssnsssasoaseansssassosacsascnsns
ccacagatgattacttgtaaagggaagggcttcaattcgacacttgaattatgccggaaacttttaacgaatgccagaagcgaaacttttceggetgttt

gctaatgaaagtgcagcaggatttectcegectttcacgcaatgecaccggataaacaggagacttaggaacccggetcecgtectcggagcattececcatttat
L A QL L P M EEN
aacttatttcaattgtcatgtcacgcactgaaacaaaaaggtattttttcttgtactactttttcecgcagCTGGCTCAACTTTTGCCCATGGAGGAGAAT
F L L L F R F DNUPULE S S V ETF MK
TTCCTTTTGCTCTTCCGCTTCGATAATCCTCTGGAATCTAGCGTTGAATTCATGAAGgtaagtgacaatcaggaatttcacatcctgaaattceccacaatt
I WREJYDTUDNS G Y IEA ADETLI KN NTFULIRDIULL
aatttgtctgcaattaaattagATCTGGCGTGAATACGACACCGACAATTCGGGTTACATTGAAGCGGATGAGCTGAAGAATTTCTTGCGCGATTTGCTC
K E A K K I ND V S E D KL I E Y T D T M
AAAGAGGCCAAAAAGATCAACGATGTATCTGAGGATAAGCTCATTGAGTACACCGATACTATGgtaagttgtcaggcataaatgegttacattactttgg

tttgcttacgaaattcatcaaaagatagaggttaagagctaaactaaagtgaacggtaatttatgaatacatgaatacttactatttatctaagagttca
ttaaggactcaatatccttttcaacaaataaactttttgttcattttacatataatgccaaaacaaaaacgattcaatagcacgtttagaatctaaactg

ctgtgattattgaccgacggactatgcactttctacacaaaagtgtaaataatgccgatttgctataagcacacgataatgtatgcccaattaccaatcc
L ¢ VvV F D A N K D G R L Q A K
cgtcccgattcctttcagCTCCAAGTATTCGATGCCAACAAGGACGGACGTCTGCAGCTGTCGGAAATGGCCAAqtaagtgtccttgaagtcgcgttctg
L L P V K ENUVFULCUROQUVTF
aaatcccatgcagcagccagccaactaacttatttattgcagATTGCTTCCGGTTAAAGAGAACTTCCTGTGCCGCCAAGTGTTTAAthaagtgccaaa

gataaattgtgtgaaaacatcgttcattcgaggaaattgccaagagcagatactatcagcaaatcgeggttttccaaacatttatttattaagaacttgt
ttatgaaaccaaatcaaactcggettgecttgaacaaaacacgtttagcacctaggttagectggacttt. i iiei it iie ittt iitieeroanns
.............................................. CA. 7 KD tiienereneenaosooocsonesoassasssnsnsanssassnns
ggtaacacatatgaaattcaagatagtctaagaaatcttaaaaaaaactgttttgctacacacatttgtttatggatttagcatacttcgtaattaaatt

tagtttattccttttgtacgttatccaaacacttttatttatgtaggaaaaagtatgctaaatcttatttataaatactattttatgtggaacatgcata
G AT K 5L T K E D I E K V F S L
taaacaaaacttgttggataatattatattgaggattgcaatttatatccacagGGCGCCACAAAGTTGACCAAAGAGGATATTGAAAAAGTATTCTCAC
Y D R D N s G T I E N
TCTACGATCGTgtaagtaaagcaaaagactaaggaatatatataaagatgtaaaatataatatgatatcaatgcagGACAATAGCGGCACCATTGAAAAT
E E L K G F L K DL L E L V K K
GAGGAGCTCAAAGGCTTCTTGAAGGACCTTTTGGAGTTGGTCAAGAAGgtgagtgtcgetcttaaagacaaatgaaataaaatgttaatattgtgtggtt
b by D AQDU LA AATFEETTIMR®RG GV G TDE XK HG K I S R KEL
gccagGACGACTATGATGCCCAGGATCTGGCCGCTTTCGAGGAGACCATCATGCGGGGAGTTGGCACCGACAAGCATGGAAAGATCTCCCGGAAAGAACT
T M I L L T L A K I S P D D E E *%»
GACCATGATTCTGCTAACACTGGCCAAAATATCGCCCGACGACGAGGAGTAAGCCGGATGTTCGAGAACATACCAAAAAGAGATTTTAGCCAACTCTATT
TTTGTCACCCGAACGCGGGAAATCCAGAAATGAGGCCARAATGGGCTTCAAGGCAATTGTTTACTTTAGAGCTGCATTAAAAGGGGCAGCAAATGAACAA
AAAAAAAAARDARACAAAACARAAGGGATATTGGAATCGGGGAAGAATCCTGAGAGATTCAAACCGAAACGAAGCTATTGGTATAAAATAAATCTAATAT
AAATGTTTCAATCTTAAATAAATGTTTATCGTACGTTAAGATATTGAGAGTATATATTTCCCCCAAAATCARACCAAAACGGARATTTATCCAGTCAAAC
AATTTGCAACACAGAATCGAGCCACTTAAAGTAAAARATTAAGAAATGATAACAACAAGATCAGTACATCGATTTTATATTATACTATATATGTATTTAT
ATTTTCTATGTGTATTTGCATAACGTACTTTATTTAATTACCAATTAAAATCGGAAATAAATGTAGCTATTTTTAAGGATACCACATTTATTTGAGACTA
CCTAAGTAAAAACTTATGTGTGGCTACAATCTGTAGATAATTGTTGTTAATCATTGTGACAGTACACCCTARAAGTGGGCGGCTGCATTCCGCGCCAACT
CCCCGCACTTGTGCTATGAATATCCCCGCAAGCATCAATCAATCAATCAAGAGCCACTTACATCAGCCCGAGGGTGGACGCCACTAATGCAGGTGAATGC
AAATGCAAATGCAAATGCATCCGCCACCTGAACGTGACAATGTCAAGCTGGAGGGTGGTGATGCATCCAGTTAATGTTGGACACGCACTCGTCCTTGTAT
TTTTTCACCCGAGGGAGATTACGAGGTGCAGATTGCGCCGTTTAAGGCTAAATTTCACCAATTCGCAACATAGGCAAATTGGTATTTACCTCTAACARAC
TAAGTACCAACCACCGTAGCCTATCTTATGTCTTCAGGTCTATAGCTATATATATACATTATGACTTGTTTCGATACGTATTCCCTTCTCCATCTGTTAT
CATTGTATTCTTTCGAAACCTAACTAACTAAATAACTAACAACTAATAACTTAAGCTTTAAAAACCAAGACAAATTGTTCCAATCCTGAAACGCTCTTTG
CCCAAAGATTCACTTTTAGAGCCATAGTCATGAAATAGATCAATTCCATCGCCTTTAAAATGAARACCCGTGAGTAAAGATGCCATGCAACAARAATGCCAA
CTTATCATATAAATATACTAATTACGATACAACACTATATGATAACATACTTATGCTAATCCTAAGATATTGTTCARAACCACATGCATGTAAAGCTTCG
AARACGGACTTTCTCTATATGAAACAAGATACCAAATATCGAATATCTAAATGGATATATGTCTAACACTATGGAAATACAGCAGAAATGTTTTAATAAAA
TAAATACAATACAATCTATGCAGACATCAAGGGGTCAGCACTCCAAAAgtagtcttttgatt FmEmma==

Figure 2. Genomic sequence. Apart from portions of the nontranslated 5’ and 3' ends and three large introns of 10.5, 1.1, and 7.3 kb, the entire
transcribed region of the chn gene has been sequenced from genomic DNA. Lowercase letters represent intronic sequences; uppercase letters, exonic
sequences. The inferred amino acids of the ORF are presented; its bounds by nonsense codons are indicated by ***, A 15 bp deletion of cDNA 1
is underlined. A region containing several polyadenylation signal consensus sequences (Wickens and Stephenson, 1984) is doubly underlined. The
5’ end and parts of the long nontranslated 3’ trailer have been sequenced only from ¢cDNA (these sequences are shown in italics). The restriction
map demonstrates that there are no major introns in the 3’ trailer. The cDNA sequence data reported in this article will appear in the EMBL,
GenBank, and DDBJ Nucleic Sequence Data bases under the accession number X68566.
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1 = calbindin-32 MDSAAAAAAKRVQIEKAHNFMRQYRDPES
2 = chick calretinin MAG--QRAPH
3 = human calretinin MAGPQQOQ¥PY
4 = chick calbindin MTAETH
5 = human calbindin MAESH
+ o+ o+ e+ ++ o+ l15
1 RELKKLSANQFMDVWAH YDKDGNGY IEGTEL DGFLREFVSSANATDISPE
2 LHEAETSHKSRIELIS ;
3
4 Tl g QN]?IQELQQARKKAGLD——
5 DAL B ONLIQKLQOARKKAGLE--
++ ++ +t ++ ++ J+ ++ + 14
Figure 3. Primary structure of CBN 1 AVTDTMLEELKSCFMEA YDDNQDGKIDIREL AQLLPMEENFLLLFRFD
of Drosophila. Comparison of amino 2 ; Fiy #
acid sequences of CBN with calretinin 3
and calbindin D-28k from chicken and 4
human reveals high homology (shaded
letters) for the Ca?* -binding domains 5
(consensus sequence for EF-hand, bot- ‘
tom line; conformity indicated by +). ++ 4+ ++ + ++ ++  ++ ++ + 16
Significant homology is also found out- 1 NPLESSVEFMKIWRE YDTDNSGYIEADEL KNFLRDLLKEAKKIN
side EF-hand domains. Arrows above 2
line 1, intron positions of ¢bn gene; ar- 3
rows below line 5, common intron po- frfinn
sitions of the four vertebrate genes; 4 e
straight arrows, introns between co- 5 i T
dons; bent arrows, introns within codon Tl 1 l
one bp from arrow position in the di- ++ 4+ +4+ ++ ++ +
rection of bend. Bottom line, Canonical 4 DVSEDKLIEYTDTMLOV FDANKDGRLOLSEM AKLLPVKENFLCROVEK +
EF-hand consensus sequence. The EF- 2 ﬁf
hand domain consists of 29 amino ac- £
ids that form an a-helix, calcium-bind- 3
ing loop, a-helix conformation. The first 4 S :
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—Z, and by a peptide carbonyl oxygen
atom of the (arbitrary) amino acid fol-
lowing G (glycine). lle, Leu, or Val are
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important amino acids to occupy po-
sition I. They are involved in stabilizing
the calcium-binding loop through apo-
lar interaction with the hydrophobic

= W=

IMSIQQLTNYRRSIM NLSHG-E

EIVMSEPPM .

core of the protein and in stabilizing
paired EF-hand domains (after Kret-
singer ct al., 1991).

diographic in situ hybridization signal reminiscent of the anti-
body staining. By using this cDNA as a probe, four further
¢DNAs were isolated (Fig. 1a). Restriction mapping and anal-
ysis of hybridization to a genomic walk of 56 kb (Fig. 15) in-
dicates that all cDNAs derive from the same transcript. Se-
quence analysis of the cDNAs revealed that they code for a
single large open reading frame (ORF). The cDNA sequences
were verified by sequencing genomic DNA (exons in Fig. 2,
capital letters).

Inferred protein and gene structure. A search of the genctic
data bases for similarities with the ORF detected significant
homologies to various EF-hand CBPs. Scores were highest for
chicken calretinin (42%) and calbindin D-28k (37%). As shown

En..nn..

nX.Y¥.2G.X.s2n ..nn..n

in Figure 3, the amino acid identity is up to 76% in the helix—
loop-helix calcium-binding domains but remains significant in
several regions outside these domains. All six Ca?*-binding do-
mains conform to the EF-homology criterion, as they show 12
or more matches with the canonical EF-hand domain (Kretsin-
ger, 1975; Kretsinger et al., 1991; for more detailed information
about the consensus sequence, see Fig. 3 caption). However,
this criterion does not guarantee Ca?* binding. Domain VI of
CBN, in particular, is lacking two Ca?'-coordinating residues
at positions X and Z. In vertebrate calbindin D-28k, this domain
does not bind Ca?'. However, the two gaps in domains II and
VI of calbindin D-28k are not found in CBN.

Speculating that along with the protein’s amino acid sequence



P5

T1

.o

T2

- 1.7 kb

‘1——:—3‘&5’

Figure 4. Northern blot analysis of chn transcripts. Electrophoretically
separated polyA+ mRNAs of late pupal stages (P5) were blotted to nylon
membranes and probed with 32P-labeled cDNA 1. The autoradiograph
shows two transcripts with different levels of transcriptional activity, a
prominent band at 2.8 kb (77) and a weak band at 1.7 kb (72).

the intron—exon structure of the gene might be conserved be-
tween Drosophila and vertebrates, we used exonic sequences
close to the vertebrate exon-intron boundaries as primers to
sequence cloned genomic DNA. Apart from introns 1, 4, and
8, which are of approximately 10.5, 1.1, and 7.5 kb length,
respectively, the entire region containing translated exons was
sequenced in this fashion from genomic DNA and compared
to the cDNAs. A 15 bp deletion in the cDNAs, underlined in
Figure 2, and a few mostly inconsequential base substitutions
may represent polymorphisms or errors of reverse transcription
during ¢cDNA synthesis. Of the 10 introns in the translated
genomic region of the vertebrate genes (lower arrows in Fig. 3)
(Wilson et al., 1988), 7 positions are identical in Drosophila to
the base, 2 are found in corresponding positions in noncon-
served regions of the ORF, while one vertebrate intron is missing
in the fly (upper arrows in Fig. 3). The intron-exon boundaries
largely conform to the consensus sequences (Shapiro and Sena-
pathy, 1987).

In situ hybridizations on polytene chromosomes localized the
chn gene to region 53E on the right arm of chromosome 2 (data
not shown).

Expression analysis of the cbn gene. Northern blot analysis
revealed two transcripts of about 2.8 kb (T1) and 1.7 kb (T2)
in the late pupal stage (P5) (Fig. 4). The same signals were
obtained for adults of two unrelated mutants (not shown). Tissue
distribution of cbn transcript and CBN protein was investigated
by in situ hybridization and immunohistochemistry, respec-
tively. For in situ localization of chn mRNA shown here (see
Fig. 8a), digoxygenin-labeled cRNA/cDNA was used, followed
by antibody detection. To obtain antisera directed against CBN,
we expressed chn ¢cDNA in E. coli as GST fusion protein and
injected six mice (see Materials and Methods). As antiserum 1
showed the highest titer, it was used for Western analysis of
brain homogenates (Fig. 5) and immunohistochemical localiza-
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Figure 5. Western blot (lefi two lanes) and +*Ca?* blot. Immunoblots
of electrophoretically separated homogenates of brain (B) and head-
without-brain (R) stained with anti-CBN serum display a single, brain-
specific protein band at M, = 32 kDa (left arrow). Several components
of homogenates of TTM and indirect flight muscle (/FM), as well as
brain and head-without-brain, bind #**Ca+ as revealed autoradiograph-
ically in lanes 3-6. A single band at M, = 32 kDa (right arrow) is found
in brain but not in residual head tissue. The 32 kDa signal detected in
the indirect flight muscle lane (/FM) could derive from CBN protein
from direct flight muscles (hg 1 and hg2), which may have contaminated
the indirect flight muscles preparation. The strong signal in TTM near
M, = 21 kDa presumably corresponds to the CBP described previously
(Tanaka et al., 1988). M, molecular weight marker.

tion of CBN in embryos, larvae, and adult flies. Several argu-
ments support the assumption that the staining patterns indeed
reflect the tissue distribution of CBN (see Discussion).

In the late embryo (~ 16 hr), segmental pairs of cells along
the midline express the gene and other cells of the nervous
system, including a string of peripheral cells, follow soon, as
demonstrated both by in situ hybridization (not shown) and
immunohistochemistry (Fig. 6a).

Both techniques have also been used to demonstrate in third
instar larvae the selective expression in perikarya of the two
hemispheres and the ventral cord (Fig. 6b). Cells are stained
throughout the thoracic and abdominal ganglia. In the hemi-
spheres the labeled cells are restricted to the proximal part,
whereas the lateral hemispheres consisting of the developing
optic lobes appear free of staining with the exception of a few
cells near the lateral surface.

Figure 7 gives an overview of CBN distribution demonstrat-
ing that it is mainly, but not exclusively, found in the nervous
system. In situ hybridization verifies that the cbn gene is ex-



2192 Reifegerste et al. « Calbindin Homolog in Drosophila

Figure 6. CBN distribution in 16 hr
embryo (a) and third instar larva (b).
Immunohistochemistry identifies CBN
in a subgroup of neurons of the CNS
and PNS at all stages after about 12 hr
developmental time. CBN specificity of
the staining may be assumed since
whole-mount in situ hybridization ex-
periments with digoxygenin-labeled
c¢DNA or cRNA of the chn gene mark
very similar structures. The broken and
solid arrows indicate ventral-dorsal and
anterior-posterior body axes, respec-
tively. Scale bars, 100 pm.

pressed in a large number of neurons of the brain (Fig. 84) and
the thoracic ganglion as well as in two small muscles of the
thorax (data not shown). Immunohistochemistry (Figs. 85; 9a,b)
illustrates the corresponding protein distribution at improved
resolution (compare Fig. 8a,b) and demonstrates that only a
subset of neurons express the chn gene, In these cells the CBN
protein is localized both in perikarya and in processes. In the
visual system (Fig. 8b), tentative identification of certain CBN-
positive columnar cells is possible by comparison with data from
an extensive Golgi analysis of Drosophila visual system inter-
neurons (Fischbach and Dittrich, 1989; Bausenwein et al., 1992).
While the photoreceptors clearly are devoid of CBN, the layer
of stained perikarya in the outer lamina cellular rind indicates
that one of the three distal lamina monopolar cells L1, L2, or
L3 expresses CBN. Interestingly, the dendritic arborizations of
these cells in the lamina are not stained, suggesting that in the
neuropil CBN may be found mainly in presynaptic terminals
that branch in specific layers of the medulla. The selective stain-
ing of medulla layer M2, where lamina monopolar cells L2
terminate, suggests this cell as the best candidate for CBN ex-
pression in the lamina. This interpretation is compatible with
the absence of staining of lamina monopolar cells in the mutant

“Vacuolar medulla” (Vam) (Coombe and Heisenberg, 1986),
which shows a specific degeneration of L1 and L2 neurons within
a few hours after hatching of the adult fly. In the medulla rind
a large fraction of the columnar neurons apparently express
CBN, perhaps at varying levels. In the lobula complex the most
striking feature is the distinct absence of staining in the lobula
plate cellular rind and neuropil (except for large tangential neu-
rons), contrasting the prominent staining of a group of laterally
adjacent perikarya (arrows in Fig. 8a,5) which, as judged by the
labeled internal lobula neuropil layer (arrowheads), may include
T2 and/or T3 cells. CBN is also found in the antennal system.
Figure 8¢ shows a few distinctly stained cell bodies; the antennal
lobes display a patchy staining pattern (Fig. 8¢), suggesting that
some glomeruli may contain no or very little CBN. In the central
brain (Fig. 84.f) the cbn gene is widely expressed, but again
distinct cell groups and their processes are conspicuously devoid
of staining. Regions with low levels of CBN include the calices,
peduncle, and lobes of the mushroom bodies, the anterior part
of the ellipsoid body, the noduli, and cells of the pars intercer-
ebralis.

In the thorax staining is highly selective as well. While CBN
is widely (but not ubiquitously) distributed in the thoraco-ab-



dominal ganglia (Figs. 7; 9b,d) and is found in cells and axons
within the halteres (Fig. 9¢), it is expressed in only a small
number of muscles. The muscular network surrounding the ven-
triculus is stained in a central region but not throughout its
length (Fig. 9d). The two most strongly stained muscles (Fig.
94) have been tentatively identified as the hgl and hg2 direct
flight muscles (Heide, 1971; B. Bausenwein, personal commu-
nication). To our knowledge, this is the first identification of a
CBP of the calbindin subfamily in muscle cells. Interestingly,
the original anti—carp II-parvalbumin serum also stains these
muscles, but in addition binds to the TTM (Stortkuhl et al.,
1988), which never labels with CBN antisera. This muscle is
known to contain large amounts of a CBP of M, = 21 kDa
(Tanaka et al., 1988), a finding also demonstrated in a control
lane of Figure 5 (see below).

Discussion

We have cloned a Drosophila gene homologous to the two known
members of the calbindin subfamily of vertebrate CBPs. The
presence of two signals in Northern blots suggests the alternative
use of different polyadenylation signals located in the 3’ non-
translated region of cDNA 1 or differential splicing, although
only one type of cDNA has been found so far. Sequence com-
parison of the cDNAs with genomic clones identifies 11 exons
and verifies the cDNA sequence. A single large ORF codes for
the inferred protein described here. Four arguments support the
presumed specificity of the immunohistochemical stainings in
Figures 5-9. (1) In Western blots the anti-CBN antiserum rec-
ognizes the cDNA-encoded peptide (not shown) and a single,
brain-specific protein of electrophoretic mobility equivalent to
M, 32 kDa (Fig. 5, lanes 1, 2). This value approximately cor-
responds to the calculated molecular weight of the predicted
protein (35 kDa). (2) At the same M, value, a CBP is detected
in Ca?+ blots of brains but not of residual head tissue (Fig. 5,
lanes 5, 6). The 32 kDa signal seen in the indirect flight muscle
lane (Fig. 5, IFM, lane 4) may represent contaminating material
from direct flight muscles (hgl and hg2) incompletely removed
during the preparation of indirect flight muscles from freeze-
dried thoraces. The presence of a different CBP of similar mo-
lecular weight of course cannot be excluded. (3) All six antisera
stain essentially the same structures [antisera against pure GST
carrier cross-react with a few cells at a characteristic position
between medulla and central brain, which may be hidden among
the CBN-positive cells in preparations stained with antisera 2
and 3 (not shown)]. (4) At all stages of development we find a
close correspondence between tissue in situ hybridization and
immunohistochemical data.

We would like to discuss the identification and cloning in
Drosophila of a new member of the calbindin subfamily of EF-
hand CBP under two aspects, function and evolution.

At the molecular level the known function of calbindin D-28k
and calretinin is their cytosolic Ca?* buffering. However, the
high conservation within the vertebrate radiation of the two
proteins contrasting their divergence from other EF-hand CBPs
suggests specific unknown additional properties (Rogers, 1991).
Recent in vitro experiments in fact imply a role in stimulating
a membrane Ca2*-ATPase and a 3',5'-cyclic nucleotide phos-
phodiesterase for calbindin D-28k (Reisner et al., 1992) and in
modulation of brain protein phosphorylation for calretinin (Ya-
maguchi et al., 1991).

For the cellular function of calbindin D-28k and calretinin in
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Figz_;re 7. Overview of CBN distribution in a horizontal section through
the imago at the level of the cervical connective. OL, optic lobes; SOG,
suboesophageal ganglion; TG, thoracic ganglion. Scale bar, 100 gm.

the nervous system, only vague hypotheses have been proposed
on the basis of their rather selective distribution. On the other
hand, calbindin D-28k is found also in renal and intestinal
epithelia of many higher vertebrates where its synthesis is in-
duced by 1,25-dihydroxy-vitamin D, (Hunziker et al., 1983;
Hunziker, 1986; Parmentier et al., 1987). In these tissues cal-
bindin D-28k presumably mediates the vitamin D—dependent
facilitation of transcellular transport of Ca2* from the absorbing
apical zone of the epithelial cells to the ATP-dependent Ca?+
pump at the basolateral membrane.

In the nervous system the Ca2* buffering capacity of calbindin
D-28k and calretinin has been speculatively associated with
diverse functions such as neuronal development (Ellis et al.,
1991) or maturation (Braun et al., 1991), Ca?* current modu-
lation (Jande et al., 1981), protection against hypoxic or exci-
totoxic damage (Baimbridge and Kao, 1988), or modulation of
second messenger signalling (reviewed by Rogers, 1991). The
two proteins are expressed in mostly separate cell populations,
although examples of double-immunopositive cells have been
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Figure 8. CBN expression in adult head. a, In situ hybrldumlon using a digoxygenin-labeled-cbn probe on frozen head section (optic lobe). Arrows,
perikarya of presumed T2 and/or T3 interneurons. /—f, Immunohistochemical anti-CBN staining. b, optic lobes. Arrows and arrowheads, perikarya
and terminals, respectively, of T2 and/or T3 interneurons. ¢, stained cells in the antenna. d~f, Immunostaining in the antennal lobes () and central
brain (d, /) reveals differential distribution of CBN both in neuropil and in perikarya. Note the low level of staining in mushroom body calyces
(Cx), peduncle (P), and lobes (L), as well as in the frontal part of the ellipsoid body (EB) and the noduli (No). In the antennal lobes (¢) the patchy
staining may outline individual glomeruli. Strong staining is found in many perikarya and in the ocellar ganglion (OG). AN, antennal nerve; AL,
antennal lobes; FB, fan-shaped body of central complex; La, lamina; Lo, lobula; LP, lobula plate; Me, medulla; PI, pars intercerebralis; R, retina.
Scale bars, 25 um.
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Figure 9. CBN in thorax. ¢, Immu-
nostaining of two small direct flight
muscles (presumably hgl and hg2)
(Heide, 1971; Bausenwein, personal
communication). A few other small
muscles show weak staining. Note the
staining of synaptic boutons on a small
muscle sectioned tangentially (arrows).
TTM and indirect flight muscle (IFM)
never stain. b, CBN immunostaining of
thoracic ganglion showing numerous
CBN-positive cell bodies and struc-
tured neuropil. ¢, Stained cells in hal-
tere. d, Slightly oblique section through
dorsal cellular rind of abdominal gan-
glion (4G) and the ventriculus (¥). The
stained structures on the ventricular
surface presumably are muscle fibers
(MF). The inner portion of a pair of
muscles located in the vicinity of the
stained abdominal ganglion displays
staining of unidentified structures. ant.,
anterior; post., posterior. Scale bars: a
and b, 100 um; ¢ and d, 25 um.
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Figure 10. Possible evolutionary tree of calbindin subfamily. Modified after Wilson et al. (1988).

described (Rogers, 1989). In contrast to parvalbumin-expressing
neurons and muscles, no common properties of calbindin D-28k-
or calretinin-immunopositive cells have as yet been found, al-
though therc seems to exist a certain degree of complementarity
both in the distribution and in functional aspects of parvalbu-
min- and calbindin D-28k-containing neurons (Braun et al.,
1991; Ohm et al., 1991).

As is true for many brain molecules, a link between calbindin
D-28k and Alzheimer’s disease has been proposed on the basis
of reduced numbers of calbindin D-28k-immunoreactive cor-
tical neurons in postmortem brains of morbus Alzheimer pa-
tients (Ichimiya et al., 1988). Also, some forms of epilepsy may
relate to calbindin D-28k expression (Sonnenberg et al., 1991).
Abnormal levels or distribution of calbindin D-28k are asso-
ciated with ischemia, Parkinson’s disease, and Down syndrome
(reviewed in Heizmann and Braun, 1992).

Evolutionary traits of a gene are reflected by sequence ho-
mologies and intron-exon structures. The fact that amino acid
identity between CBN and calbindin D-28k/calretinin (37%/
42%) lies in a range similar to the identity between calbindin
D-28k and calretinin (57%) is compatible with the assumption
of a gene duplication early in the vertebrate radiation. Of course,
a more ancient duplication is also possible, as we cannot at
present exclude the existence of other six-EF-hand-domain pro-
tein genes in Drosophila. On the other hand, the generation of
the six Ca?*-binding domains, presumably by exon duplication,
surely dates back to before the phylogenetic separation of ver-
tebrates and insects, considering the conserved exon-intron
structure of chn. Introns 3, 8, and 10 are situated between do-
mains and may have aided in the presumed domain duplication.
Since six out of seven introns within the Ca?*-binding domains
are conserved to the base from Drosophila to vertcbrates but
are found at different positions in each domain, intron insertion
may have occurred subsequent to the formation of the six-EF-
hand subfamily but before the separation of chordates and ar-
thropods. Figure 10 supplements a phylogenetic tree proposed
by Wilson et al. (1988).

The cloning in Drosophila of a new member of the calbindin
subfamily that is selectively expressed in few muscles and nu-
merous neurons not only sheds new light on the evolution of

the corresponding genes but also opens intriguing perspectives
for the investigation of the function of this family of cytosolic
CBPs in the nervous system. A powerful approach to the func-
tion of a Drosophila protein is the search for, or induction of,
mutations in the corresponding gene. Drosophila data bases re-
veal no presently known mutations or chromosomal aberrations
in region 53E where chn is localized, although two protein kinase
C genes have been shown to lie in 53E4-7 (Rosenthal et al.,
1987; Schaeffer et al., 1989). Four P-strains with P hybridization
signals in the 53E region are presently being tested for transpo-
son insertion in the ¢bn walk. Indepent of the outcome of these
experiments, it has recently become possible to produce small
deficiencies in the cloned Drosophila genes by several variants
of “gene targeting” techniques (Ballinger and Benzer, 1989; Kai-
ser and Goodwin, 1990; Hamilton et al., 1991; Walter, 1992),
such that mutations of the chn gene may soon be available. The
present work constitutes the basis for the mutant approach to
brain CBP function.

In addition, in Drosophila it is possible by germ-line trans-
formation to express a gene arbitrarily in defined sets of iden-
tified cells for which specific promoters have been cloned, for
example, photoreceptors, or cholinergic, GABAergic, dopami-
nergic, serotonergic, or various peptidergic interneurons (cf.
Buchner, 1991), and the functional consequences can be studied
by electrophysiology, metabolic mapping, and behavioral anal-
ysis.
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