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The 93D locus in Drosolihilo mcfmlO!;a.~ler and the 93D-like loci in other species of Drosophila. collectively termed hsr
w (heat shock RNA omega) loeus, display several unique and intriguing features: (i) developmental regulation <1nd selective
induction by several agenls like benzamide, colchicine, thiamphenicol, vit-B6: (ii) functional conservation in the genus but
a very rapid DNA base sequence divergence: (iii) in Spill' of the rapid DNA sequcnce divergence, a strong conservation of
organization (a 5' unique region and a 3' long tandem repeat region) and the pattern of multiple w transcripts in the genus:
(il') a general nonlranslatability of all the three major species of w transcripts (an - IO-kb wi, a 2.0-kb w2, and a 1.2-kb
w3 species) although some recent evidence favours translatability of a small open reading frame (- 23 -27 amino acid long)
in Ihe w3 Iranscript: (I') dispensability of the hsl' w locus for heat shoek protein synthesis but indispensability for viability
of flies. The heat siwek inducibility of the 930 locus of D. I/1Cltl/1O!WHer is selectively repressed by (i) combination of heal
sh(lck with another indllcer of <.).,1): (i;) rcaring of l:,rv<1e al IOOe:: (iii) heterozygous deficiency for the (nD rcgion: and
UI') conditions thai alter levels or hcta-alanine.. In all l'ases of reprcssion of the lno locus during heat shock, thc 87A and
H7C loci (the two duplicate loci harbouring lTlultiple copies for hsp70 and the alpha --beta repeat sequences (at 87C)) develop
uncqual puffs. The irSI' w loclls aprears to be under ~ complex system of regulation involving autoregulation as well ~s regula
tion hy other fal'tors in Ihe cell whiL"il possibly operate through dirfercnt control clements on the locus.

hCY lI'ol'ds: hcn,calllidc, clliehicine, bela-alanine, irSI' w, hcat shock puffs, Drosophila,

L"KHOTIA, S. C. 1989, The 930 hcat shock locus of Drosophila lIlelanogasler: l11o(llIlation by genetic and devclopnlcnlal
factors. Genome, Jl : 677 -683.

Le locus 93D chez Drosophila !II('lanOf{aslcr et les locus qui ressemhlent au 93D chez d'autres espeees de Drosophila,
collcctivement dl'signes hsl' w (heat shock RNA ol11eg<1). presentcnt plusieurs earactere.~ exclusifs qui suseitcnt la curiosite :
(i) I:i regul<1tion du dcveloppemcnt ct I'inuuction selective par divers agents eOl11me Ie ben7.amide, la colchicine, Ie thiarn
phenieol. la vilamine 81>; (ii) la conservation fonctionnelle au scin du genre, mais une divergencc tres rapide des sequences
de bases de I'ADN; (iii) malgrc une divergence rap ide des sequences de I'ADN, une forte conservation de l'org<1nisa1ion
(une region unique .'" et lUll' rcgillll Y, \onglle. rcpctce en tandem), ainsi lju'un pattern ue transerits w mlilliJ'll~ au sein <lu
genre: (il') l'incap;lCile gcnl;rale dc tradllire les trois especes majcures de transcrits w (une espece u'environ IO-kb wi, une
sccondc de 2.0-kb w2 et une trnisicme de 1.2-kh wJl. bien que certaines evidences recentes favorisent la C:lp<1citc ue traduire
un petit c<1dre de Iectme ouvcrt (d'ellviron 23-27 aeides amines de longueur) dans Ie transcrit w3; (v) la non-nccessile pour
Ie 1,ll'US hsl' OJ de synlh,'tiser des protcines de thcrmochocs, mais la nccessite ue Ics synthctiscr pOllr la vi:d'ililC des mouches,
L'indllction par thennochocs du locus 9.10 de D. lIlela{/O~aSler cst rcprimee de fa<;on sclective par (i) une combinaison des
thcrlllocllOcS avec 1111 alltre inducteur du 930: (ii) I'clevage des larves U 100C: (iii) une dclieienec hcterozygotc pour la region
93D et (i,,) ues conditions qui allerent les niveaux de hcta-alanine. Dans tous les cas de repression du locus 930 au cours
des thermochocs, les locus 87A el 87C (Ies deux locus dupliqucs porteurs de copies mllitiples pour la hsp70 et les sequences
ih~rativcs alpha-beta a 87"C) devcloppent des gonnements incgaux. Le locus hsr w semble relever d'un systeme complexe
de rcgulation, impliquant I'autoregulation aussi bien que la regulation par d'autres facteurs dans une cellule. qui opere
possiblement par differents clements de contrale sur ce locus. ~

MOls c!£;s : benzamidine, heta-alanine, hsr w, gonncments de thermoehocs, Drosophila,
[Traduit par la revue]

Introduction

The heat shock genes are a set of genes which have been
found in every organism looked for and which are helieved to
be the cells' primary defence against a variety of stressful con
ditions. During the last decade, the structure and function of
these generally well conserved genes have been analysed at the
molcc'ular lewl in diverse prokaryotes and eukaryotes (for
recent n:views, see LindlJuist, Il)R6: Schlesinger 19R(1; Rond
and Schlesinger 1987; Bienz and Pelham 1987), The transla
tional products of these genes. the heat shock proteins or poly
peptides (hsps) arc believed to provide protection to the cell
against adverse effects of the stress in an <IS yet poody under
stood manner and to also have an important role in normal
development and activities of cells, In this context, the 93D
heat shoek locus of Drns(I!)hil(l ml'l(/lIliguSll'r and its hOl11o
\ogues ill plher species Dr /)I'0,\'0I,1Iil(/ sland uniqllely apart
fWlIl lhe tither heat shn"k Illci ill their I'altnll Ill' eXl'ressillll,
IIH:ir stru~'I\IIal"rganiIatilln, evolllliDl1, ;lIld ptlssihk ll10de Df
I'~m,'nl;ln, CaTl.u.tJ ' Illlplllm': ,llJ C;l~1.111:i

action, The uniqueness of this locus is also reflected in the fact
that although transcriptionally it is one of the major heat shock
loci in Drosophila, it has seldom received any consideration
in most of the recent reviews on heat shock genes,

All species of Drosophila examined to date have a heat
shock gene which is homologous to the 93D locus (on polytene
band 93D6-7 of 3R) of D, mclal1of,?(lSll'f, In the absence of any
protein product (sec later), these IDci in different species arc
named according to the designation of the polytene chromo
some hand(s) where they arc localised: thus in D, !ndei it is
called 2-48C, in D, virilis 2-20CD, in D, pseudoobscura
2-58C. in D, Ol1onO.lsa(' 2L-2C, in D. kikkowai E-IIE, in
D, nasula 2R-48A, and so on (see Lakhotia 1987). To be able
to commonly address these differently named homologous
loci, they have recently (Bendena et al. 19R9n) heen desig
nated 11.1''' w (heat sIH)('k RNt\ (11lll"g;I). This Inrll will he Im:d
!tnl' 10 rcll'r colln'livdy 10 lhl' 1).11) loclls of n, IIII'!Ollogrl.lll'r

01 the lJ3D-likc loci ill other spccil:s. I/owcvt;r, in spccific
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cases. the individual locus nan\(: will he used.

Unique inducibility of hsr w genes

The specific inducibility of the 930 hcat shock locus of
D. I/Il.'!wwgaster by benzamide (Lakhotia and Mukherjec
1(70) and of the 2--HsC of D. hY/lei by vit-Bo (Leenders et al.
1973) were among the earliest exampks of singular induction
of a member of the set of heat shock genes, which otherwise
would be induccd lIlore like a battery of genes. During a
routine heat shock :a!so, the ().1]) putl \Va ........ llOwn to hehavc
dillen:lllly 11'1>/11 ()Iher Ileal .... h()ck h>ei (Mukherjee ,II1d
Llkh()IIJ IInl)). Sul>....equelllly;1 variety ol'()lherlrC;tlllleln C()II'
ditions have been reported to either selectively induce the
h.lr w loci without simultaneously affecting other heat shock
loci or to induce all heat shock loci except the hsr w (reviewed
by Lakhotia 1987). These observations suggested that the
h.l'r w loci an: regulated differently from the other heat shock
genes. Besides benzarnide, the other significant selective
inducers of Its,. ware colchicine (or colcemid), vit-B/}. and
thiamphenicol. Indeed it was the cOlllmon inducoibility of a
specilic heat shock puff in each species of Drusophilu by one
or several of these agents that provided the lirst evidence for
their evolutional homology (Lakhotia and Singh 1982). Since
vit-B6 did not induce any putT in D. 1II£,la/loguster and since
labelled RN from vit-B6 treated D. hydei cells did not hybri
dise ill silli to any locus of D. lf1eluf/ogtlster, it was at one time
(Peters Cl al. 19XO) concluded that a homolog of 2A8C of
D. hydei does not exist in D. lf1e/(lf/o;:a.l'ter. However, puffing
studies wit other inducers (Lakhotia and Singh 19X2)
revealed 93D of D. lIle!wlOgllSler to be functionally homolo
gous to 2AKe of D. Ityd£'i. The lack of cross-hybridisation of
RNA noted by Peters et a!. (1980) between these species was
due to another uniqlle feature or the Its,. w loci: their DN A base
scquences have diverged rather unusually rapidly,

Rapid divergence of DNA base sequence but strong conser
vation of organil<ltion of hsr w in Drosophila

Molecular cloning and analysis of DNA base sequences of
the II.II w in srecies like D. fIle!af/oK(/ster, D. Itydci, and
D. p.\·t'lIdUO!;.I'Cllfil (Peters et al. 1984; Walldorf et al. 19X4;
Garbe and Pardue 1986; Garbeetal. 1986; Rysecketal. 1987;
Bendena et a!. 1989a, 1989b; M. L. Pardue, personal com
municalion) revealed an unusually rapid divergence of the
DNA hase ~,cquellcc hUI a very strong conservation or the
organization of the locus. The rapid sequence divergence at
this heat shock locus is specially remarkable in the context of
the strong conservation known for other heat shOCk loci in
diverse organisms extending from bacteria to higher eukary
otes (sec Lindquist 1(86). In all species of Drosophila exa
mined so far, the hsl' w locus contains a 5' unique region
followed on the 3' end, after a "spacer," hy a tandem repeat
of a shari sequence extending over a stretch of several kilo
bases. In each species, the 5' unique region contains two exons
and an irw'on (-700 base pairs (bp)) of comparable lengths.
In spite of this highly conserved organization of hsr w in these
spccics, the primary base sequence is remarkably different
except for eertain small stretches of strong conservation
(Garbe et a!. 19X6; I3endena et a!. I989u, 19X9b; Ryseck et a!.
19X7) Notahk among these conserved regions arc: (i) 5lJ bp
ul perkct homology beginning 39 bp from the 3' end of the
intron bet ween D. fIle!wlOt;U.I'le,. and D. hydei (bet ween
D. /1/('lw/tlga.l'ler and D. I)SCIUloobscllra, the homology

extendslO61 bp);(ii)thcnucleotidesat -I, +1, +7, +12,
and + 15 positions in all hsr w loci arc the same as in other heat
shock loci of Drosopltila (Hullmark el al. 1986): (iii) 14 bp
around the junction of exon I with the intr'on; (iv) 14 bp at the
polyadenylation site after (he exon 2; and (v) a 9-bp motif in
the short tandem repeats on the 3' end; it is interesting that
although the unit leng.ths of hsl' w repeats vary between species
(1 IS bp in D. hydei and 280 bp in D. me!wwt;aster), the 9-bp
motif occurs at more or less comparahle locations in the over
all rereat region (Garhe et al. !9X6). The scquence conscrva
lion "rllUlld lh~' eXllll illiroll .junl'lillns in itSI' u) is aI'P"r~'ntly

IIllt I'llI' splieillg \11' lh~' he"l SltllCJ.. RNi\ per se. silK'e the only
'llhcr heat shock RNA (thc hspH3 RNA) known to require
splicing in Drosophila docs nol share any or these conserved
sequences (Blackman and Meselson 1986; Garbe et al. 1986).

Inducer-specitic pattern of w transcripts with limited
coding function

The hsr w loci in all species produce three major populations
of transcripts: (i) wI species which is - 9 - II kb long and
contains the 5' unique as well as the 3' repeat regions; (ii) w2
species, -2 kb long and comprising the 5' unique region
(exons I and 2 with intron); and (iii) w3 species, the spliced
product of w2 (Ryseck et al. 1985, 1987; Hovemann et al.
1986; Garbe and Pardue \986; Garbe et al. 1986; Bendena
et al. 1989(/, 198%). The wI and w2 transcripts are intra
nuclear, whereas the w3 transcripts arc cytoplasmic and seJi
ment with mOnOSOll1e - disome peaks in polysome gradients
(l3endena et al. 1989u). It appears unlikely that the wI tran
scripts are precursor to the other two, although all of thcm
start from the same point (Garbe ct al. 1%6; Ryseck el al.
19X7).

It is remarkable that diflcrent inducers of the 93D locus
affect the cellular levels of the three species of w RNA differ
ently. Heat shOCk devates the levels of all w transcripts; col
chicine and benzamide cause a large increase of wI
transcripts; in addition, colchicine also elevates to a smaller
extent the w21evcls (Bendena et al. 1989b). In contrast, cyclo
heximide and other inhibitOis or protein synthesis specifically
elevate w3 levels in treated cdls (Bendena et al. 1989a,
198%). Since these inhibitors of protein synthesis do not
induce puffing at 93D and since prior treatment with actino
mycin 0 docs not afkcl the incre;lse in w3 levcls caused by
cyclohexiluiJe. it is apparent thai the pt'lllein synthesis inhibi
tors stabilise the wJ RNA which otherwise turns OVer very
rapidly (Bendena ct al. 19890, 19X9h). Thus the cellular levels
of the three major w transcripts cun be independently regulated
by controlling their rates of synthesis, processing, and (or)
turnover.

Earlier studies on the absence of synthesis of a new polypep
tide in relation to specifically induced high transcriptional
activity of the 9)0 pull in D. mclot/o!:(/Sler led Lakhotia and
Mukherjee (1982) to suggest that this locus does not have a
coding function, A similar conclusion was reached by Mohler
and Pardue (1982, 1984) on not finding an effect of 930 defi
ciency on heat shock protein synthesis. This conclusion, based
on indirect evidences, has in general been confirme.d by the
recent data on DNA sequences of !Is,. w loci: none of the Itsr w
sequences show any appreciahle lengths of open reading
frames and thus thesc luci cannot have the usual coding func
tions (Ryseck et al. 19K5, 1987; Hovemann et al. 1986; Garbe
et al. 1986). However. evidence has been obtained recently
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(Bendenh ct a1. 1989(1) to suggest that one of the short open
reading (rallles (Ihe ORr: 0.') in lhc 0.13 transcript. heginning
ncar pl\sition + 120. is translatahle aIIII is possibly translulcd:
the first fl~ur amino acids (not nucleotide setjuence) in this
ORF arc conserved in D. me/anogasler, D. hydei. <lnrl
D. psellr/oob.lcum but the rest arc not. although the length of
this ORF is cOll1puruble in three species (27 amino acids in
D. melal/ogasler, 23 in D. hydei. and 24 in O. pseudo
ohscura); stahle transformation of cultured cclls of Drosophi/a
with recombinant ONA containing the CAT sequence fused at
various local ions with the u.d sequcncc rcvcaled that when the
CAT sequence is fused in (rame to the ONF w. the CAT-fusion
protein is found ahundantly hut when the CAT is scparated
from the ORF w by 30 bp. the CAT protein is not detectable
(Bendena et a1. 1989(1). These results thus suggest that the
ORF w is translated in cells und that its translation inhibits any
Illore translation downstrcam.

hsr w locus is developmentally regulated and is vcry sensi
tive to altered cell physiology

The !lSI' w loci in all species of Drosophila form develop
mentally regulated puffs during the post-ecdysone, late third
instal' stage (Ashburner 1970; Lakhotia and Singh 19R2;
Burma and Lakhotia J9R5; Lakholia 19H7). Levels of Iisr w
transcripts at different embryonic and larval stages arc also
developmentally regulated (Ryseck et a1. 19R5; Bendena ct a1.
1989a): early embryos show a low level of w3 but very little
of wI and w2 whill' middle and late embryos have increased
levels. mainly of w! and w3 species: likewise during larval
development. second instal' stagcs have low levels of (.! tran
scripts while third instal' and pupal stages show much higher
levels of all the three transcript species. Imaginal disks from
D. ml'fanogasler larvae lacking both copies of the hsr w locus
owing 10 ovcrlapping deficiencies in the 9.106-7 region fail to
respond to ecdysone-induced ill l'ill'O evagination and diflcren
tiatiol1 (Lakhotia 1987). Moreover. these larvae also suiTer a
high rate of mortal ity at the pupal stage and the few that
manage to emerge arc very weak and die shortly af1er (Mohler
and Pardue 1982: P. Burma and S.c. Lakhotia, unpublished
observations). These ohservations suggest a role for ecdysone
in rcgulation of the /lsr w locus. In agreement with this, it was
found that treatment of cultured cells of D. mc/anogasler with
ecdystl'fone (lo-r, M) caused a slow induction of itSI' (0) tran
seripts which continued for at least 24 h (Bcndena et al. 19H9u.
1989b).

In view of the very rapid and specific inuuction of high tran
scription:ll activity at the hsr w locus hy a variety of apparently
unrelated agents like benzamide, colchicine. thialllphenicol.
vit-B6 (Lakhoti:l 1987), it :lppears that besides being develop
mentally regulatcd. this locus also sensitively monitors diverse
alterations in the cell environment. The sensitivity of regula
tion of irSI' w is :llso manifest in the mpid regression of this
locus in the continued presence of the same inducer, e.g.,
treatment of larval sal ivary glands with benzamide for longer
than 20 min leads 10 its partial inhibition and similarly during
heat shock the hsr w puff is the first to regress.

In striking contrast to the ready inducihility of the !lSI' w

locus by diverse inducers. there arc certain conditions that
l11i1ke this locus selectively refractory to induction by heat
shock. The conuitions tfwt sclectively repress the !lsr w in
response to heat shock can be grouped into the following three
categories: (i) heat shock in comhination with another specific

(like henzamide or colchicine) or general inducer of !lSI' w (like
recovery from anoxia. for rcview sec I.akhotia. IrJX7):
(ii) cerlain gcnotypes: anu (iii) certain conditions of uevelop
ment of wild type larvae.

The heat shock induced selective repression of hsr w in cer
tain genotypes of D. me/anoga.wer or under ccrtain conditions
of development of wild type larvae is intriguing. We had
earlier shown that D. melanogaslcr larvae heterozygously
dclieient for 9306-7 region failed to show the heat shock
induced puff at the remaining single copy of 930 (Burma and
Lakholia 1()XO). Rearing of wild type larvae of n. me!ano
RlIslI'r at WOC also rendl'fed thc <)]1) loclls selectively refrac
tDry to heat shock induction (Lakhotia and Singh 1985).
Recent studies in our laboratory have revealed an interesting
effect of the unusual aminl) acid, beta-alanine, on heat shock
puffing of the 930 locus (S. C. Lakhotia, O. Kar Chowdhuri,
and P. Ourma, in preparation). Among the sL:veral mutations
that affect beta-alanine levels in D. melanoga.l'ler (see Wright
19R7 for review). ehony (c. very close to the !lSI' w. Mohler
and Pardue 1984; Caizzi et al. 1987) and black (b, on second
chromosome) share the same phenotype, i.e., light pupae and
dark adults, but have contrasting levels of beta-alanine in their
haemolymph: c individuals have higher levels because of non
utilisation of beta-alanine for sclcrotization. whereas Ii have
little of it hL:CIUSe of defects in synthesis of beta-alanine
(Wright [987). Our studies, details of which will be published
elsewhere (S. C. Lakhotia, O. Kar Chowdhuri. and P. Burma,
in preparation), show that D. lIIe/anogasler larvae carrying
mutant alleles either at the e or b locus fail to show heat shock
induced puffing at the 930 locus (sec Table I). As the sum
mary of our observations on heat shock inducibility of the 930
puff (monitored in l'Hjuridine transcription autoradiograms)
in the different genotypes listed in Table I shows, in e\cry
genotype that had a mutant allele(s) at the cor b locus, the 930
puff instead of being induced was actually repressed by heat
shock. In addition, it was also seen that the noninducible
phenotype of the 930 puff cosegregated with the c mutant
allele. Since mutations at both e or h loci affect beta-alanine
metabolism (see above), we also tested the effect of beta
alanine on heat shock puffing in salivary glands of wild type
larvae. When salivary glands from wild type larvae were heat
shocked either following I h incubation in beta-alanine
medium (100 mM) or in the presence of heta-alanine, the 93D
puff was repressed: similarly. rearing of willi type larvae since
the first instal' on food supplemented with beta-alanine
(100 rnM) or feeding third instal' wild type larvae on food con
taining beta-alanine (500 rnM) for IRh rendered the 930 locus
to he selectively unindueihle by heat shock. The repression of
hcat shock puffing hy beta-alanine in salivary glands of wild
type larvae confirms that the similar puffing phenotype in ele
(or el +) and bib larvae too is related to the altered metabolism
of beta-alanine in these genotypes.

Our above finding (S. C. Lakhotia, O. Kar Chowdhuri, and
P. Burma, in preparation) of the effect of beta-alanine on
hsr w puffing is very promising from the viewpoint of under
standing the regulation and role of luI' w in cell metabolism,
since, unlike most of the other specific chemical inducers.
heta-al:lnine is a normal mctabolitc in the ccll and affects
several metabolic pathways like phosphorylation of glucose,
degrad:ltion of phenylalanine, tyrosine, uracil. aspartate,
sclerotization of the cuticle. and possibly several others
(Jacobs 1968, 1970: Wright 1987). It is intriguing that beta
alanine has a similar effect on 930 puffing whether its level
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TAULE I. Summary of heat inducibility of 93D, 87A, and 87C pulls in different genotypes

No. of mutant allelcs Hcal shock puff induction

Genotype Treatment e b 93D 87A/87C rutio

+1+ (Ore/:on R) TS 0 0 Induced 1.0
T(l ;J)ellZl + TS a a InduL'Cd 1.0
In (3N! C, 1(3)(/1 + TS 0 0 InduL'cd 1.0
III (3R)C, I (3)(//ml TS 0 0 Induccd 1.0
In (3R)C, Sb e 1(3)de TS 2 0 Repressed > 1.0
In (3R)C, Sb e I (3)ell' , TS 2 0 Repressed > 1.0
ell' TS 2 a Repressed > 1.0
e'le' TS 2 a Reprcsscd > 1.0
e/+ TS I 0 Repressed > 1.0
1"1 + TS I a Repressed > 1.0
In(3R)C, Sb (' 1(3)d

In (3R)C, I (J)a TS I a Repressed > 1.0
III (JR) C, I (3)ale' TS I a Repressed > 1.0
redlred e TS I a Repressed > 1.0
bib TS 0 2 Represscd > 1.0
11I(3R)C Sb e 1(3) d + TS I a Repressed < 1.0
+1+ Larvae fc'd [{eta-Ala > TS" a a Repressed > 1.0
+1+ In vitro beta-Ala > Tsl> a a Repressed > 1.0
+Ir- III vitro beta-Ala + TS" 0 0 RqJl'cSSL'd - 1.0

NUll;: hlf dd~lih 01 ~cllctH.: III;.arkcrs, etc., sec Lilllhtcy and Circll (llJ6H). I>ala illlahh... arl~ SIlIIIIIl"ri/.L'd IIUIll S. C. Lildwli.l, I), Ki.l1 Clll)wJhuri,
;.and P. Hurnw., in pn.:p<.lratioll.

<lLHVi..ll: ret! 01\ foou ~upph;lJlcn[t:tl Willi 1H.:ta-alanillc (IOU mM for cutin.: IMval lik Of SOO I\1M for Ihl'.la:»1 Ii< h or lhird lnSlar :'>I~igl.') ,Hlll thl:'1l slIh
ICLlW III lIeul ,hock (TS).

l'S<1livilIY gl;..alld.\ I roll I nOrllli-i1ly growll larvat.: il\LUb;lfcu tirsl in IH..:I;I-,t!;lIlllh..' (1001111\1) Ltllliaillillt: 1Ill'dllIJ1l 1'\)1 I II ;lIld IhLll .~lIbJio.'Llcd III TS fllr
-HJ Illlll.

f ."'iallv:.aIY gl:Lw...h 1111111 lloll11ally gmwlI larv;It": lu..:at .\ho~:kt..:d in pn..:.\l:llL'l: or Ilt.:l;l-,l!:lllllll' (IUO 111M).

is lowl:r (as in hlock larval:) or higher (as in ebolly larval: or
in +/ + larvae provided with exogenous beta-alanine) than the
normal. This may suggest that instead of acting directly, beta
alanine levels int1uence some other event in the cell which in
turn modulates the 93D response. In view of the wide spec
trum of inducers already known for the !lSI" w locus, it is likely
thar a furlher search would reveal uther genetic or uevelop
mental perturbations that affeet this locus.

I\tllltipll' n'glllatilll1 of !Is,. w

The sdective inducihility of lis,. w by several chemical
agents and its selective noninducibility by he;:t shock under
certain conditions mentioned earlier show that this locus is
subject to multiple controls at the level uf transcription itself.
The simplest control mechanism to explain its regression when
the inducer is present for a longer period would be autoregula
tion, possibly a negative regulation, so that accumulation of w

transcripts beyond a thrl:shuld ll:vL:! leads to inhibition of
further transcription. The inducers of Its,. w presumably exert
a positive regulation by promoting active transcription. The
induction of different w transcripts in varying proportions by
the different indul:ers (sl:e above) suggests that there is morl:
than onl: site (enhancers'!) that can modulate the movement of
RNA polymerase [[ on this locus. All heat shock genes have
been found to carry a heat shock control clement (HSE) con
sensus sequence (CT-GAA--TTC-AG), within the first 4Uu
bp upstream of tile gene (l3ienz and Pelham 1987). In view
of the independent regulation and variable inducibility of
the 9][") locus during heat shock, it is not surprising that
the putative HSE of the 93D locus, positioned at about 300
bp upstream of the start point, has only a weak homology
(CACGAATTCTTAGA) to the typical HSE (Hovemann et a!.

!l)K6). The other inducers of lI.1'r w (l"llichicine, benzamide) do
not appear to operate through this putative HSE, since first, in
different genotypes where heat shock fails to induce the 93D
locus, it remains inducible with benzamide, colchicine, and
second, henzamide, colchicine do not affect other heat shock
loci al 24°C. At present it is not known whether thl: eli rferent
inducers ael directly on these putative regulatory elements or
act via other special effectors in the cell which arc triggered
by thc specific inducers.

The cOllservation of singular inducibility or lisr w by the
specific inuucers in the genus [)roso/Jlli/u implies conservation
of the concerned regulatory elements too. This conserved
inducibility appears paradoxical in view of the rapid sequence
divergence noled at this locus. Moreover, Ryscck et a!. (1987)
did not lind any significant homology betwecn !Is,. w loci of
D. me/lIllogaste,. and D. hyclei upstream of the TATA-box over
a length of 800 bp. Instead, the 3' Ilanking region appeared
lIlore strongly conserved. Whethcr Ihe stronger conscrvatilln
of DNA base sequence in the]' nanking region in D. 1/It'/1/1l0

gaster and D. !lyclei Illlled by Ryseck d al. (1987) has any rele
vance to these putative regulatory dements remains to be
examined. Comparative analysis of base sequence of the nank
ing regions in different species will be useful in this context.

The repression of the l)]D locus in response to a combina
tion of heat shock and anllther illducer in salivary glands of
wild type larvae may be due tll autoregulation and (or) due to
a pllssible blockage to any transcriptilln at this locus whl:n the
heat shock control clemcnt and a second regulatory element
identified by the other inducer are simultaneously occupied.
On the other hand, the sekctive noninduction of 93D by heat
shock in salivary glands or certain genotypes (like those carry
ing e or b mutant alleles). or in beta-alanine treated wild type
salivary glands, could bc due to a specific blockage of its lIeat



LAKHUrlA 681

shock regulatory element itself caused by the particular cell
phY"iological changes associated with these genotypes. etc.

In addition to these varying themes of contml at the tran
scriptionJllevel. the w transcripts are also subject to regulation
at the levels of processing (splicing). transport. and (or) turn
over. The developmentally regulated wI and w2 transcripts
turn over rapidly while the wI arc morc stahle (fkndena. el al.
198917). As noted carl ier, the conservation of hase sequences
at the intron -exon junctions in w transcripts is not for splicing
\)f heat shock RNA per se. These conserved sequences may be
specific signals. unique to w transcripts. which would deter
mine lhe rate or exlent of their splicing under different condi
tions. Dangli et a!. (1983) found w transcripts to be associated
with specifiC intranuclear protcins and thoughl these 10 have
a storage function. These nuclear proteins may control splic
ing alld (or) transport of w transcripts to other cellular loca
tions. Stabilization. induced hy inhibitors of protein synthesis.
of the w3 transcripts is also known (Bendena et a!. 1989a).
Bcsiucs, the pnssible hinding of the various w transcripts to
other macromolecules in the cell (as part of their "functions")
may also modify the status of autoregulation by modulating the
levels of "available" w transcripts.

930 affects puffing of 87A and 87C heat shock loci ill
D. mclallogasler

" vcry curious effect of the activity status of the 930 puff
during heat shock in salivary gland pnlytene nuclei of
D. I/1c1aI/OF,(J.I'I('r is on relative activity of the 87 A and 87C
puffs which code for hsp70. During the course of several
studies in our lahoratory, it was consistently scen that when
e\'er the 9.10 puff failed to be induced by heat shock (sec
above), the R7 A and R7C loci forll1ed unequal pnlTs rather than
equ;t!-:;ilCd pulls as during the norll1al heat shock response
tLakholia 1(87). During our more recent studies on (! or h
genotypes or on beta-alanine treated wild type larval salivary
glands, we noted a strollg correlation hetween heat shock
induced repression of 9.10 and unequal ptllTing of the R7" and
X7C loci (sce Tahle I for sUll1l11ary: del,lils will be publishcd
elsewhere. S. C. Lakhotia. D. Kar Chowdhuri, allu P. l3urma.
in preparation). HowevCI'. in alwther recent report (Hoch
strasser IqR7) it was found that in heat-shocked polytene
nuclei 1'1'0111 l11idgut of D. IIIc!Ul/oguslcr larvae, the '1',7 A and
R7C loci were nnequally puffed although the 9.1D puff was
well induced. In addition tn such exceptions is the fact that
among the instances of unequal puffing of the 87A and 87C
loci when 93D is not puffed. are situations where either 87A
is more puffed or 87C is more puffed. These variahles raise
douhts on the suggestion that noninducibility of 93D during
heat shock is the causative factor for unequal puffing of 87A
and 87C loci (Hochstrasser 1987). However. two points must
he considered in this context: (i) the vari:lhility in greater pull
ing of 87A or S7C is mostly /Jel\l'cclI differcnt conditions of
treatment or genotypes: in ll10st cases. the relative response of
87A and 87C loci to a given condition of treatment is remark
ably reprmlucible: (ii) since the 910 locus produces at least
three species of transcripts and since their relative proportions
can be varied independcntly. l11ere "pulling" of the 93D locus
docs (wt lell us cvcrythiug ahoul the ulHkrlying ll10lecular
C\·cnts. We presumc thaI the uncqual pUITing of '1',7" and X7C
loci du:-ing certain L'olHlilillns or heat SlH1Ck is due to variations
in the specific hsr w transcripts hcing made or heing available
in the cell so that even if the 9JD puff is well developed hut

is nnf producing a particular set of w transcripts. it may he
equivalent to no puff at 9.1D as far as the relative inducihility
of 87A and 87C is concerned. Howevcr, in addition to the w
transcripts. other eonditions in the cell may also directly
modulate puffing at 87 A and 87C so that sometimes they may
respond differentially to heat shock in spite of the apparently
"normal" purring of 9.1D.

The nature and significance of the uncqual pulling at 87A
and 87C remain little understood. It is not known whether the
unequal puffing is duc to unequal rates of transcription or turn
over of the RNA from the puff site. The transeription
autoradiograms also do not permit a distinction between tran
scription of hsp70 mRNA and the heat-inducible alpha - beta
repeat sequences resident at the 87C locus of D. me/al/o
gasler. The altered puffing has no effect on hsp70 synthesis
(Lakhotia 19R7: S. C. LakhOlia and P. Burma. unpublished
ohservations). However. taking advantage of the fortuitous
ahsence of alpha - beta repeat sequences at the 87C locus of
D. simu/al/s (Lis et a!. 1981). Kar Chowdhuri and Lakhotia
(1986) suggested the unequal puffing of 87 A and 87C loci to
he somehow related to the alpha - beta repeat sequences since
in the interspeeifie hyhrid polytene nuclei. only The 87A and
R7C loci of D. mela/IORo.l'lcr origin were affected hy non
puffing of 93D of both D. me/al/o[J(JsICr as well as D . .Iimrdalls
origins. Unfortunately. since the function. if any, of the
alpha - heta repeat sequences in heat shock response or other
wise is not known (Lengyel and Graham )9X4), the ohserved
effect of 930 on 87A and 87C puffing relllain~ just one more
curiosity.

Future prospects

The hsI' w loci in Dro.l'olJhi/a have continued to he enig
matic. Hopes of resolving their fUllction. generated first hy
discoveries of their selective inducihility and later by their
molecular cloning, were belied by the unexpected and puz
zling complexities revealed. In spite of intensive effnrh, the
prescnT research work has continued to only add more unC(Jl1
velltional properties to the list of oddities already known 10 he
;Issociated with hsr w locus. However. the hope continues that
ultimately these isolated oddities will fall in place to provide
a compreheJlSive understanding of all unusual gene exerting its
action in a novel fashion. In view of its conservation in the
genus and the lethality associated with its deficiency, the hsr w
locus has a definite and vital role to play in the life of an organ
ism. This also makes it unlikely that the IlSr w is merely an
aberration of the eukaryotic genome Ihal happened in Droso
flhi/a. However. till now the search for a heat shock locus in
other dipterans having inducible properties similar to the hsr w

of Drosophila have yielded only negativc results (Singh and
Gupta 1985; Lakhotia 1987; Nath 1988: Barettino et a!. 1988),
Nevertheles~, the presence of a functional homologue of Itsr w
in other dipterans cannot yet be ruled out. since one of the
major heat-inducihle loci in some species of ChirollOJJllIS has
certain molecular properties that are strongly reminiscent of
the hsr w of Drosophila (Carmona et al. I9RS; Lakhotia 1987;
l3ar-ettino et al. 1988). Thus a more direct approach to look for
a heat shock gene in other dipterans which shares some or all
properties of h.l'r w or Dro.l'fI/Jhi/u may yicld positive results.
1Illll1linoiogical and (or) illllllunocylochcluicaIIllL-lhod, in con
junction with other Illolecular technique~ lIlay he specially
rewarding in this direction. The functional signitlcance of
IIsr w will have to be sought in the protein-hinding functions
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of the different w transcripts. If the ORF w is indeed translatcd
in cells, its distribution in the cell and its possible binding with
other micromolecules will also be important issues for study
ing. The extraordinary power of combined molecular and
cytological methods that arc feasible now should provide
answers to many of these questions in the near future.
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