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Summary

The NHE family of Na*/H* exchangers is believed to Drosophila melanogasteralthough only two genes were
play an essential role in animals, but may play an represented as expressed sequence tags. All three genes
additional, specialised epithelial role in insects. The (DmNHEL1L at cytological position 21B1DmNHE2 at 39B1
pharmacological sensitivity of theDrosophila melanogaster and DmNHE3 at 27A1) were found by RT-PCR to be
Malpighian tubule to a range of amiloride derivatives was widely expressed, and oneDmNHE2) was shown to have
shown to be consistent with an effect on an exchanger, multiple transcripts. The putative translations of the three
rather than a Na* channel. Consistent with this, no genes mark them as distantly related members of the
degenerin/epithelial N& channel (ENaC) genes could family, inviting the possibility that they may serve distinct
be detected in Malpighian tubules by reverse roles in insects.
transcriptase/polymerase chain reaction (RT-PCR). Using
a low-stringency homology searching, three members of Key words: V-ATPase, epithelial transport, Malpighian tubule,
the NHE family were identified in the genomic sequence of Na'/H* exchangerDrosophila melanogaster

Introduction

NHE (Na/H* exchanger) family Wakabayashi et al., 1997), and an NHE family member has

The presence of cation/proton exchangers in eukaryotic celgen implicated in salt tolerance in the pla&wrabidopsis
was first proposed in 1961 by Mitchell as part of histhaliana(Shi et al., 2000).
chemiosmotic hypothesis, and these exchangers are now
known to be important in pH homeostasis, cell volume The Wieczorek model for ion transport
regulation and transepithelial N&ransport (Wakabayashi et In insects, NHEs may play a significant additional role.
al., 1997). NHEs are electroneutral and exchange *1ftéda Some animal plasma membranes, including most insect
1 H*. The exchange is reversible and driven by theepithelia, are energised by proton-motive forces instead of the
electrochemical gradients for the two cations. Undebasolateral N&K*-ATPase that energises most animal
physiological conditions, the inwardly directed *Neurrent epithelia (Harvey and Wieczorek, 1997; Klein et al., 1991,
produced by the N&K*-ATPase provides a constant force thatWieczorek et al., 1991). In insect epithelia, apical plasma
extrudes H from the cell (Wakabayashi et al., 1997). Theremembrane H V-ATPases generate transmembrane
are at least six human NHE genes, NHE1-NHES®; five arelectrochemical gradients, which in turn drive other processes
plasma membrane NHEs (Klanke et al., 1995; Malakooti et alsuch as acidification, fluid secretion and sensory signalling.
1999; Noel and Pouyssegur, 1995; Orlowski and Grinsteimiccording to the Wiezcorek model, the electrogenic V-ATPase
1997; Wakabayashi et al., 1997) and one (NHE6) is drives one or more alkali-metal/proton exchangers, resulting
mitochondrial exchanger (Numata et al., 1998). The NHEIn a net transepithelial transport of Nar K*. It has
gene (Noel and Pouyssegur, 1995) appears to be theen established that the two transport functions are
ubiquitously expressed, ‘house-keeping’ type of the exchang@harmacologically distinct because the V-ATPase is
that plays a major role in controlling the intracellular pH ofbafilomycin-sensitive (Wieczorek et al., 1991) and the antiport
nearly all animal cells. Similar genes have been identified ifs sensitive to amiloride (Wieczorek, 1992). Although there is
various other organisms, such as the rat, mouse, rabbit, pigp reasora priori to assign such V-ATPase-partner antiporters
trout, Caenorhabditis elegans®Amphiuma tridactylumyeast to the NHE family [indeed, irManduca sextamidgut, the
and bacteria (Attaphitaya et al., 1999; McLean et al., 199%xchanger may be electrogenic (Azuma et al., 1995)], both Na
Noel and Pouyssegur, 1995; Padan and Schuldiner, 199nd K transport in insect epithelia are amiloride-sensitive



3704 M. E. Giannakou and J. A. T. Dow

(Hegarty et al., 1992; Wieczorek, 1992). It is thereforereatments was assessed using Studertest for unpaired
particularly interesting to characterise the insect NHEsamples, taking the critical value Bfto be 0.05 (two-tailed).
exchangers, both as possible candidates for the WieczorekCardioacceleratory peptide 2b (CAP and Drosophila
exchanger and as potential components of animal cell ionleucokinin were custom-synthesised by Research Genetics, Inc.
regulation. Surprisingly, although there are some preliminarand added to tubules atI@noll-1. This combined treatment
reports, no paper describing a sequence for insect cation/protpawerfully stimulates diuresis, acting both on active cation

exchangers has been published. transport and on the Cshunt conductance (Dow and Davies,
_ o 2001; Dow et al., 1998), and so was expected to unmask any
TheDrosophila melanogastétalpighian tubule inhibition by amiloride. Amiloride (Sigma-Aldrich A7410) and

The fruit fly Drosophila melanogasteis a useful genetic 5-N,N-dimethyl amiloride (DMA) (Sigma-Aldrich A4562)
model with a completed genome sequence (Adams et alvere dissolved to 10-500mmotl in dimethylsulphoxide
2000), powerful transgenic technology (Rubin, 1988;(DMSO), then 1:100 in Schneider’s/saline, and used at a range
Spradling and Rubin, 1982; Spradling et al., 1995). It als@f concentrations together with 1:100 (final dilution) DMSO in
serves as a good experimental model, permitting the use Bthneider's/saline as the vehicle. Benzamil (Sigma-Aldrich
biochemical, cell biological and physiological techniques inB-2417), 24'-dichlorobenzamil (DCB; Molecular Probes
disciplines such as developmental biology, neurobiologp-6898) and N-ethyl-N-isopropyl amiloride (EIPA,
(Rubin, 1988) and integrative physiology (Dow et al., 1998)Sigma-Aldrich A3085) were dissolved in methanol to
The Malpighian tubule oD. melanogasteis known to be 50-100 mmoltl, then diluted 1:100 in Schneider’s/saline and
sensitive to both bafilomycin and amiloride (Dow et al., 1994)used at a range of concentrations, together with 1:100 (final
consistent with the V-ATPase/antiporter in that it has beewoncentration) methanol in Schneider’'s/saline as the vehicle.
shown to be energised by an apical V-ATPase confined to thideither DMSO nor methanol vehicles had any effect on
principal cells (Davies et al., 1996). However, amiloride is eMalpighian tubules at these final concentrations (data not
relatively non-specific probe for NHE function because it alsshown). The amiloride analogue was added to half the tubules
inhibits a range of Nachannels (Kleyman and Cragoe, 1988).after 30min, and all the tubules were then treated with
In the present paper, we show that fluid secretion in thBrosophilaleucokinin and CABh at 60 min. Secretion assays
Malpighian tubules is inhibited by amiloride derivatives thatwere performed at a range of concentrations fromtmol |2
are consistent with inhibition of NHEs rather than*Na to 108moll~1, and dose/response curves were plotted. For each
channels. Furthermore, no expression of epithelialr Naexperimental set of at least 10 tubules, the response to amiloride
channels (ENaCs) could be detected by reverse transcriptageds defined as the mean maximum secretion rate (controls)
polymerase chain reaction (RT-PCR) in Malpighian tubules. Iminus the mean maximum secretion rate (amiloride-treated).
contrast, theDrosophila NHE family is shown to consist of This value was expressed as a percentage of the control
three genes, calleDmNHE] DmNHE2and DMNHE3 that maximum secretion rate.
encode distant relatives of the NHE exchanger family, all of
which are expressed in Malpighian tubules. Cyberscreening

Cyberscreening was  performed using Netscape

) Communicator 4.5 on an Apple Macintosh computer and
Materials and methods searching NCBI (http://www.ncbi.nim.nih.gov/) and BDGP
Drosophilamethods (http:/iwww.fruitfly.org) databases with BLASTN, BLASTP,

Oregon R (wild-type) Drosophila melanogasterwere  BLASTX or TBLASTN searches, as appropriate. Sequence
maintained on a 12h:12h light:dark cycle on standard coralignments were performed and displayed using MacVector
meal/yeast/agar medium at 25°C. All manipulations, unles6.5.1 or 7.0, AssemblyLIGN, SeqVu 1.0.1, ClustalwW PPC and
stated otherwise, were carried out at room temperaturereeView PPC.

(22-25°C).
RT-PCR
Fluid secretion assays mRNA was prepared using the Dynabeads Oligo 4IT)

Malpighian tubules were dissected from adult female an#tit according to the manufacturer's protocol (Dynex
male flies, and fluid secretion assays were performed d%chnologies) and reverse-transcribed with SUPERSCRIPT Il
described previously (Dow et al., 1994). The bathing mediunkRNase H reverse transcriptase (Life Technologies) to produce
was a mixture of Schneider's insect culture medium ana solid-state cDNA library. For each PCR reactiop) of
Drosophila saline (1:1 v/v). Drosophila saline (pH6.7) beads, corresponding to cDNAs derived from one Malpighian
consisted of (in mmoth): NaCl, 117.5; KCI, 20; Cagl 2;  tubule or approximately 0.2 head, was used. RT-PCR was
MgClz, 8.5; NaHCQ, 10.2; NaHPQs, 4.3; Hepes, 15; performed on cDNA from whole male flies, whole female
glucose, 20. Volumes of secreted fluid were determined dlies, heads, bodies, tubules, larvae and pupae using primers
10min intervals. The data were analysed using an Appldesigned to bracket introns as a guard against genomic DNA
Macintosh computer and Excel 4.0. All data are reported asontamination.
means #s.e.M. Statistical significance of differences between PCRs were performed as follows: 94 °C for 1 min; followed
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by 30 cycles of 94°C for 30s, 55°C for 30s and 72°C foi 100 -

2min (depending on the length of the DNA template), anc g 75- A m
finally one cycle of 72°C for 5min. PCR reactions were £ | 1
analysed on 1% agarose gels, stained with ethidium bromic £ T 1 +
. £ 251
and photographed according to standard protocols (Sambro ¢ 0 I
and Russell, 2001). 109 108 107 106 105 104 103
[Amiloride] (mol 1-1)
cDNA clones 100 T
Low-stringency searches of tBeosophilagenome allowed & 75{ B TR
three candidate genetic loci to be identified. cDNA clones wer 2 g /1L
identified by BLAST searching against expressed sequent € -
tags (ESTSs), using genomic sequence for each gene as a prc¢ & A~
All available clones were obtained from Research Genetics. N (io.g 108 107 106 105 104 103
EST hits were obtained f@mNHEZ2 implying that it was not [DMA] (mol I-1)
widely expressed. EST clones HL05853, AT11019 anc¢ 100 C T
LP03712, identified as the longest availableclbnes for S 751 7
DmNHEJ DmMNHE2andDmNHES3 respectively, on the basis 2 g
of available EST information, were sequenced in full on bott =
. R S 25- T T T
strands. To survey for possible alternatives@icing, the 3 X 0 : o]
end; of the other EST clones were also sequenced. 109 108 107 106 105 104 103
Primers used were as follows: [Benzamil] (mol 1)

DmNHE1-2306R, CCCCACAACAGCCATTTAAT; Dm- 100

NHE1-F1, AGCGACCACGTCACGTTTTGTC; DmMNHE3- § 751 D

1943F, TACGAATGGCAGTTTGGG; DmNHE3-2700R, 3 sp-

CATTTTCGATTTCAGTTGAGACC; DmNHE2-F2, TC- E ]

TACATGCTTCCACCGATTATCC; DmNHE2-R2, AGT- & ,
GAGGCAAATAGAAACACGTCC; DmNHE2-1684F, TT- 100 108 107 106 105 104 103
GGCGTGGTGCTCTATTTC; DmNHE2-3509F, CCT- [EIPA] (mol 1Y)
GCGGAAAGATGGGAATTTAC; DmNHE2-3803F, TGT- 1001

GATGTACCACATGATGGAG; DmNHE2-3849R, TGT- 8 71

CCAAGCCAATCTCATTGTAGG; DMNHE2-4088R, AAA- 2 50

TGGGTTCTATGACACGCAC; DmNHE2-4859F, TCAC- < 25

TTGATGGCTGGAATTGAG; DmMNHE2-5324F, GAGCTG- < . o : . .
AGCCGAAGATCATC; DmNHE2-5367R, CATCGTGAG- 10°° 108 107 106 105 104 108
TTTGGAGTACGTC; DmNHE2-59554R, TCAGAGATC- [DCB] (mol 1)

AGAGAGACAGAGAGAG; PM001, CGTTAGAACGCGG- Fig. 1. Sensitivity of secretion by thBrosophila melanogaster
CTACAAT; M13 Forward, CTGGCCGTCGTTTTAC; M13  \alpighian tubule to inhibition by amiloride and its derivatives.
Reverse, CAGGAAACAGCTATGAC. Doselresponse curves for amiloride,N®&-dimethyl amiloride
(DMA), benzamil, 5N-ethyl-N-isopropyl amiloride (EIPA) and
2", 4-dichlorobenzamil (DCB). The upper limits of each graph are
Results determined by the solubility of the compounds. Values are means +
Tubule sensitivity to amiloride s.EM. (N=10).
It has been shown previously tHatosophila Malpighian
tubules are sensitive to amiloride (Dow et al., 1994). Amilorideanalogues that had previously been shown to be mammalian
inhibits N& channels, N&H* exchangers and Né&Ce&*  NHE- or Na-channel-specific. Dose/response curves for the
exchangers (Kleyman and Cragoe, 1988; Orlowski anive analogues are shown in Fig. 1. All analogues inhibited
Grinstein, 1997). However, work carried out on mammaliarfluid secretion, but at different concentrations. By comparison
NHEs and N& channels has shown that different amiloridewith results obtained in vertebrate systems (Table 1), it is clear
analogues specifically inhibit channels or exchangerdghat the relatively low sensitivity to amiloride and 2-
Channels are inhibited more effectively by amiloride or by 2-carbonylguanidino substituents compared with R5 substituents
carbonylguanido substituents, such as benzamil, where§sarticularly EIPA) is diagnostic for an NHE, rather than a
NHEs are much more sensitive to R5 group substituents, suchannel, target for amilorides in Malpighian tubules.
as 5N-ethylN-isopropyl amiloride (Kleyman and Cragoe,
1988; Orlowski and Grinstein, 1997). In Malpighian tubules, Are there N& channels irDrosophilaMalpighian tubules?
it was therefore imperative to study amiloride pharmacology Although the pharmacology of the response to amiloride of
with fluid secretion assays using a number of amiloridéMalpighian tubules was consistent with an effect on an NHE,
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Table 1.Comparison of gy responses in vertebrates anddnosophila melanogastetalpighian tubules

ICs0 (mol |'1)
Vertebrate Vertebrate  D. melanogaster
Analogue NHE Na* channel  Malpighian tubulé
Amiloride 8x10™5 4x1077 8x107°
2-Carbonylguanidino substituents
Benzamil 103 4x1078 7x107°
2'.4-Dichlorobenzamil 810 107 3x10°
R5 substituents
Dimethyl amiloride %106 >10° 5x1075
5-N-ethyl-N-isopropyl amiloride 41077 >105 7x1076

1Kleyman and Cragoe, 1988; Orlowski and Grinstein, 139ifs study.
NHE, Na/H* exchanger.

rather than a channel, a genomic/RT-PCR strategy wd3mNHE2 was identified in genomic clone DS02919 from
employed to establish whether Nahannels are present in cytological position 39A3—-39B1, but there were no EST clones
Malpighian tubules that could explain this inhibition of fluid available for this gene. HL05853, the EST clonelforNHE],
secretion by amiloride. and LP03712, the EST clone fBMNHE3 were sequenced
Amiloride-sensitive N& channels previously described in and the cDNA and inferred protein sequences determined (Fig.
Drosophilainclude two Drosophila degenerin/ENaC family 3, Fig. 4).DmNHE1(GenBank accession number AF142676)
genespickpocke{ppk andripped pockefrpk) (Adams et al., or CG12178, localised to cytological position 21B1, encodes
1998). Pickpocketappears to be abundantly transcribed ina 649-amino-acid protein (AAD32689) with a predicted
early-stage embryos and is possibly involved in earlyelative molecular mass of 71277, whereBsnNHE3
development, whereaipped pockeis found in a subset of (AF199463) or CG11328, localised to 27A1, encodes a 687-
neurons of the peripheral nervous system and is amiloridemino-acid protein (AAF13702) with a predicted relative
sensitive (Adams et al., 199&ipped pockets identical to  molecular mass of 71276.
dGNaC1(Darboux et al., 1998a) amuckpocketis identical For DMNHEZ2 the story is more involved. Partial cDNA
to dmdNaC1(Darboux et al., 1998b), genes found in thesequencing oDmNHE2(which was not available as an EST)
peripheral nervous system and the gonads, respectivelwas achieved with an RT-PCR-based strategy, designing
dGNaCl has been shown to be amiloride-sensitive byprimers against putative exons flanking introns and sequencing
expression inXenopus laevi®ocyte, whereas the amiloride the cDNA fragments obtained from Malpighian tubule cDNA.
sensitivity ofdmdNaCl1is inferred from sequence similarity. This partial sequence was deposited in GenBank (accession
Our search of the Berkeldyrosophilagenome project for AF239763). However, another cDNA sequence corresponding
Na* channels led to the identification of nine gempk, ppk  to DmMNHE2has been deposited in GenBank (X. Lin, D. C.
CG10972 CG14398 CG4805 CG8546 CG9499and Nach Huang, W. Yan and D. L. Barber, unpublished: accession
These genes are divergent in sequence, being at least as relatechber AF235935). Although longer than our sequence, it is
to the human search sequence as to each other (Fig. 2A). Blgarly incomplete at both thé &nd 3 ends, lacking a'5
RT-PCR, none of these genes was detected in Malpighiamtranslated region (UTR) and finishing on an exon boundary
tubules: some appeared to be expressed in heads or whole flidthout a credible polyadenylation site. Since then, the
only, and for others, no expression could be detected (Fig. 2BBerkeley Drosophila Genome project (BDGP) has produced
This is consistent with recent data implicatiBgosophila  an automated annotation of the locus, which erroneously splits
ENaCs in very specialised roles in thermoreception (Zinkevicthe AF235935 transcript into two genes, nanhNdE2 and
et al., 2001) and salt taste perception (Liu et al., 2001). CG9255 Very recently, four new ESTs from an adult testes
library have been deposited in GenBank (clones AT08048,
Identification ofbrosophilaNHEs by cyberscreening AT04839, AT11019 and AT12693). They all start within 15
A low-stringency BLAST search of the Berkeley bases of each other and extend the available sequence by nearly
Drosophilagenome database using the human NHEL1 proteid00 bases'30 the AF23595 sequence. There was, therefore,
sequence revealed three putativ®sophilamembers of the no single sequence that describes the very lBngélHE2
NHE family of exchangers, termddmNHEL DmNHE2and  transcript. Accordingly, we sequenced the longest available
DmNHES3In the order in which they were identified. Three testes clone (AT11019) to resolve the issue. Our sequence (Fig.
EST hits have been described f&mNHEX HLO5853, 5) is clearly a novel splice variant BimMNHE2 Neither the
GHO04225 and GH04168, with HL05853 being the longestAF23595 nor Gadfly sequences had a credible signal peptide
Nine EST hits were identified foDmNHE3 LP03712, (PSORT II), which is essential for this integral membrane
GH16168, GH025044, GH27182, LD37666, LDO07057,protein. Our longer cDNA had several novel potential
LD20719, LP02917 and SD07542, the last being the longegnethionine initiator sites, only one of which read into a
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Fig. 2. Malpighian tubules do not express epitheliat Naannels (ENaCs). (A) Phylogenetic tree of @tbsophila ENaCs identified by
BLASTP search using human amiloride-sensitive cation channel 2, neuronal hBNaC2 (GenBank accession number NP 064423) prote
sequence as a probe. (B) RT-PCR for putative EnaCs (left-hand panels) and corresponding Southern blots with probesagegdéingo e
(right-hand panels). Labels refer to known genes or to Gadfly-predicted genes. Size markers denote expected sizes froimag&nomic (
arrows) and cDNA (white arrows) templates. The ladder is a Gibco BRL 1kb ladder. The templates are as follows: Genomi®NAanomic
Whole fly, whole-fly cDNA; Head, head cDNA; Tubule, Malpighian tubule cDNA; No template, no template (negative control).
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A

Fig. 3. cDNA, predicted protein
sequence (A) and genomic context
(B,C) for DmMNHE1 (A) The signal
peptide and putative cleavage sites are
marked in red. The polyadenylation
signal is marked in blue. (B) Transcript
structure. DMNHEL is a simple gene,
with five exons spanning 2.5kb of
genomic sequence. (C) Genomic context
of DmNHE1at 21B1 on chromosome 2,

showing the surrounding gene-denseB

region, with seven putative genes within
45kb (from Gadfly annotation). This

T. Dow

20 30 40 50 60 70 80 90 100
ATAGCGACCACGTCACG GTCGGCAAAAATGAGGGTTTGGGTAGCTTATAGTGCAGCTGCACTCTTACTGTTGGTGCACGCGGGTCCGGAAAGCATC
MRVWVAYSAAALLLLVHA*GPESD

110 120 130 140 150 160 170 180 190 200
AGTGGACAGGAGGTGCCCCAAAGCAAAACATCAAGCAACACCACCACTACAGATAATAGTAGCTCTATCCACACCGTTTCGGATGTCTTCGTCAACAGTC
S GQEVPQSKTSSNTTTTDNSSSI HTVSDVFVNS

210 220 230 240 250 260 270 280 290 300
CGCTTGGAAATGTCACGCCCTCGATTTCTGCATCTGGTAATGCAAGCACCACGAAAAGGGGAAACGCATCCACATTGGTCACAGATCCGCCTCTAATCGA
PLGNVTPSI SASGNASTTIKRGNASTLVTDPPLI D

310 320 330 340 350 360 370 380 390 400
TTCCCATGCTGTCGAGCAGGAGCACAACTCCTCACTCTCACTG CGTCATCTGCGTTATCATGTTGGGCATCCTGCTTATCCACTCTATGCTCCAG
S HAVEQEMHNSSLSLFFVI CVI MLGI L LI HSML

410 420 430 440 450 460 470 480 490 500
ACCGGGTTCCAGTACCTGCCAGAAAGCATTGTGGTAGTC GGGCGCCTTTATTGGCCTTTCGCTGAACGTTATGTCTGGGCAGAATGGCAGTTGGA
TGFQYLPESI VVVFLGAFI GLSLNVMSGQNGSW

510 520 530 540 550 560 570 580 590 600
AACGTGAAGAGGTCTTCTCGCCCATGGGCTTCTTTCTGGTGCTCCTGCCGCCCATTATATTCGAGTCCGGTTACAATCTGCACAAGGGAAACTTCTTTCA
K REEVFSPMGFFLVLLPPI I FESGYNLUHKGNTFTFOQ

610 620 630 640 650 660 670 680 690 700
GAACATCGGATCCATACTGGTCTTTGCCATATTCGGTACAACAATTTCTGCACTAGTCATCGGGGCGGGGATTTACCTGCTGGGCCTGGGGGAGGTGGCA
NI GSI LVFAI FGGTTI SALVI GAGI YLLGLGEVA

710 720 730 740 750 760 770 780 790 800
TTTCGCCTAAGC CGGAATCCTTTGCCTTCGGTTCTCTCATCTCTGCTGTTGATCCTGTGGCAACAGTGGCAA CCATGCTCTTGACGTAGACC
FRLSFSESFAFGSLI SAVDPVATVAI FHALUDYVD

810 820 830 840 850 80 870 880 890 900
CCATACTCAACATGTTGGTATTCGGCGAAAGCATCCTCAACGACGCCATATCTATTGTGCTGACTGCATCCATAACCCAATCCGCTAACGTCAATGCTGA
P11 LNMLVFGEZ SI LNDAI SI VLTASI TQSANVNAE

910 920 930 940 950 960 970 980 990 1000
GGCCAGCACTGGAGAAGCCATGTTCAGCGCGTTGAAGACC GCGCGATGTTCTTTGCTTCGGCGGGCATTGGAGTCATATTTGCACTAATTTCGGCT
ASTGEAMFSALI KT FCAMFFASAGI GVI FALI S A

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
CTTCTTCTGAAGCACATCGATTTACGAAAGCATCCATCCCTCGAGTTCGCGATGATGCTAATGTTTACTTACGCACCTTACGTCTTGGCAGAGGGAATAC
LLLKHI DLRKHPSLEFAMMLMEFTYAPYVLAEGH/IP

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
ACTTAAGCGGTATTATGGCTATACTA GCGGAATCGTCATGTCCCACTACACGCATTTCAACCTATCCACTGTTACCCAAATTACCATGCAGCAGAC
HLSGI MAI LFCGI VMSHYTHFNLSTVTQI T MOQAOQT

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
GATGAGGACACTAGCTTTCATTGCTGAGACCTGCGTGTTTGCTTATCTGGGATTAGCAATC C AAACACCAAGTTGAACTATC GTTATA
MRTLAFI AETCVFAYLGLAI FSFKHOQVELSTFVIP

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
TGGGCCATTGTGCTTTGCTTAATTGGCCGCGCCTGCAATA CCGCTCGCGTTCTTGGTCAACAAATTTCGCGAGCATAAGATCAATAACAAGATGC
WAIl VvVLCLI GRACNI FPLAFLVNKFREHEKI NNK M

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
AGTTCATTATGTGG CTGGCCTACGCGGAGCGATTTCCTACGCGCTATCTTTGCACTTGAATCTTGACAGCCAGGAGAAACGACACGTCATCATAAC
QFI MWFSGLRGAI SYALSLHLNLDS SOQEIKRHVI I T

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
AACAACATTAATCATTGTGCTATTTACCACGCTAGTGCTGGGGGGCTCCACAATGCCTCTGCTAAAGTACCTTAAGCCAGGAAAAAAACGGCGGGCACGC
TTLI I VLFTTLVLGGSTMPLILIKYLIEKPGKEKRRATFPR

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
GGCTCTGGAAGGAATGCCGCTGAGGAGGGAGGTCGACGCAACGGCAGCGGTAGGGAAGCGTTCAAAATCTATTTCCCTATCGAAAACTCGCGAATGGGGC
GS GRNAAEEGGRRNGSGREAFKI YFPI ENSRMG

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
CAGGCAATCGACTCTGAACACTTGTCTGAACTCACCGAGGAAGAGGACGTCACCTTTACTCAAGCGCGCGATCG GGGCGCATGGATCGCAAGTACT
P GNRL *

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
TTATTCCG ACACGTCGGTTCAATAGTCAGGAATTGCACGAGTGCAAGTCACAGATGGCCGACCTGACTAACAAGTGGTACCAAGCCATTCGAGT

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
GAGTCCATTGGATTCAGATGAATCGGACGAAGAGATAGGACTAGCGGCCAGCACAAGTCAAATTCATTTGACACGGTCGTAGGGATTAAATGGCTGTTGT

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
GGGGGGAGCTCTGTATCCGTTTCGGACTGTGTTGGATAACTTTAGAAGCCAAAGGGAACGATCGTATGTAATGCTTAAGTTCCTCTAGTTAATA A

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
GAG ATTTATATAGCGCGGTGATGGTTGTTATCTTGTGTATA GTTTACAAA CA GTAAGATCCAAATGCAATGATTCATTCGT

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300

ATCACTGTAGCTCCTTTATTAATCCGCTTAAAGCAGTATTACATTGCACACGACAGATGG CAAAATGAAAATTTGGACGTCACAAAAGCACACTAC
poly A_site

2310 2320 2330 2340 2350 2360 2370 | 2390 2400

GTCAGTAA AGTTAAAAATATTTATTCATACGAATATATGCTGTATTTGTGA ATACA BARACTATCTAAGTGTGGTACGTAA

5 E— - — - ] —— 3

CG113®6 CG11377 CG2674

sequence has been deposited inC (+ strand) — —

GenBank with the accession number
AF142676.

(~strand) =l | s  E—
CG1U450 DmNHEL CG13x94 CG4822 CG314



plausible signal peptide. Accordingly,
take this to be the likeliest start site (Fig.

Predicted structures ddrosophilaNHEs

Using the PSORT Il (Nakai and Hort
1999) and PROSITE (Bairoch et al., 19
protein prediction programmes, it appe
that all threeDrosophilaNHEs are plasir
membrane integral proteins (61%, 5
and 70% predicted plasma membr
targeting, respectively), with 11 putat
transmembrane domains. Although som
the DrosophilaNHEs appear to sit close
mitochondrial NHEs in the similarity tr
(see Fig. 7), they lack mitochondr
targeting sequences (PSORT II).
transmembrane probability plots (v
Heijne, 1992) for the three proteins car
seen in Fig. 6. Clearly, tHerosophilaNHEs
share the same organisation (s
N terminus, compact 10-12-pi
transmembrane domain of approxima
400 residues, long hydrophilic C termin
with human NHE1, the archetype of
NHE family, and so can be assigned \
confidence to the familyDmNHEL and
DmNHE3contain a signal peptide seque
with a putative cleavage site at residue 1¢
For DMNHEZ2 there are three contend
sequences. The Gadfly CG92BBnNHEZ
sequence is clearly incomplete (Fig. 6),
we reject this automated annotation in
case. The translation of the AF23!
sequence fobmNHEZ2lacks an N-termin:
signal peptide sequence; however,
translation were to start at the initia
methionine corresponding to bases 628-
of our sequence, then there would be a
21-residue signal peptide (PSORT
prediction), and the disposition of the
terminus of the peptide would be alm
identical to that of human NHE1 (Fig. 6).
the C terminusPmNHEZ2appears to encor
an extremely long cytoplasmic C-termi

Fig. 4. cDNA, predicted protein sequence
and genomic context (B,C) foDmNHE3
(A) The signal peptide and putative cleavage
are marked in red. The polyadenylation sign
marked in blue. (B) Transcript structt
(C) Genomic context oDmNHE2 at 27A1 ol
chromosome 2, showing gene-dense re
containing nine putative surrounding ge
within 50kb (from Gadfly annotation). TI
sequence has been deposited in GenBank
the accession number AF199463.

B

C (+strand) s
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10 20 30 40 50 60 70 80 90 100
AACGAACAAACTG AGCGGAGTGCGCTGCTGTGAAA GAAAGCTC GGACCCTTTAA ATGTAACGGCTGTGCGGCACATTCAA

110 120 130 140 150 160 170 180 190 200
TATCCAAGCGAAAGGAGGTCCACACACTCCCCTGGCGCCGCCTGAGCGTGGTCGTCCTGCTCCGCGCTTCTAGCACCATCACCTCCACCACCACCCCCCC

210 220 230 240 250 260 270 280 290 300
AACCCGTGAAACATAACGCGAAAATCGATTTCGGCTGCAGGCGCAGGAAGAAACTGAAGAAAGTATGTCCCACGGCGATGTGGACCCCGAGGTAGAGATG

310 320 330 340 350 360 370 380 390 400
ACATCGCCCCACCGTATTCATGGGGACGCAGGAAGTCACCCAAGGTCGCAGACATTCTGGAAGCTACAGTGCTGGCGGAGCAGCATGCTGCTCATAGTCG
M L L I Vv

410 420 430 440 450 460 470 480 490 500
GATTTGCATTGTGCGTCCTCGCGCCTGGATGCAGCGCCACGGACACTGACATCGCTCTGGACGCCAAGGCCACGCTCAATCACCGCATCCAGAGCCTGGA
GFALCVLAPGTECS TDTDI ALDAKATLNHRI QSL

510 520 530 540 550 560 570 580 590 600
CCTTCTAGTCTTCGTGTTCCTGCTGGCGCTCACAGTGCTCACAATTTGGC CAAACACCATCGCGTGTCCTGGCTCCACGAGACGGGATTGGCCGTC
LLVFVFLLALTVLTI WLFKHHRYVSWLHETG GL AWV

610 620 630 640 650 660 670 680 690 700
ATCTACGGCTTGATTGTGGGTGCAATTATACGATATGCCGGCACCTCCGGCACCCTGGACCACATGCAGGTGGAGCCTCAGGGAGTTCCAACGTACAGCG
Il ycL!l vVG6AI I RYAGTSGTLDHMQVEPQGVPTY S

710 720 730 740 750 760 770 780 790 800
ATAAATTGCCGCCTGATACTCTTTGGTTTAGGTACCCCGTTAATCAAACAAATGGCACAAAGCCGCCAGAGGGAATCAAGACGTATGCCTACGTGTTTCG
DKLPPDTLWFRYPVNOQQTNGTI KPPEGI KTYAYVF R

810 820 830 840 850 860 870 880 890 900
AGGACAGGTACACGATGTGGATGAGAACGAAATCGATCTTAAGGCAACGTTCGATCCGGAGGTA CAATATTATCCTGCCCCCAATTATC AT
GQVHDVDENEI DLKATFDPEVFFNI I LPPI I F Y

910 920 930 940 950 960 970 980 990 1000
GCGGGCTATTGCTTGAAAAAGAAATACTTCTTTCGCAACTTGGGTGCCATACTTACGTTTGCCATTGTGGGCACGACTTTGTCGGCCTTCCTAATCGGAG
AGYCLKKKYFFRNLGAI LTFAI VGTTLSAFLI &

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
GCTTCATGTACGGCTGTGTGAAACTGATGCCAAAGTACTTGAGTAGCAGTTTCACATTCCTGGACTCCTTATACTTTGGAGCTCTGATATCGCCCACAGA
GFMYGCVKLMPKYLSSSFTFLDSLYFGALI SPTD

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
TCCGCTCACCATTCTAGCCATATTCAACGATCTTAGGGTCGACGTAAACCTATATGCGCTAGTCTTGGGCGAATCTGTGCTCAACGATGCCGTGGCCATA
pPLTI LAI FNDLRVDVNLYALVLGESVLNDAVAI>

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
GTCCTTAGTGGAGCCATTCAAAATTATGGTGAACACTATTCCAATACCGGGGAATTCGAAACTACAGC CTACGCTCGTTGAGCGATTTCTTCTCCA
VLSGAI QNYGEHYSNTGETFETTAFLRSLSDTFTFS

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
TCTTCTTACTATCCCTGATGATTGGCGCGGCCATGGGATGCTTGACAGCATTGATGACCAAATTTACTCGGGTTCGAGACTTTCCTTTGCTAGAATCCGC
I FLLSLMI GAAMGCLTALMTIKEFTRVRDFPLILES SA”

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
GCTCTTCGTGCTCATGAGCTACAGCACCTTCCTGCTGGCTGAGGCTACGGAACTTACTGGTGTGGTGGCCGTGCTCTTCTGCGGCATCTGCCAGGCTCAC
LFVLMSYSTFLLAEATELTG GVVAVLFCGI CQAHRW

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
TACACGTACAACAACTTGTCGGAGGACTCGCGCCAAAGGACAAAACAGATATTCGAGCTCCTGAACTTTCTAGCCGAGAA ATC CCTACATTG
Y T YNNLSEDS SRQRTIKOQI FELLNFLAENFI FSYI>

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
GCGTATCGATGTTCACCTTTCCCAAGCATCA’ GACGCCGGTTTCATTATAACAGC ATTTGCGCTGCCATTGGAAGGGCGGTGAATGTGTATCC
GVSMFTFPKHHFDAGEFI I TAFI CAAI GRAVNVY P

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
CTTGTCCTGGCTGCTGAACATAAAGCGAAAGCCGAAAATTTCCACAAACTTTCAGCATATGTTGTTCTTTGCTGGACTTCGTGGCGCCATGTCCTTTGCC
LSwWLLNI KRKPKI STNFQHMLFFAGLIRGAMSF A

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
TTGGCCATCCGAAATACAGTGTCGGACGAACGACAGACGATGCTGACTGCCACATCGCTGATTGTCATCTTTACGGTTGTAATTCAGGGTGGGGCTGCAA
LAI RNTVSDERQTMLTATSLI VI FTVVI QGGANA

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
ATTTCCTGCTTAATTGGTTGAAAATACCCGTTGGCGTGGACGATGAGACTGAACAACTCAATAACTATCAAGTGCACAGTTCTGATGGTTATTTGCAGGA
NFLLNWLIKI PVGVDDETEQLNNYQVHSSDGYLQD

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
TGTGGAGGGCGGTGGCGTTAATCGCAACAAGATGCGCTTGTCCGGTGGAACAGATACGAACTTGGACACGCCCGTCGATGGTACGAATGGCAGTTTGGGC
VEGGGVNRNKMRLSGGTDTNLUDTZPVDGTNGS SL G

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
GGAGCAAGCGGCGGTCGCCGGCGCAACAGCCACGAGAAGGCCATTCTTGCTAGGATCTGGGGAAACTTTGATACCAAGTACATGAAGCCCTTACTGACGC
GASGGRRRNSHEKAI L ARI WGNFDTIKYMKPLL T

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
ACTCGCGACCCACTTTGCTGGAGACGCTGCCCGTTTGCTGCAATCCCATTGCCAGACTGCTCACCACCACACAGCAACTAACGCAGGATGGAAGCGAGTT
HSRPTLLETLPVCCNPI ARLLTTTOQQLTOQDGSE PP

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
CAGACGCGTGGACTCGGACTCGGACATTTGCATAGACAATGATACCGGGAACGGTCTCAGTCAGGATGGGTCCGGAGCGGCACCAGGCGTGGGGCGTCG
RRVYDSDSDI CI DNDT GNGLSQDGSGAAPGVGRRPR

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
AACTCCCTGAGTCGCGTTGGAGGCGATCATCGAAATGCTTACATATAAGTTCAATAAGTTCTTAGTTTTCTTTTGTTATTTATTGAATTGGTCTCAACTG
N SL SRVGGDHRNAYI *

Poly A Site

I
2510 2520 2530 2540 2550 2560 2570 2580 2590 2600
AAATCGAAAATGTGAAAACTGTACAAATTAGAATATTAC CAGTTTATCCTTGTTTATGGAAATGTGATTCGGRAGTITAGAAATCEAM

5 . ¢

CG11070 CG11B1
(~ strand) - ] e ————
CGLI7L CGY232 DMNHE3 CG1137 CG11326
CG11331 CG1133 CG113®
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tail, with a very short ®TR that lacks

polyadenylation site. However, our confide
in this structure is increased by the concef
translation of a\edes aegypsiequence whicl
though lacking an N-terminal signal pepti
has a very similar C-terminal cytoplasr
domain. It it therefore likely to be a partial, |
authentic, cDNA. However, the testes cD
we describe here appears to represe
complete, authentic cDNA that has '&%R, a
signal peptide and a polyadenylation ¢
DmNHE2must therefore be considered to h
alternative transcripts, both identical at

5'UTR and the N-terminal and membra
spanning coding regions, but having v
different C termini through facultative ree
through of the last exon of our seque
(Fig. 5). As the cytoplasmic C terminus
considered to have control properties,

difference is likely to be functionally ve
significant.

All three isoforms have multiple putative
glycosylation sites, putative phosphorylat
sites for cCAMP- and cGMP-dependent pro
kinases, protein kinase C and casein kinase
Il sites (Prosite predictionsDmNHE3 also
appears to have two leucine zipper motif:
transmembrane region (TM) 7, which is q
unusual because only hum&HES and the
Arapidopsis thaliand&NHEs have leucine zipp
motifs (three in humaiNHES5in TMs 1 and 2
one in Arabidopsis thaliana NHE in the
intracellular domain between TM6 and TM'

Alignment and phylogenetic relationships

TheDrosophilaNHE sequences were usel
further BLAST searches to identify ott
members of the NHE family. Amongst prote
identified were those from a variety of spec
mammalian (human, rat, bovine) and o

Fig. 5. cDNA, predicted protein sequence
genomic context fobmNHE2 (A) cDNA sequenc
and putative transcript for testes clone AT11(
The putative signal peptide and cleavage site
marked in red. The polyadenylation signal
marked in blue. (B) Transcript structure
DmNHE2.The long transcript is that of GenBa
accession number AF235935 (X. Lin, D. C. Hue
W. Yan and D. L. Barber, unpublished). The sl
transcript is our sequence for testes cDNA ¢
AT11019. (C) Genomic context dDmNHE2 at
39B1 on chromosome 2, showing the surroun:
genes within 53kb, modified from Gad
annotation, to reflect the larger size DMNHE2
This sequence has been deposited in GenBank
the accession number AF239763.

A

10 20 30 40 50 60 70 80 90 100
CTCGTAATGTGTAAACATACGTATACGTATGTATCTACGCCCTCTTCAGTCAATAAATATTAATGCTA’ GTGCAGTTAGACAGGCATGAATTAGAAA

110 120 130 140 150 160 170 180 190 200
GCATTATTTATTGCACACGTCTGCAGTGTGAATCAAAACAAAATCGGAAGCGGCCCGAGAGTGGGTGAGAAAGAGGAGGAGGAGGAGAGCGTGAGAAACC

210 220 230 240 250 260 270 280 290 300
CAGTGGAAAAGAAATAACAGCTGCCGGCTGATTTGTTGCCGAAAAGGAATACGAAGAAAGAAGAAAAACGTGAAGAAACATAGCAGCTGAAAGGAACCTG

310 320 330 340 350 360 370 380 390 400
GCTGAGTAGAAGTACGTTGTAGCATGCCAGGATCAAAAAAGTGAATAACAGATCATAATGAGCATCCGCACGGAGCAGGATTACGACAGTGCCACTCCGG

410 420 430 440 450 460 470 480 490 500
CGCTGGCACAGCAAATGAATTTGGCCCGAAGAGCCTGCTGGAGGATCAAATCCTACAGCTCGGAATCCCTCTTCAAGACCTATGCTTCTGTAATAACAGA

510 520 530 540 550 560 570 580 590 600
TACTAGTGCAAATGAAATCGATGCAGAAGCACCTCCACCACCGAGAGATAAAACCAAAACGAGAATAGAGCCACAGATAGCGCCCGCAAAACGCAACTCA

610 620 630 640 650 660 670 680 690 700
TCCTGCACATCATCCGACTGGCGGGGGATGTTCAGCAAAAGGACGCTGCTCATCTGCGCCCTGGCACTGATCCTTGGAAGTGCCCAGGCGCGGCCCAACA
MFSKRTLLI CALALI L GSAQASBRP N

710 720 730 740 750 760 770 780 790 800
CGAGTGCTGTGGGAGTGGCTCCGAGAAAGGTCAGCCAGGACATTGTGGATGCGGTCACCCAGCTAAATCTGGGCCAGTCGGCGCCCATTGATGCGGTGG
TSAVGVAPRKVYVYSQDI VDAVTQLNLGQSAPI DAVD

810 80 830 840 850 860 870 880 890 900
TGTGGGGCTGGATCCAACGCCATCGGCGAGAGTGCCACGTCCCGAACCATTGAAATCCGGCGACGAGAATGCGAAGGGCGACGAGGGACACAAGATGGA
VGLDPTPSARVPRPEPLIKSGDENAKGDEGHTIKME

910 920 930 940 950 960 970 980 990 1000
CGGTATCCCCTCTCCAGTGTGGACTTCGCTCGGGTAAAGACGCCGTTCATCATTGGAATCTGGATCCTGTCGGCCAGTATAGCTAAAATCGGTTTCCATA
RYPLSSVDFARVYKTPFI I GI WI L SASI AKI GF H

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
TGACGCCCAAACTGCACCTAATATTTCCGGAATCGTGCCTGCTGATTGTCGTGGGCGTGGTCATTGGCGTGGTGCTCTATTTCTGCACCGATGTCGCCGT
MTPKLHLI FPESCLLI VVGVVI GVVLYFCTHDVAYW

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CTCCCCGCTGACTCCCAATACCTTCTTCTTCTACATGCTTCCACCGATTATCCTGGACGCGGGCTACTTTATGCCCAACAGATTGTTCTTCGACAACCTG
s PLTPNTFFFYMLPPI I LDAGYFMPNRLTFFDNL>

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
GGCACCATCCTGCTGATGGCGGTGGTCGGAACCATCTTCAACATAGCTACCATCGGTGGCTCCTTGTACGCCTGCGGAAAGATGGGAATTTACGGGGAAA
GTI LLMAVVYGTI FNI ATI GGSLYACGKMGI Y G PBE

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
GCGAGACTCCGGGTCTAATGGACGTGTTTCTATTTGCCTCACTGATATCTGCAGTGGATCCGGTGGCCGTATTGGCCGTATTCGAGGAGATACACGTGAA
SETPGLMDVFLFASLI SAVDPVAVLAVFETEI HVN

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
CGAGATCCTATACATTGTCGTCTTTGGCGAGTCCTTGCTGAACGATGCCGTCACGGTTGTGATGTACCACATGATGGAGTCCTACAATGAGATTGGCTTG
EIl LYI VVFGESLLNDAVTVVMYHMMETSYNEI GL>

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
GACAAAATCATCGCCCAGGACATTGCCAGCGGTGTGGGTTCCTTCTTCGTGGTAGCGCTCGGTGGCACTGCCATAGGCATCATCTGGGGCTTTCTCACGG
DKI I AQDI ASGVGSFFVVALGGTAI GI I WGFL T

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
GCTTGGTGACCCGATTCACCGATCACGTGCGTGTCATAGAACCCA’ CATATTTGTGATGGCGTACTTGGCCTATCTCAATGCGGAAATATTCCACAT
GLVTRFTDHVRVI EPI FI FVMAYLAYLNAEI FHM

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
GAGCGGCA AGCCATCACTTTCTGTGGTATCACAATGAAAAACTATGTGGAATCTAATATTTCACAAAAGTCGCATACGACTGTCAAATATGCCTTA
S GI LAI TFCGI TMKNYVESNI SQKZ SHTTVKY AL

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
AAGATGTTGTCCAGCTCGGCGGAGACCATTATATTTATGTTCCTAGGCGTGGCCACTGTGAACAACATGCACGTATGGAATACGTGGTTTGTAGTGCTGA
KMLSSSAETI I FMFLGVATVNNMHYWNTWEF VYV L>

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
CCATTGCCTTCTGTTCAGTATTTCGTGTCATTGGCGTCA GCTATCGGCCCTTGCCAATCGCTTCCGCTTGCACAAATTGTCCCGGGTGGATCAGTT
TI AFCSVFRVI GVI LLSALANRFRLHKLSRVDQOQFPF

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
TGTGATGTCCTACGGAGGATTGCGTGGTGCTGTGGCCTTTGCCCTGGTGCTGTTGGTGGACGAGAATGTGGTTAAGCAGAAGAACATGTTTGTTACCACC
VMSYGGLRGAVAFALVLLVDENYVVYKOQKNMFVT T

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
ACGATAGCTGTGATTTACTTTACTGTCTTCCTGCAAGGAATCACTATAAAGCCGCTGGTGAAAATCCTTAATGTCAAGCGCGCTAATAAACGCAAGCCAA
TI1I AVI YFTVFLQGI TI KPLVKILNVEKRANEKRK P

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
CCATGAATGAGCGCATTCATGAACGGTTCATGGATCACTTGATGGCTGGAATTGAGGATATAGTGGGCAAGACGGGCAACTACAACGTGCGTGACAAGTT
TMNERI HERFMDHLMAGI EDI VGKTGNYNVRDK P

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
CAAGCGTTTCGACAATCGCTTTATTCGCCCGCTGCTGATCAGAGATCTTAAGGTA ACATCTAAGTTTGTAGATGGGGTCAAAACGGTTAGGTCTT
K RFDNRFI RPLLI RDLIKVFLHLSIL

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
CCAGAATATGAAATCTCTAAATCTATATGTATACCCTAACTGCCATTAGGAAATTAATGAATTGCATTTATTGGACCACATTCCCATGCAAAGCTATGAG

2510 2520 2530 2540 2550 2560 2570 2580 2590 2600

CGAGCATTGAACACGAATAGAGGGCCGAGTGCATCAAATGCAGATGAAAAGAGCCGAAGGCAACGTCGTTACTCAAGAATATCTTCTAGAATGAACCCTT
Poly- A signal

2610 2620 2630 2640 | 2650 2660 2670

TCAGAAACATGAATGATAAGATTTAGTAATAAGAACGAPRMGTCAAGTCGATCTTAAAAAAAAAAAAAAAAAAA

Long transcript <?,H m m ;

5|
y ™
S

Short transcript D

[}
CG14397 CG®R57 DmNHE2 CG®53
(+strard) 1 u —
(—strar) I [r— f—
CG149050 CG1099 CG®52
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Fig. 6. Structure predictions for human NHEANNHEL DmNHE2 and DMNHE3 Transmembrane probability plots for human NHE1,
DmNHEZ DmNHE2 Aedes aegyptNHE3 andDmNHE3proteins according to the von Heijne (von Heijne, 1992) algorithm. Predictions were
made using MacVector 7.0. The blue background indicates the N-terminal domain; white, the compact transmembrane domé#ie; @ellow,
terminal cytoplasmic domain. Putative signal peptide cleavage sites are marked with red arrowheads. All three gene Dmobigl& fare
shown (see text) with thkedes aegypsequence for comparison.
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Fig. 7. Alignments of conserved domains in *Mt exchangers (NHEs). Alignment dbrosophila melanogasteNHEs and other
representative NHE family members, produced using ClustalW and SeqVu software. (A) An alignment of the NHEs in the andiogde-bi
region and (B) the alignment of NHEs in the highly conserved region. Blue denotes hydrophilic, and red hydrophobic, residnegtive

is as for Fig. 8.

vertebrate (trout,Cyprinus carpio NHE) and invertebrate family, with different Drosophila NHEsS more similar to
(crab, Caenorhabditis elegaipssequences. Amongst these different branches of the fami\DmNHE1is most closely
sequences were a number of novel human NHE proteirelated to the novel human NHE KIAA0939 and to some novel
sequences, a protein previously identified as KIAA0939, whiclsequences from working draft®mNHE3 is more closely
is the closest homologue ®MNHE1 (55% identity at the related to some new human NHE draft sequences and the
amino acid level) and 13 sequences newly emerged from theiman NHEG6, which is the mitochondrial NHE isoform
human genome project, partial protein sequences from workingNumata et al., 1998PmNHE?2 in contrast, is more closely
drafts of the human genome. KIAA0939 was identifiedrelated to the crab NHE fror@arcinus maenasnd to the
in IMAGE clone 3134373 (GenBank accession numbeexchanger from the yellow fever mosquitedes aegypti
BF222481), from &domo sapiengidney cDNA library. The amiloride-binding region, which is present in all known
The DrosophilaNHEs were aligned to the human and otherNHE family members (Wakabayashi et al., 1997), is present in
members of the NHE family of exchangers (Fig. 7), and all theDmNHEs, although it is not perfectly conserved, which
phylogenetic tree was constructed to examine similaritiesould explain the slightly lower amiloride sensitivity we
between the different family members (Fig. 8). The alignmentbserved (Table 1). The highly conserved region between
shows that th®rosophilaNHEs are definitely members of the NHE isoforms, which is thought to be involved in ion exchange
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Fig. 8. Phylogenetic tree for selec ANHE chri2 nNHE chr22

Naf/H* exchangers (NHEs). Prote nNHE chr20 HumanNHE3
sequences are those aligned in Fit nNHE chr5
produced using TreeViewPPC ¢ nNHE chrl3 ~ nNHE chr10

ClustalW software. The boxed nan

are the Drosophila NHEs, and th Aedes NHE3
other abbreviations are as folloy \

Xenopus NHE, Xenopus laevj NHE crab
CAAG69925 (Busch, 1997): hum KIAA0939 \[

NHE1, Homo sapiens AAB59460

(Sardet et al., 1988); nNHE ch S pombe NHE XenopusNHE

Homo sapiensHs1_5070 chromosor
1 working draft sequence; hurr
NHE2, Homo sapiens XP_01088:
(NCBI Annotation Project; dire:
submission, 2001); human NHE
Homo sapiens P26434 (Orlowski ¢
al., 1992); nNHE chr2Homo sapieng "NHEchiX
Hs2_5544 chromosome 2 worki
draft sequence; human NHEBlomo
sapiens NP_004585 (Klanke et &
1995); nNHE chrl6,Homo sapieng NNHE chrl2  HumanNHES

Hs16_10635 chromosome 16 work...y

draft sequenceC. elegan\NHE, Caenorhabdms elegan$35449 (Marra et al., 1993); nNHE chkgmo sapiensHs3_19514 chromosome 3
working draft sequence; NHErabidopsis Arabidopsis thaliana AAF21755 (Quintero et al., 2000pmNHE3 Drosophila melanogaster
AAF13702 (this work); nNHE chrX2Homo sapiensHsX_11991 chromosome X working draft sequence; human NHB&o0 sapiens
AAC39643 (Numata et al., 1998); nNHE chrl2omo sapiensHs12_ 9838 chromosome 12 working draft sequence; nNHE dhoXjo

sapiens HsX_11725 chromosome X working draft sequer&ecerevisiadNHE, Saccharomyces cerevisja®04121 (Numata et al., 1998);

S. pombeNHE, Schizosaccharomyces pomA&7706 (L. Murphy, D. Harris, V. Wood, B. G. Barrell and M. A. Rajandream, unpublished);
KIAA0939, Homo sapiensCAB46030 (N. Corby, unpublished)pmNHEZ1, Drosophila melanogasteAAD32689 (J. A. T. Dow, unpublished;

and this work; nNHE chrl3;lomo sapiensHs1_22216 chromosome 1 working draft sequence; nNHE chi@Do sapiensHs20_11518
chromosome 20 working draft sequence; nNHE chrtino sapiensHs10_ 8739 chromosome 10 working draft sequence; nNHE dHoh2o
sapiensHs1_22246 chromosome 1 working draft sequence; NNHE dHi220 sapiensHs22_ 11677 chromosome 22 working draft sequence;
human NHE3,Homo sapiensP48764 (Brant et al., 1995); nNHE chifomo sapiensHs5_7223 chromosome 5 working draft sequence;
DmNHE?2 Drosophila melanogasterAAF53960 (this work);AedesNHE3, Aedes aegyptiAF80554 (S. S. Gill, H. Wediak and L. S. Ross,
unpublished); NHE cralZarcinus maengasAAC26968 (Towle et al., 1997). nNHE denotes a novel or undocumented gene in the human genome
sequence.

S. cerevisiae NHE HumanNHEL

nNHE chrl
HumanNHE2

HumanNHE4

nNHE chrz

NNHE chrxX2

or at least essential for ion translocation (Noel and Pouyssegur, Discussion

1995), is also well conserved in tBeosophilaNHES, which Amiloride effects and the Wieczorek model

are, however, more divergent than the other family members. The Drosophila Malpighian tubule is exquisitely sensitive

In that respecDmNHEZ2is the most similar to the other family to agents hypothesised to affect the components of the
members. Another domain present in many NHEs is &Vieczorek model for insect epithelia, namely the apical
calmodulin-binding region found in the cytoplasmic CV-ATPase and associated exchanger. However, while
terminus of the exchangers. This region, termed calmodulirbafilomycin is agreed to be a selective inhibitor of V-ATPase,
binding region A in NHEL, is also found in the NHE1 isoformamiloride could target a range of molecules on apical or basal
of other organisms, such as the mou&mopus laevisovine  surfaces. Here, we show that the Malpighian tubules are
NHEZ, rat, pigAmphiuma tridactylurand rabbit, in the NHE2 blocked by a characteristic range of amiloride derivatives
isoform of human and rabbit and the rat NHE4 isoform. It ischaracteristic of exchangers, rather than channels. The order

not, however, found in any of tigrosophilaNHEs. of inhibition of fluid secretion in Malpighian tubules
_ _ is EIPA>2,4-dichloro-benzamil>DMA>amiloridebenzamil
Expression patterns @frosophilaNHEs (Fig. 1; Table 1). These results are consistent with those

Expression patterns @mNHEL DmNHE2and DmMNHE3  recently obtained iedes aegypfiPetzel, 2000), increasing
were mapped by RT-PCR using cDNA derived from a varietpur confidence that amiloride targets NHEs in insect
of tissues using primers designed to bracket introns and usifdalpighian tubules. This is also consistent with our RT-PCR
genomic DNA as a positive control for the reaction (Fig. 9).data showing thddrosophilaNHE genes, but not ENaC genes
This experiment showed that all three genes are expressed(iig. 9, see also Fig. 2), are expressed in Malpighian tubules.
the head, body and Malpighian tubules and at all development@ur failure to identify ENaCs in Malpighian tubules is
stages, indicating that they are widely expressed. consistent with electrophysiological analysis, which showed
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Fig. 9. Expression pattern @frosophilaNa*/H* exchangers (NHESs). Left-hand panels: RT-PCR using primers specifinfbiHE1 (top),
DmNHE2 (middle) andDmNHE3 (lower panel). Predicted sizes for genomic (black arrow) and cDNA (white arrow) templates are shown.
Templates: Genomic, genomic DNA; Whole fly, whole-fly cDNA; Head, head cDNA; Body, body cDNA; Tubule, Malpighian tubule cDNA,;
Larva, mixed larval cDNA; Pupa, mixed pupal cDNA; No template, no DNA control. Ladder is a 1 kb marker (Promega). Rightédiend pan
the identity of the major bands labelled was verified by Southern hybridisation using DIG-labelled cDNA probes derived §drml@ameEor
DmNHElandDmNHE3and from the previously sequenced tubule cDNA RT-PCR produBimfitdHE2

that amiloride inhibited transepithelial Nasecretion in  encoding peptides with differing C-terminal domains, has
Aedes aegyptiMalpighian tubules without any effect on interesting implications for control of the exchanger.
transepithelial and fractional membrane resistance (Hegarty etIn principle, the elucidation of genes Drosophilawould
al., 1992). allow the reverse genetic analysis of their function in mutants.
However, there are no candidate P-element insertions
TheDrosophilaNHE family documented at any of the three loci. The nearest mutation is
This paper describes three genes that appear to encode #meinsertion, 2 kb beyond theehd ofDMNHE3J that generates
Drosophilamembers of the NHE gene family. Their protein a lethal recessive phenotype. However, this insertion is at the
sequences are quite different from the protein sequences Sfend of a novel gene (CG11329), and so the lethality is
the other members of the family, but there is sufficienfprobably attributable to the latter locus.
similarity to the other NHEs to assign them unambiguously Are any of these genes candidates for the Wieczorek
to this group of proteins (Fig. 6). More specificalymNHE1  exchanger? Their relative dissimilarity to cardinal vertebrate
appears to be very similar to a novel human NHENHEs (Fig. 8) would allow them to be ascribed different
KIAA0939, which has been found in kidney (IMAGE functional properties. For exampBmMNHE2sits in a branch
3134373) and brain (GenBank accession number AB023156f the similarity tree with only invertebrate representatives and
(Nagase et al., 1999DmNHE2 is most similar to two so would be a strong candidate. Our data show that, in
invertebrate NHEs, the NHE found @arcinus maenaand  Drosophilg all three exchangers are widely expressed (Fig. 9)
the newly described NHE3 iMedes aegyptiGenBank and are certainly present in a relevant epithelium (the
accession number AF80554; S. S. Gill, H. Wediak and L. SMalpighian tubule). However, the same general expression
Ross, unpublished). DmNHES3 sits near human mitochondriglattern would argue against a specialised role in transporting
NHE6 (although DmMNHE3 encodes no mitochondrial epithelia only, and our pharmacological analysis (Fig. 1) does
targeting sequences) and also closétabidopsis thaliana not distinguish between an apical or basolateral localisation.
and yeast genes. Recent electrophysiological evidence suggests that amiloride
The threeDmNHEsdescribed above are predicted to bemay be acting at the basolateral membranfeafes aegypti
plasma membrane integral proteins with 10—12 transmembraialpighian tubules (Petzel, 2000), and our results cannot be
domains just like the other members of the family (Fig. 6). Alltaken to contradict this view. In insects, it may have been naive
the Drosophila NHEs have a putative signal peptide and ato assume that sensitivity to bafilomycin and amiloride is
possible cleavage site. This is similar to the position irsufficient proof that an epithelium conforms to the Wieczorek
mammalian NHESs, although it is not certain whether the signahodel. However, whethddmNHE1 DmNHE2or DmNHE3
peptide is ever cleaved (Zizak et al., 2000); see Shrode et #&lanspires to be the elusive apical exchanger, or a vital part of
(Shrode et al., 1998) and Wakabayashi et al. (Wakabayashitée cell’s ion-regulatory machinery, the description of this gene
al., 2000). The presence of distinct messages for DmMNHEZ2amily in a genetic model organism should be useful.
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