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Summary

A mutation in the malvolio (mvl) gene affects taste
behavior in Drosophila melanogaster The malvolio gene
encodes a protein (MVL) that exhibits homology to the
mammalian natural resistance-associated macrophage
proteins. It is also homologous to the Smfl protein from
Saccharomyces cerevisipewhich we have recently
demonstrated to function as a MA*/Zn2* transporter. We
proposed that theDrosophilaand mammalian proteins, like
the yeast SMF1 gene product, are metal-ion transporters.
To test this hypothesismalvolio mutant flies were allowed
to develop, from egg to adulthood, on a medium containing
elevated concentrations of metal ions. Mutant flies that
were reared in the presence of 10 mmat} MnCl 2 or FeCl
developed into adults with recovered taste behavior. Cagl

or MgCl2 had no effect on the mutant’s taste perception.
ZnCl2 inhibited the effect of MnCl> when both ions were
supplied together. Similar suppression of the abnormal
taste behavior was observed whemvl mutants were fed
MnCl, or FeCl; only at the adult stage. Furthermore,
exposure of adult mutant flies to these ions in the testing
plate for only 2h was sufficient to restore normal taste
behavior. The suppression of the defective taste behavior
suggests that MVL functions as a MA*Y/Fe2* transporter
and that Mn2* and/or Fe** are involved in the signal
transduction of taste perception inDrosophilaadults.

Key words: metal ions, transporteBrosophila melanogastetaste
behavior, bacterial resistance.

Introduction
The gustatory pathway dbrosophila melanogasteis a

Aspergillus nidulangVidal et al. 1993; Rodriguest al. 1995).

useful model for the analysis of gene function in the nervou€onsequently, it was proposed that the NRAMP protein, as well
system. An assay which measures the ability of flies to deteat the MVL protein, may function as nitrite (N or nitrate
and respond to sugars has been used to isolate mutations(WD3") transporters. These ions are subsequently converted to
several genes affecting taste perception (Isono and Kikuchijtric oxide (NO) by dismutation (Rodriguetal.1995). It was

1973; Falk and Atidia, 1975; Tompkingt al. 1979;
VijayRaghavaret al.1992; Inamdaet al. 1993). Among them,

suggested that the NO produced in this way may function in the
signal transduction of taste perception Dmosophila The

a mutation in thenalvolio (mvl) gene affects taste behavior in discovery of a yeast protein (Smflp) that is 30 % identical in its
Drosophila The gene is expressed in mature neurons in themino acid sequence to NRAMP and MVL, and which was

central and peripheral nervous system as well as

ighown to function as a metal-ion transporter, raised the

macrophages (Rodrigues al. 1995). It was shown that the possibility that the mammalian ari2rosophila proteins also
electrophysiological responses of the peripheral neurons to tagtave a similar function (Supek al. 1966). According to this
stimuli are normal in these flies. This suggests that the abnorniafpothesis, metal-ion homeostasis is impaired in the MVL
taste behavior of the mutant resulted from a defect imutant, resulting in a loss of taste perception for sugars. To
information processing rather than in the reception of th@ssess this hypothesis, we attempted to suppress the abnormal

stimulus (Vidalet al. 1993; Rodriguet al. 1995). Since the

taste perception phenotype of timalvolio mutant by adding

amino acid sequence of the malvolio protein (MVL) is 65%metal ions to the growth medium.
identical to that of the mammalian natural resistance-associated

macrophage protein (NRAMP) (Vidadt al. 1993, 1995;

Cellier et al. 1995), it is likely that they both have a similar
function. These two proteins show a very limited homology to Unless

Materials and methods
Drosophilastrains

otherwise specified, flies were reared on

a 22-amino-acid sequence of the nitrate transporter CRNA fromolasses—cornmeal-yeast medium at 25°C, under constant
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illumination. The P-element insertional mutaktvI®’f was Results

kindly provided by Dr William Chia (Rodriguest al. 1995). In the work described in this paper, we attempted to use the
The Canton-S strain (CS) was used as a wild-type control, singgeding preference assay in order to try to recover the
the Mvl mutant was isogenized to the CS genetic backgrounchhenotypic expression of the taste mutaralivolio In this
assay, flies are presented with an option to choose between
Feeding preference assay food containing an attractant, usually a sugar, and medium
Flies were used for the experiments 3-5 days after eclosiooontaining only a food dye (Acid Red) which is neither
Flies were collected upon eclosion and aged on mediumttractive nor repellent to the flies. Wild-type flies will almost
containing Mi@*. Prior to the test, flies were starved for 20 halways prefer food containing the sugar over food containing
by transferring them into bottles containing no food buthe Acid Red dye. Fig. 1B depicts two flies, one with an
supplied with distilled water soaked in 3MM paper. Theuncolored abdomen, since it was able to taste the sugar and
feeding preference test was carried out as described Ipyeferred it, and the second with a red abdomen, resulting from
Tanimuraet al. (1982) with some maodifications according to consumption of the red dye. The ability of flies to discriminate
Rodrigueset al. (1995). Alternate wells of axd0 microtiter between food containing sugar and food lacking sugar is
plate (Nunc, Denmark) were filled with iD of 1% agar manifested in the percentage of flies with an uncolored
(Difco, Noble) containing 100 mmof} trehalose (Sigma) as a abdomen in the population tested.
stimulus. The rest of the wells contained 0.2% Acid Red Adult wild-type (Canton-S) and mutant (homozygous
(C27H2007N2Na, Sigma) in 1% agar (Fig. 1A). The control MvI®?) Drosophilawere transferred to bottles containing a
experiment ascertained that Acid Red dye at the concentratieeries of media with increasing concentrations of MnCl
used (0.2%) was neither toxic nor metabolized and did natllowed to lay eggs for 4 days and then removed. The eggs
interfere with the test. Approximately 100-150 flies weredeveloped into adult flies on this medium. The resulting
introduced into each plate and were left to feed for 2h in thadult flies were then tested for their behavioral response in
dark at 25°C. Thereatfter, flies were immobilized by coolinga feeding preference assay of sugarsusdye solution.
and were visually scored for the color in their abdomens. AWhen the flies developed in the absence ofMihe control
the values were obtained by blind scoring. The acceptanaeild-type flies had an acceptance rate of more than 40 %,
response of the stimulus was calculated as the percentagewdiereas thdlvl mutants chose randomly (acceptance rate of
flies with uncolored abdomens in the population. Means andpproximately 2% only). When wild-type amivl mutants
standard deviations of each data point were obtained from atere reared throughout development on standard food
least six independent experiments. supplemented with different concentrations of 2¥rand
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Fig. 1. The results of a
feeding preference assay
demonstrated by the two
flies. (A) A typical plate

for assaying feeding
preference of flies. Red
wells contain agar Acid

Red dye. Uncolored wells
contain agar with sugar.
(B) The (upper) fly with

the red-colored abdomen
is unable to taste the sugar,
and the lower fly is able to

taste the sugar; as a result,

the lower fly has an
uncolored abdomen.
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then tested for trehalose acceptance,2Mwas able to 50
reverse the mutant phenotype in a dose-dependent manner
(see Fig. 2). When the same experiment was repeated, bu@
this time by adding G4, Mg?* or Zr?* as a replacement for
Mn2* in the medium, there was no reversion of the mutant
phenotype.

It has previously been shown that, $1 cerevisiaeZn?*
inhibits Mré* transport by Smflp, which is a yeast homolog
of malvolio (Supeket al. 1996). In flies too, when 2 is
present in the growth medium together with¥throughout
development the ameliorating effect of #ron the mutant
flies was suppressed, and these flies again lacked taste ~10-
preference. At the same Zrconcentrations, the taste behavior
of wild-type flies was normal (Fig. 3). Recently, we observed
that Smf2p and Smf3p, which are two yeast homologs of
Smflp, may function in the transport of additional metal ions
other than MA* and Z#* (A. Kahan, A. Cohen and N. Nelson,
unpublished observations). We therefore tested whett¥er Fe
affects the taste behavior of tidvl mutant. As shown in
Fig. 3, Fé* had a similar effect to Mt in suppressing the
mutant taste behavior. Moreover, when botR*Fend Mr#*
were present in the medium throughout development, an
additive effect on the taste preference of the mutant flies was
observed. ) ) o )

We next set out to determine whether normal tastfid- 3- Behavioral response oAvI9f mutant flies in the feeding

perception requires the presence of metal ions throughout t\prefer.ence assay. '.:"es were reared throughout deV(?'Opmem on f.OOd
. . .containing the indicated ions and were tested using the feeding
developmenF ‘?f the nervous SyStem in the fly. Alternatlvely, Ipreference assay under similar conditions to those described by
may b_e Su.ff'c'er't for these metal ions to be supplied to thTanimuraet al.(1982). Under these conditions, wild-type (Canton-S)
adult flies, in which the nervous system has already developefjies had an acceptance level of over 40%. Values are means +

If so, these metal ions may be implicated in signal transducticn=6.

Per cent acceptal

1

Untreated]

10 mmol F1Mn2*
20 mmol F1Mn2+ A
10 mmol FLFe* +

10 mmol F1Mn2*+1 mmol F1 Zn2* -
10 mmol F1Mn2*+2 mmol 1 Zn2+ -
20 mmol F1Mn2*+1 mmol F1 zn2* 1
20 mmol F1Mn2++2 mmol 1 Zn2* 4
10 mmol F1Mn2*+10 mmol F1 Fe2* -

100

of taste perception in the adult. To test this, mutant flies that
had developed on standard medium (no elevated concentration
80} 1 of any metal ions) were transferred, upon eclosion, to vials

the metal ions are not required for correct development of the
nervous system components involved in taste perception. To
20. | corroborate these results, mutant flies that had developed on
standard medium were tested on plates in which all the wells,
those containing sugar and those containing dye, were

§ containing food supplemented with Rm Fe&* or a

g combination of MA* and Z#* for 3 days prior to testing. As

§ 60r shown in Fig. 4, these flies had the same pattern of behavior
© as flies that had been reared throughout development in the
§ a0l presence of the same metal ions. These findings indicate that
&

0 : : supplemented with M, F&* or a combination of M#t and
10t 10° 10t 1®  zn2*. The suppression of the abnormal taste perception of the
[Mn2*] (mmol 1) Mvl mutant by M@+ and F&* was even stronger in this case

than when the mutant flies had developed in the presence of

mutant Drosophilaflies to Mr?*. The flies were reared throughout the _Ions or had been fed t_h_ese meta_l an_s for 3 dayso%rirlor to
development in the presence of increasingZMroncentrations. In testing. Under these condlt_lons, the inhibitory G_)ffegt Zn
this and the following figures, 0% acceptance represents a randofffS almost unthectabIe (Fig. ‘L_-’)' These results Impl!ca?é Mn
choice between sugar and dye. In medium without2*Mn and Fé&* in a signal transduction pathway underlying taste
supplementation, the acceptance for wild-type flies was 43 %; that fgterception. The lack of effect of Znmay be explained by the
MvI®7f flies was 2%. ©) HomozygousMvI®'f flies; (@) Canton-S  slow accumulation of this ion and the consequent failure to
(wild-type) flies. Values are meanssb., N=6. reach the required critical amounts.

Fig. 2. Taste responses of adult wild-type (Canton-S) Mut?f
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Per cent acceptance
Per cent acceptance

Wild type

10 mmol F1Mn2+
20 mmol FMn2*
10mmol F1Fe*
10 mmol F1Mn2+
20 mmol F1Mn2*
10mmol F1Fez*

10 mmol F1Mn2*+1 mmol F1zn2*
10 mmol F1Mn2*+2 mmol 1 zn2*
20 mmol F1Mn2++1 mmol F1Zn2*
20 mmol F1Mn2*+2 mmol 1 zn2*
10 mmol F1Mn2*+10 mmol F1 Fe2*
10 mmol F1Mn2*+1 mmol F1Zn2+
10 mmol F1Mn2*+2 mmol 1 zn2*
20 mmol F1Mn2++1 mmol F1Zn2+*
20 mmol F1Mn2++2 mmol F1Zn2*
10 mmol FMn2*+10 mmol F1 Fe2*

Fig. 4. Effect of metal ions provided to adult flies on their behavioraFig. 5. Effect of metal ions provided during the taste preference test

responseMvI®” mutant flies were reared throughout development oron the behavioral response of the flidgI97f mutant flies were reared

standard medium. Upon eclosion, the adult flies were transferred throughout development on standard medium, aged for 3 days on the

vials containing food supplemented with the indicated ions for 3 day:same medium, and starved for 18 h. The flies were tested for feeding

starved for 18h, and then tested in the feeding preference assaypreference on plates containing the indicated ions in all the wells,

described in Fig. 3. Values are meanst, N=6. those containing the sugar as well as those containing the dye. Values
are means %.0., N=6.

Discussion

Our experiments suggest that the yeast Smfip and tiRAMP may transport Mét and/or other metal ions from the
Drosophila MLV protein are metal-ion transporters. On the extracellular milieu into the cytoplasm of the macrophage and,
basis of the sequence homology between the MVL protein arfdllowing the generation of the phagosome, remove the metal
the mammalian NRAMP protein, it is tempting to suggest thaions from the organelle (Supeek al. 1997). Thus, metal-ion
all the other members of this family, including the mammaliardepletion of the microenvironment in the phagosome by
ones, have a similar function. In mice, natural resistance tdRAMP may limit the rate of production of metalloenzymes
infection with unrelated intracellular parasites such ady the engulfed bacteria. This limitation will restrict the
Mycobacteria Salmonellaand Leishmaniais controlled by a pathogen’s ability to produce metalloenzymes such as SOD
single gene on chromosome 1, design&eg Ity or Lsh The  and prevent the propagation of the ingested microorganisms.
gene product oBcg designated natural resistance-associate@€onversely, an increased concentration of metal ions in the
macrophage protein (NRAMP), has been shown to be altergthagosome, caused by a defective NRAMP transpdtef)(
in susceptible animals (Vida&t al. 1993, 1995,b; Cellieret may promote the growth of the parasites and render the
al. 1995; Govoniet al. 1995). The discovery of a yeast organism sensitive to the pathogen.
homolog ofNrampandmalvoliothat functions as a metal-ion ~ Several lines of evidence point to a direct involvement of
transporter raised the possibility that the mammalian proteimetal ions in neurotransmission. Zrhas been implicated in
has a similar function (Supedt al. 1996, 1997). Following several processes in the nervous system. For exampfegam
phagocytosis of a parasite into the phagosome, the macrophdgteract strongly with a variety of ligands including sulfur in
produces reactive oxygen and/or nitrogen intermediates thaysteine, nitrogen in histidine and oxygen in acidic amino acids
are toxic for the internalized bacteria. Survival of the pathoge(Berg and Shi, 1996). In mammalian brain cells2*Zis
during the burst of macrophage respiratory activity is thoughticcumulated in presynaptic vesicles of excitatory neurons and
to be partly mediated by microbial metalloproteins such as released during synaptic activity (Assaf and Chung, 1984;
superoxide dismutase (SOD), which contair’fMICA—Z?*  Howell et al. 1984; Palmiteret al. 1996). Z@#* interacts with
or Fe&* in their active centers (Chaat al. 1992; Fridovich, some ionotropic receptors in the brain, such as the ionotropic
1995; Coopeet al. 1995; Lahet al. 1995). We propose that ATP receptor (P2x3), which is potentiated by Z{Seguelat
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al. 1996). Z@* blocks currents mediated by-methylo- presumably by chemically catalyzing the superoxide
aspartate (NMDA) oy-aminobutyric acid (GABA) as well as dismutation reaction. Bsd2p must also sense, directly or
voltage-gated G4 channels (Westbrook and Mayer, 1987;indirectly, the metal-ion concentration inside the cells in order
Peterset al. 1987). It also interacts with neurotransmitterto be able to distribute the specific transporters appropriately
uptake systems, such as the dopamine transporter, and inhitbtstween the endoplasmic reticulum and the plasma membrane.
dopamine uptake and cocaine binding (Richfield, 1993)When the metal-ion concentration is elevated above a specific
Finally, it has been demonstrated thatZmay play a role in threshold, the transporters may be tightly bound and remain in
neuronal death after transient cerebral ischemia (&ohl. the endoplasmic reticulum. When the metal-ion concentration
1996). decreases, the transporters are released and distributed to the
The role of MA&* and F&* in neurotransmission and taste plasma membrane. This kind of regulation may be particularly
perception is not clear. Their possible involvement in neuraliseful for the nervous system, the blood barriers and the
development has been ruled out since?Mmand F&* digestive tract. We also anticipate the involvement of such
suppressed the mutant phenotype even when supplied to fligansporter receptors in mutants of taste perception in which
only at the adult stage, when the nervous system had alreaghe MVL protein is intact. Very recently, NRAMP2 (DCT1)
been developed. Furthermore, the short period that wagas shown to transport Feand other metal ions (Gunshén
sufficient for the mutant flies to recover their taste (see Fig. l. 1997), confirming our findings that the members of this
prompts us to suggest that Rrand/or Fé* participate in a  family of membrane proteins are metal-ion transporters (Supek
novel signal transduction pathway involved in taste perceptioret al. 1996, 1997). A genetic disorder that causes
However, it is possible that an appropriate metal-iorhemochromatosis due to elevated rates of uptake of iron from
concentration in specific nerve cells is required for the optimahe intestine was localized to a gene that may produce a protein
performance of these cells in one of the known signainalogous to Bsd2p (Feder al. 1996). We suggest that this
transduction pathways. IBrosophilg the inhibition by Z&*  mechanism of holding excess and ready-to-use transporters in
of the restoration of taste behavior by metal ions can bthe endoplasmic reticulum and/or the Golgi body is
explained by at least two different mechanisms?*Zmay  widespread.
compete with MA* for uptake by metal-ion transporters other The ramification of this work lies far beyond the fact that
than MVL and, by so doing, prevent the suppression of thehe addition of metal ions corrects a defeddinsophilataste
malvolio mutant phenotype by the added high concentrationsehavior. The data not only suggest badsophilaMVL, like
of Mn2*. Alternatively, Z#* may interact directly with the site yeast Smfip, is a metal-ion transporter but that all the other
in the signal transduction pathway that requires™aor its  family members are also metal-ion transporters. Furthermore,
activity. The steps in the signal transduction sequence that miy suggests that these family members function in key
involve metal ions include the modulation of receptor activitymetabolic processes that are involved in systems such as signal
in the nervous system, the interaction of receptors with seconthnsduction, neuronal activity and resistance to bacterial
messengers and the expression of signals in the modulationigfection. We anticipate that the other members of this family
C&’* concentration. Recent studies on the effect of metal iongill play key roles in metal-ion homeostasis in a variety of
on neuronal receptors (Shugbal. 1997) makes it conceivable processes that are yet to be discovered.
that Mre* and F&* may modulate a subset of excitatory

receptors involved in taste perception. We wish to thank Dr William Chia for providing us with the

Recently, a novel mechanism for regulating ionprosophilastrains. This work was supported by a grant from
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1997). It was demonstrated thatSaccharomyces cerevisiae

a mutation in th@SD2gene suppresses oxidative damage in

cells lacking superoxide dismutase (Liu and Culotta, 1994). References

The mechanism for this effect was explained when it wagssar S. Y.anD CHuNG, S. H. (1984). Release of endogenous*zn
subsequently  found that BDS2 prevents metal from brain tissue during activitiNature 308, 734-736.
hyperaccumulation by exerting negative control over théBerg, J. M. aND SHi, Y. (1996). The galvanization of biology: a
SMF1 and SMF2 metal transport systems ftial.1997). The growing appreciation for the roles of zif8cience271, 1081-1085.
gene product oBSD2(Bds2p) is situated in the endoplasmic CELLER, M., RRIVE, G., BELoucH, A., KwaN, T., RODRIGUES V.,
reticulum, while Smflp and presumably Smf2p function in the CHIA, W. AND Gros P. (1995). Nramp defines a family of
plasma membrane (Supek al. 1996, 1997; Litet al. 1997). membrane proteins.Proc. natn. Acad. Sci. U.S.A92
The most plausible explanation for the function of Bds2p i 10089-10093.

that it act n endoplasmic reticulum receptor that bindg .’ J., Xne, Y., MacLiozzo, R. S.anp BLoowm, B. R. (1992).
at it acts as a P P Killing of virulent Mycobacterium tuberculosisy reactive

several plasma membrane transporters and, by doing SOyyogen intermediates produced by activated murine macrophages.
prevents them from over-accumulating on the plasma j exy Med175 1111-1122.

membrane. Null mutations in tlBSD2gene cause an increase cooper J. B., MEINTYRE, K., Bapasso, M. O., Woob, S. P., ZiANG,

in the number of metal-ion transporters in the plasma Y., Garsg, T. R.AND YOUNG, D. (1995). X-ray structure analysis
membrane, resulting in over-accumulation of metal ions, of the iron-dependent superoxide dismutase fidycobacterium



120 S. CRGAD AND OTHERS

tuberculosis at 2.0 Angstroms resolution reveals novel the action ofN-methylp-aspartate on cortical neurorScience

dimer—dimer interactiongl. molec. Biol246, 531-544. 236, 589-593.
FaLk, R. AND ATIDIA, J. (1975). Mutation affecting taste perception RicHFIELD, E. K. (1993). Zinc modulation of drug binding, cocaine
in Drosophila melanogasteNature 254, 325—-326. affinity states and dopamine uptake on the dopamine uptake
Feper, J. N., QURKE, A., THOMAS, W., TSUCHIHASHI, Z., RuppY, D. complex.Molec. Pharmac43, 100-108.
A., Basava, A., DormISHIAN, F., DomINGO, R., R, ELLis, M. C.,  RODRIGUES V., CHEAH, P. Y., R, K. AND CHiA, W. (1995).
FULLAN, A., HINTON, L. M., bNES N. L., KIMMEL, B. E., KRONMAL, malvolio, the Drosophilahomologue of mouse NRAMP-1 (Bcg),
G. S, lauer, P., Leg, V. K., Loes, D. B., Mara, F. A, is expressed in macrophages and in the nervous system and is
McCLELLAND, E., MEYER, N. C., MNTIER, G. A., MOELLER, N., required for normal taste behavio@MBO J.14, 3007-3020.
MooRE T., MORIKANG, E., RRass C. E., QINTANA, L., STARNES, SEGUELA, P., HhGHIGHI, A., SOGHOMONIAN, J. J.AND CooOPER E.
S. M., SHATZMAN, R. C., BRUNKE, K. J., DRAYNA, D. T., RscH, (1996). A novel neuronal P2x ATP receptor ion channel with

N. J., Bxcon, B. R.AND WOLFF, R. K. (1996). A novel MHC class widespread distribution in the braih. Neuroscil6, 448—-455.
llike gene is mutated in patients with hereditary SHUTO, M., OGITA, K., MiNAmI, T., MAEDA, H. AND YONEDA, Y.

haemochromatosidlature Genet13, 399-408. (1997). Inhibition of [3H]MK-801 binding by ferrous (Il) but not
FriDoOvICH, |. (1995). Superoxide radical and superoxide dismutases. ferric (ll) ions in a manner different from that by sodium
A. Rev. Biochen®4. 97—112. nitroprusside (ll) in rat brain synaptic membranksNeurochem.

69, 744-752.

&JPEK, F., SiPEKOVA, L., NELSON, H. AND NELSON, N. (1996). A yeast
manganese transporter related to the macrophage protein involved
in conferring resistance to mycobacterffroc. natn. Acad. Sci.
U.S.A.93, 5105-5110.

SuPek, F., SPEkova, L., NeLson, H. AND NELson, N. (1997).

Function of metal-ion homeostasis in the cell division cycle,
mitochondrial protein processing, sensitivity to mycobacterial
infection and brain functions. exp. Biol200, 321-330.

ANIMURA, T., Isong K., TAKAMURA, T. AND SHIMADA, |. (1982).
Genetic dimorphism in the taste sensitivity to trehalose in
Drosophila melanogasted. comp. PhysiolA 147, 265.

TowmpkiINs, L., CarRDOsA, M. J., WHITE, F. V. AND SanDERS, T. G.

(1979). Isolation and analysis of chemosensory behavior mutants
in Drosophila melanogasterProc. natn. Acad. Sci. U.S.A6,

Govonl, G., VibAL, S., (ELLIER, M., LEPAGE, P., MaLo, D. AND GROS
P. (1995). Genomic structure, promoter sequence and induction
expression of the moudéramplgene in macrophage&enomics
27, 9-19.

GUNSHIN, H., MACKENZIE, B., BERGER U. V., QUNSHIN, Y., ROMERO,

M. F., Boron, W. F., NUSSBERGER S., ®LLAN, J. L.AND HEDIGER,
M. A. (1997). Cloning and characterization of mammalian proton-
coupled metal-ion transporté¥ature 388 482-488.

HoweLL, G. A., WELCH, M. G. AnND FREDERICKSON C. J. (1984).
Stimulation-induced uptake and release of zinc in hippocampal
slices.Nature308 736-738.

INAMDAR, M., VIJAYRAGHAVAN, K. AND RODRIGUES V. (1993). The
Drosophila homolog of the human transcription factor TEF-1,
scalloped is essential for normal taste behavibrNeurogenet9,

123-139. 884887
Isono, K. AND KikucHI, T. (1973). Autosomal recessive mutation in VIDAL. S ELOUCHl A. M., CELLIER, M., BEATTY, B. AND GROS, P
sugar response d@irosophila Nature 248, 243-244. (1995). Cloning and characterization of a second huMBRAMP

KoH, J.-Y., 3H, S. W., GVAG, B..J., I-t Y. Y., .Hsu, C. Y.AND CHol, gene on chromosome 12g18amm. Genome, 224—230.
D. W. (1996). The role of zinc in selective neuronal death aftef; 5, S TremsLay. M. L.. GOVONL. G.. GAUTHIER. S.. SBASTIANI

transient global cerebral ischemgcience272 1013-1016. G., MALO, D., KAMENE, E., QIVIER, M., DTHY, S.AND GROS, P.
Lad, M. S., Dxon, M. M., PATTRIDGE, K. A., STALLINGS, W. C., FEE, (199%). Thelty/LshBcglocus: natural resistance to infection with
J. A.AND Lubwig, M. L. (1995). Structure—function f&scherichia intracellular parasites is abrogated by disruption of Nnemp1

coliiron superoxide dismutase: comparisons with the manganese gene.J. exp. Med182, 655-666.

enzyme fromThermus thermophilugiochemistry34, 1646-1660.  v/paL, S. M., MaLo, D., VocaN, K., SKAMENE, E. aAND Gros, P.

Liu, X. F. aND CuLoTTA, V. C. (1994). The rquirement for yeast  (1993). Natural resistance to infection with intracellular parasites:
superoxide dismutase is bypassed through mutation in BSD2, ajsolation of a candidate for Bcgell 73, 469-485.
novel metal homeostasis gedolec. cell. Biol.14, 7037—7045. ViJAYRAGHAVAN, K., KAUR, J., RRANJAPE, J. AND RODRIGUES V.

Liu, X. F., SPeK, F., NELsoN, N. aND CuLoTTA, V. C. (1997). The (1992). Theeastgene ofDrosophila melanogastds expressed in
control of heavy metal uptake by tiSaccharomyces cerevisiae  the developing embryonic nervous system and is required for

BSD2gene.J. biol. Chem272, 11763-11769. normal olfactory and gustatory responses of the aBek. Biol.
PALMITER, R. D., @LE, T. B., QuaIFg, C. J.AND FINDLEY, S. D. 154, 23-36.

(1996). ZnT-3, a putative transporter of zinc into synaptic vesicleSWestBrook G. L. AND MAYER, M. L. (1987). Micromolar

Proc. natn. Acad. Sci. U/ 93, 14934-14939. concentrations of Zt antagonize NMDA and GABA responses of

PETERS S., KoH, J.AND CHol, D. W. (1987). Zinc selectively blocks hippocampal neuron®ature 328 640-643.



