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The four small hsp genes of Drosophila melanogaster as well
as three genes regulated during development (genes 1, 2 and
3) are localized at the chromosomal locus 67B. The four small
hsp genes share strong sequence homologies between them-
selves which were detected here by cross-hybridization. Under
the same stringency conditions, each of the genes 1, 2 and
3 hybridize to some of the small hsp genes. By DNA sequen-
cing of gene 1, the homology was localized within the same
two regions already conserved between the small hsp genes:
a central region of 83 amino acids, homologous with the mam-
malian al crystallin and the first 15 N-terminal amino acids.
The transcriptional inducibility of the genes 1, 2 and 3 was
also compared with that of the four small hsp genes during
various stages of Drosophila development at either the nor-
mal growth temperature or after a heat shock. We confirm
previous reports on the developmental patterns of all seven
genes and find moreover that genes 1, 2 and 3 are heat-shock
inducible at any of the stages tested. We conclude that genes
1, 2 and 3 are also heat shock genes. Therefore, the locus
67B contains seven, not four, small heat shock genes.
Key words: development/Drosophila/heat shock

Introduction
In D. melanogaster, seven genes have been identified clustered
within a 15 kilobase (kb) region at the cytological locus 67B.
Four of them are the small heat shock protein (hsp) genes hsp22,
23, 26 and 27 (Petersen et al., 1979; Craig and McCarthy, 1980;
Corces et al., 1980; Wadsworth et al., 1980; Voellmy et al.,
1981). These four genes are also transcribed during various
specific developmental stages in the absence of heat shock
(Sirotkin and Davidson, 1982; Zimmerman et al., 1983; Mason
et al., 1984). The three remaining genes were identified by
Sirotkin and Davidson (1982) who found them to be regulated
during the development of the fly. They provisionally labelled
them genes 1, 4 and 5, genes 2 and 3 corresponding to the hsp26
and 22 genes, respectively. Here, as previously (Southgate et
al., 1985) we call these three genes 1, 2 and 3.

Incubation of either Schneider 3 Drosophila tissue culture cells
or isolated imaginal discs with the insect steroid hormone, ec-

dysterone, induces the abundant transcription of the four small
hsp genes. Under the same conditions, however, gene 1 was

weakly induced whereas the gene 2 and 3 transcripts were

undetectable (Ireland and Berger, 1982; Ireland et al , 1982).
Comparison of the predicted amino acid sequences of the four

small hsps has revealed the existence of a highly conserved region
of 108 residues, shared among all four proteins. The first 83
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amino acids of this stretch are also homologous to the mammalian
a crystalline B2 chain (Ingolia and Craig, 1982; Southgate et
al., 1983). This conserved region as well as the clustering of
the four small hsp genes suggests they have a common origin,
having arisen from an ancestral gene by duplication and inver-
sion events.
The possible relationships between the four small hsp genes

and the three other closely linked developmentally-regulated genes
remained, however, at that point an open question. Here, we
have first investigated whether genes 1, 2 and 3 share homologous
sequences amongst themselves and with any of the four small
hsp genes. Both by hybridization experiments and DNA sequen-
cing of gene 1 we find that, to a variable extent, this seems to
be the case. Second, we tested the heat shock inducibility of genes
1, 2 and 3 and found that heat shock increases the amount of
their mRNAs by 5- to 10-fold depending on the developmental
stage which was investigated. It now appears likely that all seven
genes at locus 67B are structurally interrelated, being expressed
in an independent fashion during both conditions of heat shock
stress and normal development.

Results
Cross-hybridization analysis ofthe small hsp and developmental
genes
The organization of the seven genes clustered at the locus 67B
is depicted in Figure 1. Plasmids containing the sequences for
only one gene were cleaved with restriction endonucleases, the
digests run on agarose gels and transferred to nitrocellulose.
Single-stranded DNA probes were prepared from M13 clones
containing all or the major part of the transcribed region for each
of the seven genes. The filters were hybridized to the probes
under conditions of reduced stringency (6 x SSC and 40% for-
mamide at 42°C) before being washed sequentially at 650C, from
2 x SSC to 0.1 x SSC (see Materials and methods for detail).
Typical results obtained from hybridization with probes for either
hsp22, hsp23 or gene 1 are shown in Figure 2. Similar cross-
hybridizations were also obtained with the probes for hsp26, 27,
gene 2 and gene 3 (data not shown). The following conclusions
about genes' relatedness can be drawn: (i) the hsp 22 probe cross-
hybridized weakly with hsp23, 26, 27 and gene 1. The very dark
upper band in the hsp22 lane represents the normal hybridiza-
tion between the M13 probe and pUC vector used in this hsp22
subclone. (ii) The hsp23 probe cross-hybridized to the same ex-
tent with hsp26, 27 and gene 1 but not at all to the hsp22 gene.
(iii) The hsp26 probe only cross-hybridized with hsp23 and 27,
and even with reduced washing stringency, no cross-hybridization
with hsp22 and gene 1 was detected. (iv) The hsp27 probe
hybridized to the same level with hsp23 and 26 as well as gene
1. (v) The gene 1 probe hybridized very strongly to hsp27, very
weakly to hsp23 and no hybridization was detected with hsp22
and hsp26. (vi) The gene 2 probe weakly hybridized with hsp22
and 23, but not with either hsp26, 27 or gene 1. (vii) The gene
3 probe hybridized weakly to the gene 1 and even more weakly
to hsp22 and hybridization to the other genes was not observed.
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Fig. 1. Organization of the locus 67B with the location of the seven genes.
The direction of transcription is indicated by the arrows. The four small hsp
genes are shown by black arrows. The open arrows represent the three
other genes called here genes 1, 2 and 3 (genes 1, 4 and 5 according to
Sirotkin and Davison, 1982). The plasmids used in the cross-hybridization
analysis are shown below the map with the restriction sites corresponding to
the inserted fragments.
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Fig. 2. Typical results of cross-hybridization analysis performed with probes
for hsp22, hsp23 and gene 1. The lanes of the three identical filters
correspond to digests of different plasmids each specific for one gene: 1)
2OSau3A for hsp22; 2) 1791 for hsp23; 3) 179209 for hsp26; 4) 17955 for
hsp27 and 5) 1795 for gene 1. The cross-hybridization obtained after
washing the filters at the most stringent condition is shown (see Materials
and methods). The upper bands represent the vector-containing fragments.
The lower bands correspond to the insert containing the coding region of
the different genes tested.

Table I. Homology between the small hsp, gene 1 and the a crystalline
Genes 26 23 22 gene 1 (x crystalline
27 66 (66) 68 (65) 44 (54) 69 (73) 48
26 - 75 (69) 46 (58) 55 (60) 53
23 - - 50 (58) 55 (63) 49
22 - - - 43 (58) 37
genel - - - - 47

Table I gives the percentage of homology between the four small hsp genes and
gene 1 both at the amino acid and, in parentheses, at the nucleotide levels.
The comparison is made from residues 59 to 141 in hsp 22, 66 to 148 in
hsp23, 84 to 166 in hsp26, 85 to 167 in hsp27, 122 to 204 in gene 1 and
70 to 152 in a crystalline B2 chain. Data for the four small hsp genes are
taken from Southgate et al. (1983) and for mammalian a crystalline from
van der Ouderaa et al. (1973).

The extent of homology calculated at the nucleotide level,
among the four small hsp genes (Ingolia and Craig, 1982;
Southgate et al., 1983; see also Table I) correlates well with this
cross-hybridization study. Our results, therefore, probably reflect
a true homology between the four small hsp genes and at least
the gene 1. This was confirmed for gene 1, by DNA sequenc-
ing. The evidence for the presence of homologous regions in the
genes 2 and 3 is, however, weaker.

Sequence analysis of gene I
For the gene 1 sequence, we have determined - 2600 nucleotides
of 5'-flanking, transcribed and 3'-downstream sequences (see

TTTTRTTRCTRT

-1190 .-110 -1140 Pstl --1120
GTRCRRGGGGGCRTCTCGTRCGCRGCRTGCTCTGRRGTTTTGCTCUUUCCGRCTGCRGCTGGCRTRTRCRCCRTRTCRR

-1100 -1090 -1060 -1040
TACRRRCRTRCTATATRATRTRATRTATGGCCRTRCRGRATTGTRTCCCGCRGCTGRGTTCGGGGCCCCRGTRARTTTT

-1020 -1000 -990 -960
TRGCRRRGTCTCCRCTGTCTGGCCTCCGTCTGGRTGTTGTTGGTGTTGTTGTTGTTTTTT TGCATTTTGGRGCTTTTCRR

-940 -920 -900 -e9o
CCGGTTGCCATCGCTTGCRCTTGGCTRTGTRRCCRCRTRCGRRTCCAGCRRTATCRTCRTCRTCTGTGTGGCRGGGTAC

-950 -940 -920 -@00
RTRCRTRTGTTGTRGRTRCRRRTGTRTRTGCCGRCRCCRTRTGTRTGGTTGCCCCRGRCGCTGTCRCTGCGCRTGTTT

-7S0 -760 -740 -720
RCGCGACGCCGGTTGCCRRTCCTCCRGCTCTGRCRACRGCGGATTTGTRGCTTCCRGGCGGCCTGCCRGCCRGCCRGCC

-700 .-Sao EcoRI -660 .-540
RGCCRGCTGTTGTTGTRGTTGTTTRTCGCCGGCGGRCTCGRRTTCGCRTCGGCRAGCCGGCRCGRGRCTCRGRCCTCTC

-520 -600 -5SO -550
RGCTGTTCGCTCRRTGCCGGCRGTGGRRRTTCRGCTGCRRCRCGGRCCRCTTTRCRTRTRCCCCGTCTRTRTGGATRTT

-540 -520 -500 -460
TGTRTRTRTGRGTRCRTRTRTGTRTRTCGCCGGTRCRRGGARGRTGGCRTCTCTTGGGGGGGRTRTTCGTGCRTRTRTG

.-480 .-440 . ___ _ 42O -400
CTTCGRTTTCRRGCCGGTTTGCCTCTTTTRCTTRTCTTTTTTTRTTTGGTTTTGCRRCGTTGCRGTTTGGTTTGTCTGG

3@___L____--39030 -340 -320
TTTCTCGCCGRCTRCGRGTRAGRGTRCT;4aTTTGTTCTCTGGCTATCTGCGGTRAGRGGRRRGTRTCTCTTRTTTCGT

.-300 . .-2830 . .-260 .-240
GTRTRTAGCRGRRRRTGGCRTRGTRCRTGGCTTGRCTGRCTGTTTTRRTGGGTAGCCCTTCCCCTTGGCTGRGGCTTCT

-. 220 _ _ _ o_ @Q_ . -I0
CTGGRGGRGTTGCRTTRGTTTTTCGCJTGGSAGCTGG CT GRRGCCGRCTG9GQGTGRACCGGTTTTCCRTTCRGCGC

So/I -120 . -1OO -90
TGCRCRGCCGCTTRRRRGCGTCGRCRTTCRGCCRTRRGGGCTCRRRCGCRGTCCRGTTGGRGGCCRGRRCGGRTCGCCG

-60O -40 . 20
CCGGTTCCCRGRCGRCRCCRRTCCCCGCRRAGRCCTRRRARRTRRRRGRTRTRTCTTRGCCRGRTRGGRRGRARGTGRRR

30 . .60
RTG TCG CTG RTR CCG TTC RTR CTR GRT TTG GCC GRG GRG CTG CRC GRT TTC RRT CGC RGC
Hct SO' Lcu 115 Pro Ph1 115 L54 Asp Leu P51 G1v Glu LOU HIs Asp PIT Asn Rrg Ssr 20

90 .1 20
CTG GCR RTG GAT RTR GRT GRT TCG GCC GGR TTC GGG TTG TRT CCR CTG GRG GCC RCC TCA
LOU Rio 71et Asp Ile 5sp Asp Ser 51 Gly P?Ts Gly Lou Tyr Pro Lou Gl R1o Thr Ser 40

Pvu1. 150 . .1@0
CRG TTG CCR CRG CTG RGT CGT GGC GTT GGG GCG TGG GRR TGC RRT GRT GTG GGT GCC CRT
Glsn Le. Pro Gin Lc5u Ser APrg Gly Vol Gly 1la Trp Glu Cys Asn Asp Vol Gly 5lo His 0

210 .240
CAR GGG TCR GTC GGC GGC CRT CGC RGC RTC GCC RTC RTC CGT RCR RTC GTG TGG CCG GRG
Gin Gly Ser Vol Gly Gly His 9rg Sor 11s 51o Ile Ile Rrg Thr Ile Vol rrp Pro Glu eo

. 270 .300
CCA AGA CTG CTT GCT GCR PTA RGT CGC TGG TGG RGC TGG ARRR RGG ART TGG GCG PTA RGG
Pro 5Arg Lou Losu 51a 51o IZle SerO.rg Trp Trp Scr Trp Lys Arg Ass Trp R1l I 51-9rg .100

330 .360
GCR CGT CCG GGG CAR GCG GCR CGR CCR GTG GCC ARC GGG GCC RGC AAR TCC GCC TAC TCC
Rlo Rrg Pro Gly Gln 51o Al5 Arg Pro Vol Plo Rsn Gly 1la So- Lys Ser 51o Tyr Scr .120

. 390 .420
GTG GTG AAT RGG RRC GGC TTC CRG GTG RGC RITG RAT GTG RRG CAG TTC GCC GCC RAC GRRI
Vol Vol Asn Arg Ass Gly PIe G91n Vol Scr Met Asn Vol Lys G6n PITe Ala 51o Asn Glu .140

CloI .450 .490
CTG RCC GTC RAG RCC ATC GRIT ARC TGC RTC GTG GTC GRG GGT CRG CRC GRC GAG RAG GRG
Le. -r7 Vol Lys Thra11 Asp Asn Cys Il Vol Vol G1u Gly Gln His ASp Glu Lys Gl9 .160

. 5J O .5S40
GRIT GGC CRC GGG GTG RTC TCG CGC CRC TTC ATC CGC RAG TRC RTC CTG CCC RRG GGC TAT
Asp Gly His Gly Vol 11c Ser1 rg H1is Phe Ile1 rg Lys Tyr I1e Lou Pro Lys Gly Tyr ..190

. 570 . .600
GRT CCC RRC GRkG GTG CRC TCG RCC CTC TCC TCG GRC GGC RTT CTG RCG GTG RRG GCG CCG
Rsp Pro Asn GI1 Vol H1is Ser T7r Lou Ser Ser Asp Gly 1le Lou Thr Vol Lys Alo Pro .200

.530 AccI .660
CRG CCR CTT CCR GTC GTC RRR GGC RGC CTG GRR CGR CRG GAG CGC RTC GTR GRC RTC CRG
GJn Pro Lou Pro Vol Vol Lys GSy Ser Lou G9u Rrg G9m G9u Prg Ile Vol Rsp r1e Gin .220

. 690
CRG RTR TCG CRG CRG CRG RRIG GRIT RAS GRT GCG CAC CGC CRR RGC CGT CRG RGG TRG
G9n I1e Ser Gln GI1, GIn Lys Rsp Lys Asp 510 His 59rg G0n Ser 5rg Gl1 Rrg -Am- .239

.720 . .740 . .760 . .790
RGCRGCAGGCGCRCGTRGTGCCRCCRCTTCCACTTTRARTCCGRCTGCRCCCRCRCCRCTCCTTCGCTCTCGCTCACTC

.900 .920 .940 . .9@60
TCGCCGRGRGCRRCGGCARGGTCRGGRRGRGRCAGRGATGGARRTGCCGGCTGTTTCGCCCRTTTCRRTGRGGCTGCTG

.980 .900 . .920 . .940
CTGCCGCTGCTGTTGCGATGGARGCCCTTCCRCCGCRGGRRCCRCTTCCRGTGCCRACRATGGCGTTGCRGRRCCAGRR

.960 .9@0 . .1000 . .1020
TCAGRGTCCATGGARGTGGCGTTGGCCRRARACGRAGAGRCTGCCRRTGTGGRTGRRCCCRCRCCCRRTCCCGTTATAR

.1040 .1050 . .1090 .1100
GCTRCGRAGAGGRGCRRARGGCRGRGGRTGCRRRTGCCRRCGRRGTGCCCGTTGCCTCGRRTRACGGCRATGGRGCRGT

.1120 .1140 . .1150 . 19O
CGCRGCRGCCGRGGRTGTGRARTGCCGCTGGCCRRGARACCGRARTCTCCRCGGRRGRCRGCRRRGAGGAGCRGGCGGA

.1200 . .1220 . .1240 .1260
GRRGTTGRTRRRGTAGRGARRTGGAGGAGRRGGGCGGCGAGGCAACTGGCRGCCGTRGRRTGCGGCCATTCTRCTGGCC

.1200 PstI. 1300 . .1320 .1340
RAARRCCRRGGCGRRRRTGGRGCCRCTGCRGCRRRRCCGRGGRRCTGGCCRAGTGRRGRCTGRRCTRRRRGARRCR

.1360 .1390 .J400
TRRATRGTRRTARGARCRRRTRRTARTCTGCRCGGGTRGGCGTGCGTTTTA

Fig. 3. Complete DNA sequence of gene 1. The coordinate +1 corresponds
to the A residue of the ATG initiation codon. The 'CATAA', cap site,
termination codon and 'AATAAA' sequences are underlined. The four
'Pelham' sequences are marked by dashed lines and the 1+' beside them
corresponds to the nucleotides matching with the heat shock consensus
sequence. The major restriction sites are also given.

Figure 3). Coordinate +1 is taken as the A residue of the ATG
initiation codon.
5' sequences. The start of transcription of gene 1 has been
reported by Sirotkin (1982) to lie near the Sall site as shown in
Figure 1. We have mapped the precise location of the cap site
by primer extension analysis (see Materials and methods, data
not shown). We found that the cap site, 5' CAG 3' which is com-
parable with the other Drosophila hsp gene cap sites (Hackett
and Lis, 1983) is located 45 nucleotides to the right of the Sail
site (see Figure 3). The sequence 5' C A T A A 3' found at 28
base pairs 5' to the cap site is considered to represent the canonical
'TATA' box.

Several sequences, sharing homology with the 'Pelham con-

2950



Locus 67B contains seven heat shock genes

V G K D G F Q V C I D V S Q
* * * * * * * * * M * * A *

I * * * * * * * * M * * * H
* N * * * Y K L T L * * K D
* N R N * * * * S M N * K *

L E * * R * S * N L N * K H

hsp27 V V D N
hsp26 * * * D
hsp23 * Q * *
hsp22 * L * E
genel T I * *
a crys. * L G D

hsp27 - Q R H
hsp26 - M * *
hsp23 - T * *
hsp22 S S * *
genel - S * *
a crys. - S * E

F K PN
* * *S
* * * S
Y--S
* AA *
*S*E

ELTV K
* *N* *
* * V * *

* *K* *
* * * * *

* *K* *

GHGM I
D* *H *
D* *F *
EQ * G Y
* *F*
E * *F *

F V R K Y T L P K G F D P N E V V S T
* * * R * K V * D * Y K A E Q * * * Q
* * * R * A * * P * Y E A D K * A * *

* L G R * V * * D * Y E A D K * S * S
* I * * * I * * * * Y * * * * * H * *

* H * * * R I * A D V * * L A I T * S

2 3 4 8 9 10 1i 12 13 14

A Of &

-
n

6bs

8 9 I 11 12 13 14

9' _

2 3 L4 2 16

hsp27 V S S D G V L T L K A P P P P S D E Q A K S E
hsp26 L * * * * * * * V S I * K * Q A V * D K S K *
hsp23 L * * * * * * * I * V * K * * A I * D K G N *
hsp22 L * D * * * * * I S V * N * * G V Q E T L K *
gene 1 L * * * * I * * V * * * Q * L P V V K G S L *
a crys. L * * * * * * * V N G * R K Q A

hsp27
hsp26
hsp23
hsp22
gene 1

R I V Q I Q Q T G - P A H L S V K A P
* * I * * * * V * - * * * * N * * * N
* * * * * * * V * - * * * * N * * E N
* E * T * E * * * E * * K K * A E E *

* Q E R * V D I Q Q I S Q Q Q K D K D

Fig. 4. The two conserved regions in the protein coding sequence of gene I
as described in the text. The hsp27 amino acid sequence is taken as

reference. Asterisks represent any amino acid residue identical to the hsp27
sequence in the hsp22, hsp23, hsp26, gene 1 and ca crystalline B2 chain
sequences. Some gaps have been introduced for better alignment of the
sequences and are represented as [-]. A) first 15 N-terminal residues, B)
central 108 amino acids region, from amino acids 59 to 167 in hsp22, 66 to
173 in hsp23, 84 to 191 in hsp26, 85 to 192 in hsp27, 122 to 229 in gene

and 70 to 152 in a crystalline B2 chain.

sensus sequence' 5' C T n G A A n n T T C n A G 3', which
is involved in the induction of heat shock genes (Pelham, 1982;
Pelham and Bienz, 1982; Mirault et al., 1982; Pelham and Lewis,
1983; Ayme et al., 1985) were found upstream of the 'TATA'
box. Two proximal homologies are present in the DNA stretch
extending between 82 and 117 bp upstream from the cap site,
they share respectively an 8 out of 10 bp match to the consensus
(position -188 to - 175) and a 6 out of 10 bp match (position
-210 to -197, see Figure 3). The same region (from -236
to -182) also contains four direct repeats of the sequence 5'
C T G G A Pu 3'. The two distal 'Pelham boxes' with 7 and
6 out of 10 bp match are located further upstream between posi-
tions -268 and -329 from the cap site (see Figure 3).
The first ATG triplet found downstream of the cap site is

followed by an open, uninterrupted reading frame of 714
nucleotides encoding 238 amino acids. We assume that this ATG
is the translation initiator codon (Baralle and Brownlee, 1978;
Kozak, 1978, 1984). The leader sequence with 93 nucleotides
is smaller than in the small hsp genes which range from - 150
to 250 nucleotides (Ingolia and Craig, 1982; Southgate et al.,
1983) but longer than the average eukaryotic leader sequence
(Kozak, 1984). The leader sequence is 53% A+T rich with 39%
of A residues, which differs from that reported for the small hsp
genes (Ingolia and Craig, 1982; Southgate et al., 1983).
Protein coding region. The 238 amino acids long open reading
frame downstream from the ATG initiator codon is blocked in
the two other reading frames by multiple termination codons.

2 3 4

D *-&

15 16

Fig. 5. Level of transcripts from the hsp23 gene as well as from the genes
1, 2 and 3 analysed by Northern blotting. Each lane contains 20 itg of total
nucleic acids extracted without (C) or after a heat shock (HS). The numbers
above the filters correspond to the following stages: 1) larvae C, 2) larvae
HS, 3) pre-pupae C, 4) pre-pupae HS, 5) late pupae C, 6) late pupae HS,
7) young females C, 8) young males C, 9) young females HS, 10) young
males HS, 11) 3-day-old females C, 12) 3-day-old males C, 13) 3-day-old
females HS, 14) 3-day-old males HS, 15) adults C, 16) adults HS. A)
hsp23 transcript, B) gene 1 transcript: the first four lanes of the filter
corresponded to a 3-day exposure and the remainder to a 10-day exposure,
both with intensifying screen, C) gene 2 transcript: the filter was exposed
for week with intensifying screen. A longer exposure did not reveal any
expression in the pupae or the various adult stages. The origin of the two
smaller RNAs detected by the gene 2 probe is not known. D) Gene 3
transcript: the early and middle pupae stages corresponded to a 5-day
exposure and the late and adults to a 10-day exposure, both with
intensifying screen.

The derived polypeptide product from gene 1 would be of 26 560
daltons. The coding region of gene 1 shows the same G+C
richness previously observed in the small hsp and other
Drosophila genes (Southgate et al., 1983; Benyajati et al., 1981;
Sanchez et al., 1983), due to the preferential use of G and C
as the third codon base (data not shown).
A comparison between the coding regions of gene 1 and the

four small hsp genes was performed by computer analysis and
revealed, both at the nucleotide and amino acid levels, the same
two regions of extensive homology already found among the four
small hsp genes (Ingolia and Craig, 1982; Southgate et al., 1983).
Figure 4 presents the alignment in these two regions, at the amino
acid level, for the four small hsp genes, gene 1 and the a-
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Table II. Level of expression of the small hsp and genes 1, 2 and 3 during various developmental stages after heat shock

Gene Embryos 3rd instar larvae White pre-pupae Middle pupae Late pupae Freshly eclosed 3-da s-old adults

2 3 24 C HS C HS C HS C HS Females Miales Feniales Males

C HS C HS C HS C HS

22 - ++ - ++ - ++ - ++ - ++ - ++ - ++ - ++

23 + +. . + + ++ ++++ - + .. + + +

26 ++ ++ - + +++ + +++ + ++ - - - +++ ++ +++ -

27 + + - - ++ + +++ + +++ - + - ++ - --+++ ++ +++ -

gene1 - - - + ++ ++ ++++ + +++ - + + ++ + ++ - ++ - ++

gene 2 - + + - + - + - + _ + + + _ + _ +

gene 3 - - - + + ++ + ++ - + - + + - + - +

Results of the Northern analysis for each of the seven genes. The data represented the variation in the amount of each transcript present in the different tested
stages, in the control (C) or after a heat shock (HS). This does not reflect the relative abundance of the transcripts from the different genes.
-: no mRNA detected.
+ to + + + +: mRNA detected, from faintly to very abundantly.

crystalline B2 chain. First, a small region of homology resides
in the first 15 N-terminal amino acid residues. The best homology
is found between gene 1 and hsp27 (see Figure 4A). This fin-
ding supports the notion that the proposed ATG triplet is used
as the initiation codon, since it would be surprising that such a
good homology, already noticed at the same position in the small
hsp genes, persists in a non-coding region. Second, a larger
region, stretching from amino acids 122 to 204, corresponds to
the first 83 amino acid stretch common to the four small hsp genes
and the mammalian a-crystalline B2 chain (see Figure 4B). This
homology, then, diverges immediately downstream from this 83
amino acid stretch, in contrast to the situation in the four small
hsps where the homology persists for a further 25 amino acids
(see Figure 4B). In this conserved region, 22% (18 out of 83)
residues are identical in all six proteins and 51 % (42 out of 83)
are shared in five out of the six polypeptides. The calculated
percentages of homology within this region both at the nucleotide
and amino acid levels revealed a hierarchy in the relatedness bet-
ween gene 1 and the small hsp genes (see Table I). Gene 1 is
highly related to hsp27 with an homology of 69% at the amino
acid level and 73% at the nucleotide level against only 55% at
the amino acid level with hsp23 and 26.

Apart from these two homologous regions, the amino acid
sequence of gene 1 product shares no homology with the small
hsps. These non-homologous regions account for the length dif-
ference between the five polypeptides.
3' Trailer andflanking sequences. The termination codon, 5'TAG
is followed by several in-phase nonsense codons, the first oc-
curring 16 bp after the former (see Figure 3). The hexanucleotide
consensus sequence 5' AATAAA 3' is a characteristic feature
of the 3' ends of the eukaryotic mRNAs, located between 11
and 30 bp upstream of the poly(A) addition site (Berget, 1984).
Several such sequences are observed downstream from the ter-
mination codon in the 3' sequence of gene 1 (see Figure 3).

Level oftranscriptsfrom the locus 67B with or without heat shock
at various developmental stages
The presence and relative amount of the transcripts from the four
small hsp genes and genes 1, 2 and 3 were analysed throughout
the Drosophila life cycle either when maintained under normal
growth temperature at 20°C (C) or after a heat shock of 1 h at
37°C (HS). Total RNA was extracted from the following
Drosophila developmental stages: embryos, third instar larvae,
white pre-pupae, middle and late pupae, freshly eclosed females
and males, 3-day-old females and males. These RNA prepara-
tions were then tested by Northern analysis using single-stranded
DNA probes. The probes were each unique for hsp22, 23, 26,
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and 27 as well as for gene 1 transcripts since they do not contain
any sequence from the central homologous part of their coding
regions which could cross-hybridize (see Materials and methods).
The gene 2 and 3 probes, however, contain the entire transcrib-
ed regions because their possible cross-hybridizing sequences
have not been localized. Cytoplasmic actin mRNA was used as
an internal standard, assuming that its steady-state level is cons-
tant during a 1 h heat shock treatment (data not shown). Typical
Northerns are shown in Figure 5 and the data summarized in
Table II.
We first confirm the developmental pattern found for the hsp22,

23, 26 and 27 genes which are normally transcribed from the
third instar larval to the middle pupal stages, with the maximum
attained in white pre-pupae (Sirotkin and Davidson, 1982; Mason
et al., 1984). The level of expression is, however, rather dif-
ferent for the four genes. Hsp23 transcript is the most abundant
by 2- to 5-fold as compared with hsp26 and 27 mRNAs. Hsp22
is only weakly detectable. All four gene transcripts are no longer
detectable in late pupae. Hsp23 expression is clearly detectable
in young adults (Mason et al., 1984), hsp26 and 27 genes are
again expressed in 3-day-old females (Zimmerman et al., 1983).
Genes 1 and 3 are normally expressed in the same larval and
pupal stages as the small hsp genes (Sirotkin and Davidson, 1982)
and they are also no longer detected in late pupae. We also found
that gene 1 is transcribed in young adults (females and males).
Gene 2 is present in 3-24-h embryos, but not during pupation
(Sirotkin and Davidson, 1982).

If a hyperthermic shock is applied to animals from the larval
to the middle pupal stages, the transcription from the small hsp
genes increases significantly over their basal developmentally-
controlled level. The hsp 23 gene which gives the higher level
of 'developmentally-regulated' transcripts is, comparatively, less
'heat-shock' induced than the hsp22, 26 and 27 genes. The small
hsp genes accumulated approximately to the same level after a
heat shock in the late pupal and adult stages.
A heat shock, performed at any of the tested stages, induced

the transcription from genes 1 and 3. Differences have been
observed, however, in the level of accumulated transcripts. In
the white pre-pupal and middle pupal stages, the amount of their
mRNAs increases significantly over their basal developmental
level. During stages when genes 1 and 3 are not expressed or
only weakly (third instar larvae, late pupae and adults), the
amount of their mRNAs present is at least 10 times lower as com-
pared with white pre-pupal and middle pupal accumulation. This
is in contrast with the heat shock expression of the small hsp
genes which gives approximately the saine level ofmRNAs when-
ever the tested stage. Gene 2 which is not normally detected in
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the pupal stages becomes moderately transcribed after heat shock.
It is heat-shock-induced at the same level in adult flies.

Discussion
An homologous sequence shared among the four small hsp genes
was found, by DNA sequencing, in their coding regions (Ingolia
and Craig, 1982; Southgate et al., 1983). The question arose
as to whether genes 1, 2 and 3 share common sequences amongst
themselves and with the four small hsp genes. Here, the
homology among the four small hsp genes was first used to deter-
mine conditions allowing cross-hybridization. A specific pattern
of hybridization was found which correlates well with the
homology calculated from the DNA sequence data (Ingolia and
Craig, 1982; Southgate et al., 1983). The same type of analysis
was then used to test genes 1, 2 and 3. Gene 1 clearly cross-
hybridized to hsp27 and to a lesser extent to hsp23. Genes 2 and
3 share a weak homology with hsp22, gene 3 also weakly cross-
hybridizes to gene 1. These results suggest the possible existence
in these three genes of regions homologous with the small hsp
genes.
From the gene 1 sequence reported here a single uninterrupted

open reading frame was found. The derived amino acid sequence
corresponded to a polypeptide of 26 560 daltons before any post-
translational modifications. Hsp27 has a calculated mol. wt. of
23 620 daltons (Southgate et al., 1983) and by comparison the
gene 1 polypeptide would appear on SDS-polyacrylamide gels
as a protein - 30 kilodaltons. The comparison of this protein
sequence with that of the small heat shock proteins further con-
firmed the localization and the extent of the homology found by
the cross-hybridization analysis. Thus, the 'gene 1 protein' con-
tains the same two conserved regions already noted in the small
heat shock proteins: the first 15 N-terminal residues and a cen-
tral 83 amino acids stretch (see Figure 4). In the small hsps, the
central homologous region extends to 108 amino acids of which
the first 83 residues are common with the mammalian a-
crystalline B2 chain. The remaining 25 amino acids, towards the
C-terminal end, are conserved only amongst the four small heat
shock proteins (Ingolia and Craig, 1982; Southgate et al., 1983).
Gene 1 shares only and specifically the first 83 residues, homo-
logous to the mammalian a-crystalline. Therefore, the small hsp
and gene 1 have the same global organization of their coding
region. We hypothesize that genes 2 and 3 cross-hybridize to
the small hsp genes through the same conserved central domain
and therefore have a similar sequence organization. If the con-
served domains are, as already proposed, the regions involved
in the proteins' function(s) (Ingolia and Craig, 1982; Southgate
et al., 1983), we can hypothesize that the polypeptides encoded
by genes 1, 2 and 3 may have functions similar to the small heat
shock proteins. However, the specific conservation of the last
25 amino acids in the central homologous region of the four small
hsps should not be neglected and may confer slightly different
properties to the small heat shock proteins.
The degree of homology in the conserved central region,

calculated both at the nucleotide and amino acid levels (see Table
I), shows that gene 1 is more closely related to hsp27 than to
any other small hsp genes. This correlates well with the rela-
tionships found between gene 1 and the small hsp genes by the
cross-hybridization analysis. The seven genes are probably all
derived from an ancestral gene by several duplication and in-
version events within the locus. If this hypothesis is correct, then
gene 1 must have arisen rather directly from the hsp27 gene or
vice versa. The specific pattern of preferential cross-hybridization
and the calculated degree of homology may, therefore, reflect

the order in which the supposed duplication events have occurred.
The expression of the seven genes was investigated during

various stages of the Drosophila development, both before and
after a heat shock. Hsp22, 23, 26 and 27 as well as gene 1 and
3 are normally expressed from the late third instar larval to the
middle pupal stages (Sirotkin and Davidson, 1982; Mason et al.,
1984). Their levels of expression vary by a factor of 10 with
hsp23 being the most expressed and hsp22 the least. We found
that gene 1 is also transiently expressed in freshly eclosed adults
as it was described for hsp23 (Mason et al., 1984). Gene 2 is
specifically expressed in the 3-24-h embryos (Sirotkin and
Davidson, 1982). A heat shock at the third instar larval, early
and middle pupal stages, increases the amount of mRNAs for
the six genes already expressed (the small hsp genes and genes 1 and
3) by a factor of 5 to 25 over their basal expression at these stages.
It could be argued that the increase in the detected amount of
transcripts occurred by a stabilization of the pre-existing mRNAs.
However, the notion of heat shock inducibility for genes 1, 2
and 3 is supported by the following results: genes 1 and 3 are
also heat-shock inducible during late pupal and 3-day-old adult
fly stages when they are not developmentally expressed and the
transcription of gene 2 is induced by a heat shock in all the tested
stages.
However, the accumulation of transcripts from genes 1 and

3 after a heat shock is different, whether the genes are already
developmentally expressed or not. In the pre-pupal and middle
pupal stages, the transcripts from genes 1 and 3 accumulated after
heat shock to a level which is 10 times higher than in the late
pupae and adults. Therefore, genes 1 and 3 have probably a lower
heat shock inducibility than the four small hsp genes.
The 5' sequences of the hsp83, 70, 68, 26 and 22 genes con-

tain multiple matches to the 'Pelham consensus sequence' which
was demonstrated to be responsible for the heat shock induction
of the hsp70, 26 and 22 genes (Mirault et al., 1982; Pelham,
1982; Pelham and Lewis, 1983; Ayme et al., 1985). The se-
quences requirement for optimal induction of the hsp70 gene was
investigated by the P-mediated transformation technique. These
analyses have shown that two very close 'Pelham consensus'
sequences are necessary for the maximal heat shock induction
of the reintroduced hsp70 gene (Dudler and Travers, 1984; Simon
et al., 1985). Preliminary data for promoter deletion analysis of
the hsp26 gene by the same approach give the same type of results
(D.Pauli, personal communication). The 5' region of gene 1
reveals the presence of only two significant (7 or more out of
10 bp match) 'Pelham' boxes located at 230 bp from each other.
This relative lack of consensus sequences may explain the low
level of heat shock inducibility observed for gene 1. When gene
1 is already expressed, however, the immediate presence of RNA
polymerase II and of some transcription factors as well as the
modified 'active' chromatin structure may enhance its transcrip-
tional inducibility by heat shock.
The total amount of gene 1 mRNA present after a heat shock

in the third instar larval, early and middle pupal stages may also
result from a combination of the two processes of transcriptional
induction of the gene and increased stability of the pre-existing
messengers. The same situation has already been described by
Vitek and Berger (1984) in ecdysterone-treated Schneider 3 cells.
The hsp22 and 23 genes are transcribed in these cells after the
hormone treatment (Ireland and Berger, 1982). If a heat shock
is applied to treated cells the amount of mRNAs increased by
a combination of induction of the gene's transcription and
stabilization of the pre-existing messengers. The hsp transcripts
were found to be 2-3 times more stable at 350C than at 250C
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(Vitek and Berger, 1984).
The relationship between the normal developmental expres-

sion and the induction by heat shock remains to be elucidated.
The promoter sequences involved in the developmental expres-
sion of the seven genes have not yet been identified and the direct
implication of the 'Pelham consensus' sequence cannot be ex-

cluded. In that case, it remains to be determined whether the same

factors are involved in the developmental expression and the heat
shock induction. This will probably help in understanding the
variation in the heat shock inducibility of genes and 3.

Materials and methods
Cross-hybridization analysis
The different clones used, each specific for only one gene, are listed below:

2OSau3A for hsp22, 1791 for hsp23, 179209 for hsp26, 17955 for hsp27 and

1795 for gene 1. They were previously described in Voellmy et al., 1981;
Southgate et al., 1983 and Ayme et al., 1985; see Figure 1. After restriction

digests which separate specifically the insert from the vector, the fragments were

separated on 1 % agarose gels and transferred to nitrocellulose filters (Southern,
1975). The single-stranded DNA probes (see below) were prepared as previous-
ly described (Ayme et al., 1985). Hybridization was carried out for 12 h at 42°C
in 6 x SSC (20 x SSC is 3M NaCl, 0.3 M Na citrate), 0.1% SDS, 5 x Denhardt

(100 x is 2% Ficoll, 2% polyvinylpyrrolidone and 2% BSA), 200 yg/m1 denatured

salmon sperm DNA and 40% deionised formamide. The washing of the filters

was performed at 65°C with a stringency varying from 2 x SSC to 0.1 x SSC

for several hours.

Subclone construction and DNA sequencing
The plasmid 179P2 containing gene 1 sequence was cloned from a total PstI digest
of the original genomic X clone 179 (Voellmy et al., 1981) into the pUC8 plasmid
vector. The Hindull fragments of the 20HHI A and 20HIII B clones were isolated

from the plasmid 17920 (Voellmy et al., 1981) and cloned into pUC8 vector.

They contain respectively genes 2 and 3 (see Figure 1).
Specific fragments of 179P2 and 1795 were isolated from polyacrylamide gels

and subcloned into M13mplO or mpl 1 replicative forms (obtained from
Biochemicals Ltd). Restriction digests (RsaI, Alul, HaeIII and Sau3Al) of the
same plasmids were also randomly cloned into M13. After transformation into

JM103, white plaques were screened by dot blotting (Messing and Vieira, 1982).
Sequencing was performed by the dideoxynucleotide chain termination techni-

que of Sanger et al. (1977, 1980). Reactions were carried out with [cs-35S]dATP
as labelled deoxynucleotide (Radiochemical Centre, Amersham, England). The

dideoxy nucleotides were obtained from Bethesda Research Lab., GmbH. The

reactions were run on 6% polyacrylamide, 8.3 M urea, thin sequencing gels which

were dried for exposure.

Primer extension analysis
The single-stranded probe ClaI-Pvull, contianing the gene 1 sequence from coor-

dinates +437 to + 130, was prepared from an M13 clone containing the frag-
ment ClaI-SalI (see Figure 3). Hybridization to total pupal RNA and the reverse

transcriptase reaction were performed as already described (Ayme et al., 1985)
and the extended fragment analysed on thin sequencing gels.
RNA extraction and Northern analysis
Embryos were collected at 0-3 h, 3-6 h and 24 h after egg laying. Third in-

star larvae were collected as actively climbing larvae. Animals were further staged
at puparium formation: white pre-pupae between 0 and 1 h, mid-pupae between
12 h and 2 days, late pupae between 4 and 5 days. Adults were taken within
2 h after eclosion (young) and after 3-4 days. Animals were homogenised in

2-5 ml of 100 mM Tris pH 9, 100 mM NaCl, 20 mM EDTA, 1% Sarcosyl
into a 7 ml Dounce homogenizer. Lysis was followed by three phenol extrac-

tions (50 v. phenol: 50 v. chloroform: 1 v. isoamyl alcohol). Total nucleic acids

were precipitated with 3 v. ethanol overnight at -20°C and resuspended in water.
RNA was separated on a 1.2% agarose - 2.2 M formaldehyde gel in 1 x MOPS
buffer (10 x is 0.2 M MOPS, 50 mM Na acetate, 10 mM EDTA, pH 7) and

directly transferred after electrophoresis on nitrocellulose filters using 20 x SSC.
The small hsp and gene 1, 2 and 3 probes are described in the next section. The
actin probe corresponded to nick-translation of fragments isolated from the plasmid
SC (Fryberg et al., 1980). Hybridization was performed for 12 h at 42°C in

Northern buffer (5 x SSPE, 0.1% Na pyrophosphate, 0.4% SDS, 50% for-
mamide, 8% Dextran sulfate and 250 jg/m1 denatured salmon sperm DNA). Filters
were then washed at 65°C in 0.1 x SSC, 0.1% SDS for 2-3 h.

M13 clones
The single-stranded DNA probes corresponding to the following restriction
fragments were used for (i) the cross-hybridization study and (ii) the Northern

analysis. The coordinates for the four small hsp genes are taken from Southgate
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et al. (1983) and from Figure 3 for the gene 1 (+ 1 corresponds to the A residue
of the initiation codon).
(i) hsp22 BamHI HindlII +850 to -40

hsp23 Xbal PvuII +874 to + 135
hsp26 Clal Sacl +832 to +308
hsp27 Sall Xbal + 1200 to -39
dev 1 Accl PvuII +645 to + 130
dev2 Hindlll HindllI
dev3 HindII HindalI

(ii) hsp22 HindlII HincII -40 to -208
hsp23 PvuII EcoRI +135 to -108
hsp26 Sacl Xbal +308 to -234
hsp27 SinaI HincII +31 to -135
devI PvuII Sall + 130 to -140
dev2 HindlII HindlII
dev3 HindIII HindIII
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