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ABSTRACT
A comparison of gene structure, sequence, and tran-

scription pattern of heat shock loci 93D of Drosophila
melanoqaster and 48B of Drosophila hydei has been performed.
Both heat shock loci consist of an unique region that is
flanked by an internally repetitive element. Different members
of these elements are highly conserved, repeat unit length,
however, and primary sequence diverged totally. Whereas the
overall gene structure in both species is substantially re-
lated, sequence conservation is only observed at very few sites
in the unique region. These represent primarily sequences that
are identified as regulatory elements for faithful tran-
scription and processing. The number and size of transcripts
obtained from heat shock locus 48B in third instar larvae
closely resembles the pattern of heat shock locus 93D. Thus
their quite alike structure and transcription pattern suggest
strongly a conserved hitherto unknown function.

INTRODUCTION

The cellular response to elevated growth temperature or

stress in general results in a characteristic alteration of RNA

and protein synthesis (1-3). In consequence, the production of

a small number of specific polypeptides, the heat shock

proteins (hsps), is induced or enhanced. In Drosophila,
cytological examination of heat shocked third instar salivary
gland nuclei revealed transcriptional activity at several hs-
puff sites (4,5). Most of these puffs are known to contain
genes that code for heat shock proteins. Since the majority of

the heat shock genes are sequenced in Drosophila and distant
species like man and bacteria, it is evident now that they
represent surprisingly well conserved gene structures.

In D. melanocaster, however, in situ hybridizations
revealed an additional heat shock locus at the cytological map
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position 93D. Attempts to identify a protein product which

might be encoded by the 93D derived heat shock RNA have not

been successful. Several other Drosophila species contain one

heat shock puff that is clearly related to 93D (6). Loci 48B of

D. hvdei and 93D of D. melanogaster are the only ones that have

been cloned and structurally mapped and are thus available for
closer examination (6,7,8). Several features shared by the two

loci suggest that they represent equivalent heat shock puffs.
Both gene loci consist of a unique structure, that is flanked

by an internally repetitive element (9,10). In third instar

larvae they have been shown to accumulate unique giant
ribonucleoprotein particles (11,12). In search for a functional

relevance of this specific type of heat shock response it has

been proposed that they might represent a storage site for
certain RNP antigens.

Even though cytological examination of both puffs lead to

the conclusion that they are equivalent heat shock loci, no

crosshybridization of in vivo labeled heat shock RNA from D.

hydei to polytene chromosomes of D. melanocaster was observed
(13). This finding suggests that the characteristic features of

both loci are somehow preserved despite of very dramatic
nucleotide sequence changes.

In this report, the sequence of heat shock gene 48B and of

a series of repeat units of heat shock locus 93D is determined.
By cross hybridization experiments and direct sequence com-

parison we identify small areas of strong sequence conserva-

tion. We examine the transcriptional activity of heat shock
locus 48B of D. hvdei and compare it with the activity of heat
shock puff 93D of D. melanoaaster.

MATERIALS AND METHODS
Crosshybridization experiments

The DNA cloning and mapping experiments as well as
Southern blot analyses were performed according to published
procedures (14). For reduced stringency hybridizations,
Southern blots (15) were prehybridized in 5 x SSC, 5 x Den-
hardt's solution (16), 250 pg ml-' sonicated, boiled herring
sperm DNA, 50 mM phosphate buffer, pH 6.8, 0.1 t SDS, 43 t de-
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ionized formamide at 37 OC for 2-3 h. Hybridization was carried
out with nick-translated probes under the same conditions for
24 to 48 h, then the blots were washed twice in 2 x SSC,
0.1 % SDS for 5 min at room temperature, followed by two washes
for 15 min each at 37 *C (17).
Northern blot analysis

RNA of heat shock third instar larvae and control larvae

was isolated as described previously (18). For Northern blot

analysis, prehybridization and hybridization was performed in
50 % formamide, 5 x SSC, 20 mM phosphate buffer, pH 6.8, 5 x

Denhardt's solution, 100 pg/ml sonicated, boiled herring sperm

DNA, and 250 pg yeast RNA at 42 oC. After hybridization for

24 h to 48 h, the filters were washed twice in 2 x SSC,
0.1 % SDS for 5 minutes at room temperature and two times for
15 minutes at 50 oC in 0.1 x SSC, 0.1 % SDS.

Si mapping and seguencina
Si mapping was performed as previously described (18). For

sequencing we followed the methods of Maxam and Gilbert (19)
and of Sanger (20) using pEMBL8+ and pEMBL8- vectors (21).

RESULTS

A. Crosshybridization between D. melanogaster 93D and

D. hydei 48B sequences
Crosshybridization experiments of in vivo labeled D. hvdei

heat shock RNA to polytene chromosomes of D. melanogaster de-
scribed by Peters et al. (13) had revealed no positive result
at the 48B counterpart heat shock locus 93D. However, by using
fragments of cloned DNA of the same loci, we were able to

define small areas of homology in Southern hybridization exper-
iments.

The cloned DNA of both heat shock gene regions is depicted
in Figure 1, part I and II. Cosmid cos 7 contains the complete
transcription unit of heat shock locus 93D of D. melanoaaster
(8). It consists of a unique gene sequence that gives rise to a

polyadenylated transcript and is in third instar larvae in ad-

dition partially read through into the neighbouring internally
repetitive sequence (18). This is indicated in Figure 1 as dou-
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melanoaaster) and 483 (D. hydei).
I. Restriction map of a cosmid and lambda clones of a

genomic walk in heat shock locus 93D (8): A represents a
HindIll (4) XhoI (f) fragment of the in the transformation vec-
tor pC2O subcloned Hindlll fragment (pC2O/7) of cosmid 7
(cos7); B, C, D, H, F, J, and K are EcoRi (4) fragments cloned
in phage lambda. p5k is a subclone of the heat inducible region
(10). The transcription unit is indicated as double arrow. The
left arrow corresponds to the unique part of the heat shock
gene, while "TaqI repeat" shows the extend of the repetitive
part.

XX. Restriction map of the cosmid clone cDh7lo(9). oEoRa
fragments used for crosshybridization are designated asa, b,
c, and d. Again, the left arrow corresponds to the unique part
of the heat inducible region while the extend of the repetitive
part is delimited by hybridization with clone N09-15 containing
only the D. hydei 48B repeat (7).

EXX. Cross hybridization between DNA of the two species.
The arrows below the isolated subfragments of cosmid cDhl71
that have been used in the crosshybridization experiments point
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to the cloned D. melanogaster DNA tested in each case. All
clones are digested with EcoRI as indicated in part I of the
Figure. pC20/7, however, is digested by XhoI and HindIII. All
fragments containing D. melanogaster DNA are indicated by capi-
tal letters as in part I. In lane pC20/7 trace amounts of pUC
sequences in the isolated hybridization fragment give rise to a
strong signal for the homologous cosmid vector sequences. The
extend of crosshybridization is summarized below: the solid bar
indicates the region of strong crosshybridization, the cross
hached bar represents a weak sequence relation whereas the open
bar corresponds to areas of no crosshybridization. The cDh 171
HindIII-Xba (Xb) fragments e and the HindIII-EcoRI fragment f
are used for crosshybridization to the 93D clone p5A as shown
in Figure 2.

ble arrow. Subcloned p5A and £ 590 comprise only parts of the
heat shock locus.

In order to obtain a measure for the degree of fluctuation
of gene arrangement and sequence information between D. hydei
and D. melanoaaster outside the heat shock locus, we included a

stretch of 10 - 15 kb DNA that is flanking the 3' borders of
each heat shock gene in the crosshybridization experiments. For

D. melanopaster, this area is contained in clones X13 and ) 12

(Fig. 1, part I). Cosmid cDhl71 includes heat shock gene region
48B of D. hvdei as indicated in Figure 1, part II. Single ScoRI

fragments of cDh171 were subcloned and hybridized under reduced

stringency (17) to the lambda- and cosmid clones containing
previously identified overlapping DNA fragments from heat shock

puff 93D (8). Lambda clones 12, 13 and 590 are cut by EcoRI
and give rise to the fragments indicated by capital letters in

part I. The HindIII fragment of cos 7, however, that spans the

region betweenAl13 and#X590 is first subcloned in the trans-

formation vector pC20 and then cut by XhoI and HindlIl. DNA

fragments containing D. melanoaaster DNA in the Southern blots
are marked with capital letters as in part I. Figure 1,

part III, shows that a strong sequence homology is observed be-
tween each pair of the ZcoRI fragments that flank the 3' ends

of heat shock gene 48B and 93D. Fragment "d" of cosmid cDhl71
hybridizes specifically to fragment "D" of ),12, fragment "c"

recognizes homologous sequences in fragment "C" that is con-

tained in)12 andXl13. In addition, it hybridizes to part of

fragment "B". Thus, crosshybridizing fragments located are ar-
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Fiaure 2
Evidence for homologous soauences in heat shock oene 93D and

X. Restriction map of clone p5k that consists of the uni-
que part of heat shock gene 93D (Fig. 1) and part of the TaqI
repeat subclonod in pUC8. Only relevant restriction sites are
shown.

XX. Restriction map of EcoRI fragment "a"l of cosmid cDhl72.
of D. hflni (Fig. 1). The single XhaI site separates the unique
portion of the transcription unit (define-d by fragment e and f
in Fig. 1) from the 309-15 repeat structure.

XXX. Crosshybridization: 1. EcoRX-HindXXX fragment f of D.
hvdei cDhl7l. hybridized to ScoRX-ClaX and EcoRI-FstX digests of
clone p5k. 2. HindIII-XbaI fragment o of cDhl7i hybridized to
an EcoRX-SacX digest of p5A. 3. 2.2 kb Avail fragment of D.
mflangggter p5k hybridized to HindXll-EcoRi fragment f of D.
hvdei digested with SailX. 4. The 0.6 kb SadX fragment of D.
melanoaaster p5k hybridized to the NindlII-XbaI fragment e of
D. vde digested with Sau3a. The leftmost HindXIII-Sau3a frag-
ment is strongly and the neighbouring Sau3a fragment is slight-
ly positiv.

Abbreviations used are: A - Avail, C - Cela, D - Dral, 3
-EcoRI, N - HindXXX, P - PstI, S - Sau3a, Sc - SadX, Si -

SailX, Xb - XbaI. * denote vector sequences; o indicate positive
hybridization to traces of undigested DNA due to incomplete di-
gestion.
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ranged in the same order downstream of the heat shock loci in

D. hvdei and D. melanogaster. The sequence conservation

diminishes towards the 3'-end of the heat shock transcription

units, since D.Ihx4ei fragment "b" hybridizes to fragment "B"

of cosmid cos7 only to a smaller extend compared to the

hybridization strength of the neighbouring fragments as men-

tioned above. Hybridization of D. hydei repeat elements as con-

tained in cDNA clone N09-15 (7) revealed no crosshybridization
signal in the Southern blot analysis (data not shown). If there

is any sequence homology between the repetitive portion of both

heat shock loci, it is not sufficient to form stable hybrids
under our experimental conditions (see also sequencing data

below). However, when the complete D. hydei 48B heat shock DNA

(fragment "a") is used, a limited crosshybridization to frag-
ments "A", "H", and "J" resumes in the unique part of the heat

shock gene 93D.

To investigate this site of sequence homology in more

detail we isolated subfragments of the unique heat shock gene

regions of D. melanoaaster and D. hydei. Figure 2, part I,

shows a restriction map of the D. melanocaster heat shock clone

pSA. We have previously identified the structure of the unique
93D heat shock gene (18). A single intron is contained in the

middle of the gene. In all RNA preparations analyzed so far we

observed a substantial amount of unspliced 93D tNA. In part II

of Figure 2, a restriction map of EcoRI fragment "a" of cosmid

cDh17l of D. hydei is depicted. Subfragments "e", "f", and "h"

used as probes are indicated. Probing the D. melanoaaster clone

p5A with the 1.6 kb EcoRI-HindlIl subfragment "f" of D. hydei,

a crosshybridization signal is obtained in the exonl-intron
region of heat shock gene 93D as shown in part III of Figure 2.

The 1.0 kb ClaI fragment and the 1.5 kb ScoRI-PatI fragment

(Fig. 2, part III, 1) hybridize specifically to the D. hydei
probe. Crosshybridization to fragment "f" is therefore mostly

restricted to the exon 1-intron transition of the 93D gene be-

tween the ClaI and PstI sites.
Furthermore, the neighbouring D. hvdei 1.5 kb HindIII-XbaI

subfragment "e" (Fig. 2, part II) hybridizes to the 550 bp SacI

fragment of an ScoRI-SacI double digest of clone p5A (part III,
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Fi*ure 3
Transcription analysis of the 488 cene region.

RNA isolated from third instar larvae kept as mass culture
was used. Lane 1: 10 pig of poly(A)- RNA and lane 3:. 2 pg of
poly(A)* RNA of larvae kept at 25 *C. Lane 2: 10 Mg of poly(A)-
RNA and lane 4: 2 Mg of poly(A)* RNA of heat-shocked animals
(37 *C/45 mmn). Hybridization was performed with 323P
nicktranslated probes. Hybridization probes: panel I; XbaI-
EcoRtI fragment h containing R.hde 485 repeat sequences
(Fig. 2); panel II; 1.5 kb HindIII-XbaI fragment e containing
D.hdi 48B unique sequences (Fig. 2); panel III; a longer ex-
posure of lane 3 and 4 of panel II. Capital letters denote
major RNA species of 10, 2.5, 2.0, and 1.3 kb.

2 of Fig. 2). The reverse experiment using the 2.2 kb Avall
and 550 bp Sadl subfragments of the D. melanoaaster heat shock

clone p5A as hybridization probe for isolated fragments of the

corresponding DNA region of D.hdi (Fig. 2, part III, 3 and

4) confirm the sequence homology between these heat shock loci.
It is restricted to very small areas of the unique part of both
heat inducible transcription units.
B. Transcription of the D. hydei 485 heat shock gene

Evidence of Peters et al. (7, 9) existed that

demonstrated the transcription of the repetitive and the unique
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Figure 4
Si-mapping to determine the 5' start position of the 485
transcripts.

The EcoRI-SalI fragment g (Fig. 2, II), 5'end labelled
at the SalI site, was used. Lane 1: A + G sequencing track;
lane 2: Si mapping using 20000 U Si/ml and 46 *C as hybridiza-
tion temperature, lane 3: Si mapping using 5000 U Si/ml and
49 *C as hybridization temperature; lane 4: C + T sequencing
track. The arrow indicates the deduced transcription start
site.

part of the 483 heat shock puff. A library prepared from oligo
dT primed cDNA of DD. hvdei heat shock RNA contained a clone

that includes several units of the heat shock repeat element.

In addition, *2P-labeled cDNA of D. hydei heat shock RNA

hybridized strongly to cloned DNA fragments of the neighbouring
unique part (9). Therefore, we expected both regions to be

transcriptionally active.
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20 20 30 40 s0 60 70 so 90 190

I-------------------------CTcTCAGAAAC-cGTAGGAGCAcGTArACGATGTATGTATArAOTOTArcTe

TCrFAAACCCAATrAArGOCAQ7CrCAAGAGTAACGCAATGATTTCCAArCCCCrGCAACAcrA.CGGArCcCC crGrAArA

53 cCACCA7CGAACGAGCGCGrrrCGAC-GrGGAArACACCGcTr-CGTcccOTCA rAUT
se* y sss* * *. SS y y so e sys *se sss s re.a.sssnsssn.4vs E*

101 -GC-rCAGA-C-A*GrrrrGAcrTGACCCGrGrrArAA'ArCrGCaCArfc

151 TCAAATQAAAACAGrTCAAGTGCA-r AAAGrGAAGcrGAAAAAArAACCA-GTTAAAAATA-GTACAASAGAAATTrcTTTcTTGCA--ATT-TSCA
SeeR****** *so**SSS *SSESR*S05S5 75 SSSS*S Rs 7 Rs*55 S S or****55 AS* 535*

196 AGG GAT rCGAcrAArrrAGAAArTrrrCTArcorrcr6TTC

344 ACGACAACAAAGAAGGAAAcrrCACGCACCACcAGGArCAAGAGGACGCA
A 5 5 SSS*S s R *snSvsefs*SSos onrEs0V SSS 55RSS3SS ay7Se 555 r5 555SS 555 *5 SS

296 rArAAAA-rCAGAAaGAArrrTG-ACCA-ArC--GG-T-rA-ArrA-GCA

344 CTAGTATTTTTCCACGTCG;GCATTTAATOCTCrCGAGTTCGAAACAAAGAAACCATACGCAAACCCCCTGOAAAAGATCTGArTAGcTrAT---COATT
SEE 55 so 5 a SS 3as550*S*5SrS 555555555 S SS,sr yy51S S 5 SsonRor7* S 05**

379 -CArATCA-GAcrCACGrrcGGAAAAA-r-AACGrGCrGcrGCGTTGGOr

440 rGrGCG-OCCGATCCACACGCG7rrA-rTGCA-Aa;CCcA;ArrA;Ar-A'
*5S* S700SS S VsS* **SS5R* SSan*r**SS7Ss SSSSSSSSS RRs5535 SSSSSSS seSSS**sS 5 5

473 ;:A7GAGAATOGACC-ACACGCATrrACrrGrGAArGArrGCCcGGCGTCG

532 --TCCAGGATGTAAGGATGTG--TG--CACTACr--cTcTcGTTC-GAATGGCGATGGCCCTGACCTGCGArTTTTGAAAGATTGAAAGA A
5775 seof3 S **5* 5 5 55 Os 57 Es ye s535* Rs r*7SS*SSSS* SRsSt S*ASE 5 Son55*555

572AGrGGrArG7AGAGAACrGCArCGATTrrGcrAcGGcAAGGrGAAGAGCG

623 TA ATACACAGCAACGAATGCAGCGrGTTct4ArrTCTTAATTcOTrAGC--CAAACCTATGTTTAAGACGTAGTT7TATAAACCGTACATATOTATC.5 f ESASS** Sr7***~ Sa 5SSSSS**** s7*SSS sr SSSSaS **sSS 555 55 5 so SESSSS
671 TAT AACCGAAA*CGCCC:AAC;AGCc--TTCGTACCTTArT-ATACGTAAGCGCAAAArCTAAGCATAAGCCCTAGTTT-TATTACT-rCAACTATArG

721 TGGACCrrCACrOACACCrrrcGACATCArC7GGrGGATCAArrAAaGcc
YOEr so *55S5555fl5 RAEsrE57*Ss 5a5 7 5 SRa3 57r- a ww*trWr*s S SWISS0 6*5 fl575 S

763 CATAACrrCACTAGCGGATTrGtrcArACTrrc-TAArGGAAT7TArAro

820AcArCA7GYGATC-ACGAG7CGAAr-ccrACACCC-ATGA-ACCCAC-ccG
o **SSVES SSSrSS3 S V S **Sson SSSS a o*55** a * r 5 *s5*. SS 5 SR ST rsgas a S S

861 -rrGArGGAATArrCAGrCACCArCACCrCACCTrrcCTrrrrGCArCA

909rrrT;CGAA;CTA-rAAGTAArGCC;rccA;GTrC~rrrAAAaAAArAAAA
S5 VSSSS S S 7 47oS5 r*5 SS 5 Aa51 7 755E5 SSSs EaSS* sys SSSS *37353r9*557s 7555 ST

358 CCATrCrGTArCCAAACGCAcGcrcCACArATACroArGAoAAAAAAA

1005 CCACCCCAAAAGAA-TrrArrrGArGAGCAGCcGG-GA-CCGGCTA-AAA
*r*E r a S r' a 7 * 5 5 7 a 57 *or* *ne7rs7S *SSS RY*R* 5Y5555555555 SaS SSST5*w* 5 ESSrsOR

1057 cCrTCCTTCCCCcrCcrcCrCrGCrGGGCAGCcGGGrAcCCrcCrATcrO

1099 ACGT7rr --rcrrccG --rrcrCCTCrrArGGrACGGrAC-CCGCGcrrr
a 5*y* 5 s*0 55 555 7 ye a 575 75557575555E55 55 XSA 5*5 SS *4*5 a 7 S*Sa5r5

1156 CCcrrrTAArTTTTrrrCrrrrrTrCTrAGAAGAACCAAcArOGCGrrrA

1155CrTGrc-rG-Crrr--ArGTrTGCrrrAAr-ACACGrAcrrrrACrrr-AU
aSSss 00*SS5*55* 5*5 a SSSSSESSyEsSsEr TYSSSE SS s* SSy A aSSSs55StS5 0** 0 0

1255 cGccTrArCAACCTAACAACrGrcrrccrAACrcGTACTrTrACTTACrG

1279AACCT0CC;ACC . TATCCACC0fl-Dl-AGTC
1279ACCTGCA; TTAAccAAGCAATATGTArrTcTTTcrcTAAACrrrtArATrrGCCGTTGAAAGTTGATATCTrG4cGrI4ACC

5 *555 ...55555555SS*55555...5555 ..S.........55 SSSSS S ASS 55 573
1354 rTAATTC--TTACA* TTA*ACCAAGCAArATGTATTTCTTTCTCAATTTCTCCGTAATCT-4ATCGAACOAT0TTAAC.rrA

5735 *ES5VESS 5 355* 55*53s 55 V OY*OnT**355 seross 735 **R** *A5S3*SS ESS75VSSSS
1450 ACGCAATAcTCrAGAAAAGGCCrTACAAT--TACCTAAAAATGCTGATT0TTCG0TCCC--ATGTAGC--cGT--GACAS-TATArCT-AAAcTOCOACT

SASS 5535575537r Ar555 S SSSS* 535 a are3 5 SS a 7*5* 55555 SS 37 *5*35 0*555*0 Os

1578 CCTCTATCGACTTCFcTGCTCCACTA----.TGGGr-GAAQQATA----CCC---TFAC.----C--OA-AAA0CCCrTCT0rcocrrA-CTATCArCOA
~~~ S ~~~~* 5 3*3*5 *a SSS S5S *a **5 5 a SSS SVESSS55l5555

1627 -CTGTATCGAcTTcrcTGcrcrACrAA0ACTrGTrcAAAAAGAAAGCOCCCCAGTfACArATGTAcrATATAAACGCGCTCTcrrATTrACCTACCArCGA
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16ssACAAGr TCC;TAAAc GGCA;ACArACGrAcACGcrGGCACAG ArJATTCG CAAr-GACAC--AJC--GrctCJCCAJrArA;A---- Grr;AACC AACG-;
°* *6* Y * *° R YRR OR *YR °Y**R A6 R° 6r **6 **R*° **6 *6 * *6*66* ***)* R6** *60

1726s AC-CGrJArcTCAAr ACTGArCGAArA-cAr AC AAC^AcrAcrcACAACOArCGAr ArACACJA7ArcrAG7ArcrGcAGTAGCAACsCGAJrtcarrcor t

1745 ccrcGAA-rArTACCCJGCCCACTrGGcrrcGr AATAr Ar JATrJrGc7crrAA7TAGrJ 7GAAAGCTcAAJACGGAAGACAJr7cCA--CACCAACCATOt;
000R00 Y°Y* Y*RY s* OR * * * * o*6* 60 ****6*) ** * **R *6 *RO***** *s Y** a 6* s*6

1 2 5 rcrcAAACCACAAAr r ArAAGA7ACArc rrrcrrcGJJAJrr AC77AArAJArTrrrrcTJ-TrcGr GJAACrrAAACArrTACAAGTACACGcACAACG

1842 rCACrTArGTTCTT-AAArACCACAAAcrCT-----------.T----TAA--ATT--rT-TGrTCTTATACA-CTTCACCAArrAAC--AA-trACCrG
* ROO*66 o**** *6*66* 0****6 6 *6 *6* 6* ****Y**R*** *Y6*). *s6** *6 *6R) 6

1992 rGGcArrAAG-rcrrAAArACCrCAAACrTAA-A-AAAAAAAAAACACA AArrATTTCTCTGTT?rrTGTACATArCCAACArTTAA-AAAAcrAGrc-C

191 rACrGAJGcrAGcGrACCT;rrGAA-rCA-'CAACA-AAAAr-AGAA-AAAATGAArA--AC----A--AAAGAGC7crArAACAGAAAAG ----CC--AC
*Y*o6**6F *AY* 6o6r *6* *O Y666 *so** ****6 I* Rs*** O** O***ROO* **6 ** * * *66* *

21 24 CAJrrGrcAAJTTACAATCrArCCAATrCAAJArAGAAAAcTGACAC AAAAAAAArAArAcGAAAGAGAAAcAAr AAAAAGACACcrCACCAAAC

1997 AGAAA--AA;------rG rAAA- ArrCAA--AAAT'rCA-AAJ A rAr rCCAAACAJTrFC CG rO ArA rRrrrrAr rrCAA+L-aAaAA----¢
ooO¢oO;Oo ooo o o *o*o o oooooooooooouO***OryM*OOoo**O*Oo*r*° **

21 24 AC AAAACGAAGCrACAATCAAA AAAAAGAAr AAAAG AAAJCrGAGACAMJAJcAA^rcTs^rAtrrrrrACrrAArr

2077 ArCCCATTTCAGr-- TAr-ACCAr-CTACCTrA--AAArrAGCCTGACCACArAGACrCCCrCC AGCAAACCCCrrrATCAACAraCCAArArCartrC
6 6 R****6*6 66*so 6 6 666 * 6* 6 600 66 R6*6* 666 6R*R 60 R ry***6*6 )'*6 6V*6* * Os

2 224 A AC A AA rrrCAGrcC AArC ACC ArT ACAAGC GG ACGC AACCGC AC ACJTGACCrJAAA rA-ACCCACAGGr rAACArAArcTCACGAAGCsCACCCACArC- C G

217i rcc TrAT ACAC AA Arr AC trc ACGrTr A rCAAACCAA TcA AAAATCrcGCAC A .AAGTC rrCTACAAr AGGAAcAGGTCTArr rGArCTCc r GrCAGC2CAAAAA
6 R° rr) 6 66 6 66 R° 6)' 6 666R°66 6R 6*** * * *6* * * RO*rRo r* *t 96***

2322 -CAGGrTTArrrAGAACAAAACGrAAAATATC--rT--AAACATCTCAACGACAGT-TArAAAT-ATGAA--GAATAACAAAATrrAGr-AAcrTAAAAT

2271 crGrcTArTCGAAC;AGAATTTTAAGtrTT -----------------------
RC 9* 6 6* R *o6* R6 6

2412 ArAArCAATArrc.rATrATrrrrArArArCATrsrCA4GAcATTrAAcTcTA

Ficure 5
Comparison between the sequences of heat shock loci 93D and
48B.

Upper part shows the sequence of heat shock gene 93D as
determined by Hovemann et al. (18), lower part the sequence of
heat shock gene 48B. Computer alignment for maximal homology is
shown between both sequences. ('*': homologous base, 'Y':
pyrimidine exchange, and 'R': purin exchange). Areas of strong
sequence homology are boxed. A: TATA box; B: start site of
transcription with *5' end of 93D RNA and 0 5' end of 48B RNA
as determined by Si analysis (Fig. 4); C: exonI-intron boundary
of heat shock gene 93D; D: intron-exonII boundary of heat shock
gene 93D. The intron-exon boundaries of the 93D gene are indi-
cated by a filled rhombus; H: polyadenylation site. The AATAAA
motifs in this region are underlined.

Following this line of evidence, we subcloned DNA of the

repetitive and the unique part of heat shock locus 48B and per-

formed hybridizations with RNA of third instar larvae. The

results are shown in Figure 3. A single RNA hybridization sig-
nal in the 10 kb size region is obtained using the XbaI-EcoRI
subfragment "h" that consists primarily of repeat sequences.

This transcript is present in the poly(A)' and in the poly(A)-
population (Fig. 3, panel I). Its transcription might be

slightly enhanced after heat shock. The XbaI-HindIII subfrag-
ment "e" of the neighbouring unique DNA (Fig. 2, part II)
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hybridizes to a series of RNA bands (Fig. 3, panel II). Size

and relative intensity of the signals observed for D. hydei

very closely resemble the result that we previously described

for the corresponding heat shock gene locus 93D of D.

melanogaster (18). As in D. melanogaster, the heat induction of

the RNAs in the 2 kb size range is five- to tenfold. The high

molecular weight transcript contains sequences of the unique
and the repetitive region. In D. melano2astet, the heat in-

ducible transcription unit 93D gives rise to a series of RNAs

due to low splicing and 3' end processing efficiency (18). Num-

ber, size, and relative intensity of bands observed in

hybridization with the equivalent heat shock sequences of D.

hydei imply a very similar transcription and processing pat-

tern.

Since the transcriptional activity is comparable,
determination of the transcriptional start point in heat shock

gene 48B should allow to line up the homologous regions in D.

hydei with respect to gene 93D. This is of particular impor-
tance because of the failure in identifying a translational

reading frame used within the 93D transcript. We determined the

5' transcription start site using the 1.0 kb EcoRI-SalI sub-

fragment "gi of cDh171 (Fig. 2, part II) for S1 protection
analysis. As depicted in Figure 4, a 1173 bp DNA fragment, 5'

end-labeled at the SalI site, is protected against nuclease S1

digestion. The start point for the transcription unit is

determined to 185 bp upstream of the SalI site. It serves as a

landmark for the sequence comparison of both heat shock genes,.

C. Seuuence of the unicue Dart of the 48B heat shock
aene of D. hvdei

Crosshybridization experiments, Northern, and S1 analysis
delimit the unique part of the heat shock gene in locus 48B.

Using the chain termination (20) and the chemical method (19)

we sequenced the DNA of the crosshybridizing fragments "le" and

"f" of cDhl71. A comparison of this sequence with the cor-

responding D. melanoaaster 93D sequence as depicted in Figure 5

reveales several areas of homology. However, the number of con-

secutive identical nucleotides is, although clearly above a

fortuitous rate, generally low. Primarily sequences surrounding
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10 20 30 40 50 60 T0 s0 90 100

I ACATCTACA--CAAACCATATCCTCCQ.AC GTTATACAAAACTGAGTGAATTGCACGAGTGTGTGAACCATAGTATTTCCCTCATAGTA
I ACATCTACA--CCTATCCCCCG CGTTATA ATAGCTT TG TGTGAACCATTATTTCCCTCATAGGTA
ACATCTACA--CA AATATCCTCCGAAAGAAAGCGTTATACAAACTAGCTGAATTGGACGAGTGTGTGAAACCATAAATATTTCCCTCATAGGTA

I - -- --- ACATCTACACACATCCCCCCGAA^TGCGTTATAAACTGACTGAATTGGC AGATCTGTACCCAT AATATTTCTCTATTAGGTA
...... .............. . 0.. ..... ... . .. ..9..999. . 99
ACATCTACA CAACA.ATATCCYCC CGTTATAC ACTGAGTGAAATTC GAG TGTA ATTt C

99 GGTGATATACAAATACT
99 GGTGATATACAAATACT
99 GGTGATATACAACTACT
95 GGTGTTATACAAAAAAT

f&TGATATACAAATACT

TCG-AAAAGGACTTATCCTCTTGGT-AAATACACTT-AAATCCATATAGGT-GGGTGTG-ATATAAA-CATTCCCAATTCAAAATCGCGTCTCGTAATAAI TCG - AAGG-CTTATCCTCTTGGTAAAATACCCTTAAAATCCATATAGGTAGGGTGTG-ATATAAGCTATCCCAATTCAAAATCGCGTCGCATAATAA1 TCG-AAAGGG-CTTATCCTCGTGGTAAAATACCCTTAAAATCCATATAGGTAGGGTGTGAATATAAAACTATCCCTTCTCGCGTCACATATA
ITCG-AAGG-CTTATCCTCTTGGTTGCGCTTTCCATATAGGTAGTGTG-ATATCGTTCCCAATTCA GCGTCACATAATAA

I TCG-AAAAGG-CTTATCCTCTTGGTAAAATACACTTCACATCCATATAGGTAGGGTGTG-ATATAAAACGTTCCCAATTCAATCGCGTCACATAATAA
i TCG - AAGGACTTATCCTCTTGGT -ATACACTT-AATCCATATAGGT -GCGTGTG-ATATA^-CATTCCCATTTCAACGCGTCTCGTAATA
I TCG-AAGG-CTCA--GT - -TGGTAATACCCTT ACTTATATAAGTAGGGTGTG-ATATAACTATCCC^ATTC^ATCGCGTCACATATA
I TCG-AAAAGGACTTATCCTCTTGGT-AATACACTTA-ATCCATATAGGT-GGGTGTG-ATATAA-CATTCCCA^TTCAAAATCGCGTCTCGTAATAA
I TCG^AGAC^TTATCCTCTTGGT-ATACACTT-ATCCATATAGGT-GCCTGTG-ATATAA-CATTCCCAATTCAATCGCGTCTCGTAAT AA

TCG AAAAGG CTTATCCTCTTGGTAAAATACACTTAATCCATATAGGTAGGGTGTG ATATAAA C TTCCCAATTCAATCGCGTC CATAATA.A

9S AC-CAAAATTTGAGC^ACATGAAG^GATATTTTTAGG^CATACT^ATTTACTTAATAGGTAGGCATTA^CATACGGTA-TTTTTATATGGTTTATC
98 GC -AGAATTAGCATCTTAAGGGTCTAATTTTTAGGACAT--TCATTTACTTAATAGGTAGGCATTGAACACACGGTA-TTTTTATATGGCATATC
99 AC-AGT^TTAGCATCTT AAAGGTCTAATTTTTAGGCAATA-- AATTTACGTAATAGGTAG G^ATTG^ACACACGGTATTTTTTTTATGGTATATC
98 ACAAAGAATTTGAAGCAACATGAGGC ATATTTTTAGGACATACTAATTTACTTAATAGGTAGGCATTAAACATACGGTACTTTTTATATGGTTTATC
98 ACG-AGTTGCATCTTG AAGCATATATA GGGCCGTTTAGTTTGCTTA----T-G G^TTTAGCGCGCGCTA-TTTTTATATGGTATATC
95 ACCAA-AATTTGCGC^ACATGAGGCATATTTTTAGGACATACT^ATTTACTTAATAGGAGCATTACATACGGTA-TTTTTATATGGTTTATC
94 AC-AAGATTAGCATCTTAAGGGTCTAATTTTTAGGACATATTAATTTACTTAATAGGTAGGCATTGAACATACGGTA-TTTTTATATGGTATATC
95 AC:CAA-AATTTGAAGCAACATGCGGA^GCTATTTTT TACTAATTTACTT^ATAGGTAGGCATT^ACATACGGTA-TTTTTATATGGTTTATC
96 ACCAA-AATTTGAAGCAACATGAGGAAAATATTTTTAGGACATACTAATTTACTTAATAGGTAGGCATTACATACGGTA-TTTTTATATGGTTTATC

AC AAG TTTG^AGCAACATG GCTATTTTTA ATACT4TTT xhPTT^CATACGGTA TTTTTATATGGTTTATC

193 TT^ACAA-CTGCAACATGACCCACAATTTTATGAACTCTTTACCAATAGGTTTTATTTATCCCGATTACCCC^ATCACTATCCT
194 TGAACAA-CTGCGACATGACCCACAATTTTATGAA--C-TTAACAATAGGTTTTATTTAT-CCGATTACCCCAATCACTATCCT
196 TTAACAACCTGCAACATGACCCACAATTTTATGAACTCTCTAATAATGGTTATGATAACCCGA-TACCTTAATC-TTATCCT
197 TTAACAA-CTGCAACATGACCCACAATTTTATGAACTCTTTACCAATAGGTTTTAT-TATCCCGATTACCCCAATCACTATCCT
191 TTAGC-AGCTCAGCAT^ACCCACACTTTTATGAGCTCTTTAATAATGGTTTTGATAAAACCCGATTACCTTAATCATTATCCT
193 TTAACA-CTGCAACATAATTCACACTTTTATGAACTCTTTAATAATGGTTTTGATAA.ACCCGATTACCTTAATCATTATCCT
192 TTAACAA-CTGCGACATGACCCACAATTTTACGAA--C-TTACAACAGGTTTTATTTACCCCGATTACCCCGATCACTATCCT
193 TTAACAA-CTGCAACATGACCCACAATTTTATGCACTCTTTACCAATAGGTTTTATTTATCCCGATTACCCCAATCACTATCCT
194 TTAAC A-CTGCAACATGACCCACAATTTTATGVACTCTTTACCAATAGGTTTTATTTATCCCGATTACCCCAATCACTATCCT

*.§.§.§** 99 * 9*999.*** 9 .§..§*.9..9*.99 9 99.9*.9.*. .*X...§. 9X .§*
TTAACAA CTGCAACATGACCCACAATTTTATGAACTCTTTAACAATAGGTTTTATTTATCCCCATTACCCCATCACTATCCT

Fiaure 6
CommDarison of the repeat seguences of both heat shock
genes.

A consensus sequence deduced from nine 280 bp D.
melanogaster TaqI repeat units is depicted (part II) together
with a consensus sequence deduced from four 115 bp D. hydei
N09-15 repeats (part I) as determined by Peters et al.(9). A
short stretch of nucleotides conserved between species is un-
derlined.

the transcriptional start, the intron borders, and the poly(A)

addition-site of heat shock gene 93D are retained in the 48B

gene. These homologous regions of functional relevance are

boxed in Figure 5. Upstream of the TATA-motif we observed no

significant homology over a length of 800 bp (data not shown).
The comparison between this sequence and the one obtained for

93D (18) indeed exhibits the strongest homology at the regula-
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tion and processing sites. These are the only sequences that

are retained to a high extend.

This result together with the RNA pattern obtained in the

Northern hybridization and the positioning of the transcription
start site favour strongly our conclusion that locus 48B gives
rise to a heat enhancible transcription product very similar in
size and processing behaviour to locus 93D.

D. Seauence of Taal repeats of heat shock locus 93D

of D. melanoaaster
A series of repeated sequence units is linked to the 3'

end of each of the heat shock genes in locus 48B and 93D. We

had already sequenced five 115 bp units of the 48B locus (9).
In D. melanoaaster the repeat length is 280 bp. In order to

allow a direct comparison of the repeat elements of both heat

shock loci we sequenced randomly chosen and subcloned single
TaqI repeat fragments of the 10-12 kb repeat structure.

A comparison of nine TaqI repeat sequences reveals a high-
ly conserved consensus sequence (Fig. 6). None of the repeat

sequences contains a longer open reading frame. Apart from a

small stretch of nucleotides (ATTT-C-T-ATAGGTAGG) retained in
both species there is no substantial sequence conservation be-

tween the D. hydei and D. melanocaster repeat units, a result

that explains the failure of getting cross hybridization in the

repetitive part of both heat shock loci.

DISCUSSION

Heat shock genes usually retain highly conserved sequences

in different species. This is especially apparent for the gene
coding for the 70 kd heat shock protein (hsp 70). Heat shock

puff 93D of D. melanoaaster clearly differs from the common
type of heat shock genes: cytological analyses demonstrated
that the major portion of the transcription products are
retained in the nucleus and unique giant ribonucleoprotein par-
ticles accumulate. RNA derived from this locus does not even

crosshybridize to polytene chromosomes of D. hvdei. Still, in
every Drosophila species studied a 93D like puff has been ob-
served.

Cloning the 93D gene wo revealed the unusual structure of
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this heat shock puff (8, 10). It contains a transcription unit

of unique and neighbouring repetitive sequence. Transcription
is only observed from one strand (10). We previously showed

that the puzzling pattern of different 93D RNA transcripts
derived from this puff is due to inefficient splicing and 3'

end processing of a single primary transcript (18). Since not

even sequence analysis of the unique portion of the 93D heat

shock locus gave us conclusive evidence as to the usage of a

translational reading frame we now compare the gene 93D with

the analogous heat shock locus 48B of the distantly related

species D. hdei.

Heat shock loci 48B of D. hydei and 93D of D. melanogaster
both contain heat inducible gene structures that by the se-

quence data presented here and previously do not seem to code

for a protein (sequence of Fig. 5 and 18, 23, 24, 25), but are

transcribed into a series of different RNAs. Since there is no

obvious coding frame that can be deduced from the gene se-

quences the question for the functional relevance of these

transcription units becomes a difficult task. However, the

highly related structure and transcription pattern of these two

genes from quite distantly related species might indicate pre-

requisites of function. The possibility that both 48B and 93D

transcription units happened to become fused to a heat in-
ducible promoter accidently and independently in evolution is
very unlikely. Since the structure of both genes is clearly

"homologous" such an event must have happened before the

species got separated in evolution. Interestingly, neighbouring
sequences are more strongly retained during evolution than the
heat shock puff itself (Fig. 1). We interprete this result as

an additional argument against a protein coding function. How-

ever, there clearly exist a strong selection against nucleotide
changes in the areas that are likely to contain transcription
and processing signals. This evolutionary constraint acts main-

ly on sequences that result in a low processing efficiency and

heat induced transcriptional enhancement. A prerequisite for

function of these gene products seems to be the neighbouring
repeat structure. In both species a tandem array of repeat ele-

ments spans over 10 kb. The structural arrangement seems to be
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important.Except a short conserved sequence element (ATTT-C-T-
ATAGGTAGG) the repeat sequence diverged totally. Since both

species retained a high internal sequence stability in the

repeats, a concerted evolution mechanism can be anticipated
(26). Heat shock loci 48B and 93D represent active gene loci,
that retained structural more than sequence homology. They can-

not be considered as pseudogenes because of their uniqueness in

the genome. With this comparison at the nucleotide level it be-

comes evident that the functional clue of these genes is likely
to be contained in the structure retained during evolution.
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