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Vertebrate cells synthesize two forms of the 82- to 90-kilodalton heat shock protein that are encoded by
distinct gene families. In HeLa cells, both proteins (hsp89ai and hsp890) are abundant under normal growth
conditions and are synthesized at increased rates in response to heat stress. Only the larger form, hsp89a, is
induced by the adenovirus EIA gene product (M. C. Simon, K. Kitchener, H. T. Kao, E. Hickey, L. Weber,
R. Voellmy, N. Heintz, and J. R. Nevins, Mol. Cell. Biol. 7:2884-2890, 1987). We have isolated a human
hsp89a gene that shows complete sequence identity with heat- and ElA-inducible cDNA used as a hybridization
probe. The 5'-flanking region contained overlapping and inverted consensus heat shock control elements that
can confer heat-inducible expression on a 1-globin reporter gene. The gene contained 10 intervening sequences.
The first intron was located adjacent to the translation start codon, an arrangement also found in the
Drosophila hsp82 gene. The spliced mRNA sequence contained a single open reading frame encoding an
84,564-dalton polypeptide showing high homology with the hsp82 to hsp90 proteins of other organisms. The
deduced hsp89a protein sequence differed from the human hsp890 sequence reported elsewhere (N. F. Rebbe,
J. Ware, R. M. Bertina, P. Modrich, and D. W. Stafford (Gene 53:235-245, 1987) in at least 99 out of the 732
amino acids. Transcription of the hsp89a gene was induced by serum during normal cell growth, but
expression did not appear to be restricted to a particular stage of the cell cycle. hsp89a mRNA was considerably
more stable than the mRNA encoding hsp7O, which can account for the higher constitutive rate of hsp89
synthesis in unstressed cells.

The 82- to 90-kilodalton (kDa) class of heat shock proteins
(HSPs) have long been recognized as cytoplasmic proteins
that are abundant in the absence of stress (40, 42, 78) and
which are induced to higher levels of synthesis by heat
shock. In avian and mammalian cells and tissues, these
proteins (hereafter referred to as hsp89) have been found in
association with several different regulatory and structural
proteins. hsp89 has been shown to interact with several viral
oncogene products that possess tyrosine kinase activity,
including pp60src (10, 55), and the yes (46),fps (55),fes, and
fgr (85) gene products. In rabbit reticulocytes, hsp89 has
been identified as the 90-kDa component of highly purified
preparations of the hemin-controlled translational repressor,
an eIF-2ot-specific protein kinase (63). hsp89 appears to
stimulate the activity of this enzyme. In avian (3, 85) and calf
(60) cells, hsp89 has been identified as the non-steroid-
binding subunit of the estrogen receptor complex and has
since been shown to be a common component of other
steroid hormone receptors (33). The steroid-binding compo-
nent of these receptors appears to be inactive with respect to
DNA binding when complexed with hsp89 (30, 58, 66).
Specific association of murine hsp89 with tubulin has been
reported (67), and calmodulin-sensitive actin binding has
been demonstrated in vitro (37, 53). A form of hsp89 is a
tumor-specific transplantation antigen in methylcholan-
threne-induced tumors in mice (74).
Two forms of hsp89 that differ slightly in molecular mass

have been identified in murine (2, 51, 74), human (25), and
sea urchin (4) cells. In mouse cells, the proteins are known
as hsp84 and hsp86, reflecting their different sizes as deter-
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mined by gel electrophoresis. Teratocarcinoma cells consti-
tutively express both hsp84 and hsp86 at high levels during
proliferation, but upon induction of differentiation, synthesis
of hsp86 is specifically down regulated (2). Synthesis of
hsp86 and/or hsp84 is induced independently of the other
HSPs by estrogen treatment in the murine uterus but not in
murine liver or spleen (59). Partial protein sequencing has
identified the hsp86 form as the mouse tumor-specific trans-
plantation antigen (74). However, the studies cited above
reporting associations between hsp89 and other cellular
proteins do not distinguish between the two forms of the
HSP.
We have previously isolated several plasmid clones con-

taining inserts homologous to hsp89 mRNA from cDNA
libraries prepared from both heat-shocked (28) and control
(65) HeLa cell mRNA. The clones represent two sequence
families that do not show cross-hybridization under standard
conditions. Two different size classes of hsp89 mRNA have
been demonstrated, which correspond to each family of
cDNA (28). The mRNAs are referred to as hsp89ot (2.95
kilobases) and hsp891 (2.7 kilobases) (70). Both mRNAs are
coordinately induced by heat shock in HeLa cells (28). The
complete sequence of a human hsp89 cDNA has recently
been reported (61). This sequence encodes a protein very
similar to mouse hsp84 (51) and corresponds exactly in
sequence with the human partial cDNA clone pHS811
(hsp89r) isolated by our laboratory (28). This form of hsp89
mRNA is not induced by the adenovirus ElA gene product,
whereas the hsp89ot form represented by clone pHS801 is
strongly induced along with at least one member of the hsp70
gene family (70). This hsp70 gene is also induced by serum in
the absence of heat shock (80, 81).

In this paper, we report the isolation and characterization
of a complete human hsp89oa structural gene and flanking
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sequences. The transcript from this gene is interrupted by 10
intervening sequences, including one located in the 5'
mRNA leader that is spliced directly at the AUG start
codon. The promoter sequence drives heat-inducible expres-
sion of a reporter gene, indicating that this hsp89a. gene
encodes a bona fide heat shock protein. The same gene is
also expressed constitutively. Quantitative primer extension
experiments using a gene-specific synthetic oligonucleotide
demonstrated that transcription is enhanced by heat stress
and adenovirus infection, while constitutive expression is
dependent upon serum. Serum-induced expression of
hsp89cx is apparently not restricted to a specific stage of the
cell cycle in HeLa cells. The spliced hsp89a mRNA encodes
a protein of 84,564 daltons that differs from the hsp89,3
sequence (61) in 99 of 732 residues. Comparison of hsp89
protein and derived amino acid sequences from several
species suggests that two forms of the gene diverged early
during vertebrate evolution and have been conserved. They
encode distinct proteins that can be induced independently
and may carry out different functions.

MATERIALS AND METHODS

Nucleic acid isolation and Southern blot analysis. High-
molecular-weight human DNA was isolated from placenta
by the method of Blin and Stafford (7). Total cytoplasmic
RNA was isolated from HeLa cells by using a detergent lysis
procedure described by Sadis et al. (65). Poly(A)t- RNA was
prepared by using standard methods (49). For primer exten-
sion experiments, the RNA was precipitated with ethanol an
additional time after being adjusted to contain 1 M LiCl. For
Southern blot analysis, DNA was digested with restriction
enzymes by using conditions recommended by the manufac-
turer (Boehringer Mannheim Biochemicals). Samples (10 VLg)
were electrophoresed on 0.7% agarose gels and blotted onto
nitrocellulose (72). The blots were hybridized with nick-
translated pHS801 or pHS811 plasmid probes as previously
described (27, 62) with a final stringent wash for 15 min at
680C in 0.lx SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.01% sodium dodecyl sulfate.

Isolation of the human hsp89o gene. An AliI-HaeIIl hu-
man genomic library in phage Charon 4A (44) was screened
by hybridization with the hsp98x-specific cDNA clone
pHS801 (28) under conditions described in detail elsewhere
(27). From 1,000,000 plaques, seven hybridizing phage were
isolated and plaque purified. DNA was prepared from plate
lysates (49) and mapped by restriction digestion and South-
ern blot analysis with the pHS801 probe.
Mapping of transcribed sequences and exon-intron bound-

aries. Regions of the phage DNA encoding heat-inducible
RNA were mapped by differential hybridization of duplicate
Southern blots with poly(A)+ RNA isolated either from
HeLa cells after 3 h of heat shock at 42°C or from control
cells. The RNA was partially degraded with alkali and was
32p labeled by using polynucleotide kinase (49). EcoRI,
EcoRI-BamHI, and HindIll fragments (see Fig. 2) were
subcloned into M13 phage (50) or Bluescribe KS and SK
plasmid vectors (Stratagene). S1 nuclease protection analy-
sis was done with end-labeled double-stranded probes (49) or
single-stranded probes obtained from fragments cloned in
M13 (12) by using the hybridization procedure described by
Favaloro et al. (21). Probes were denatured at 900C for 10
min and hybridized with 10 ,ug of total cytoplasmic RNA for
3 h at temperatures between 50 and 600C, which were
determined to be optimal for each probe. The boundaries of
the six exons located at the 3' end of the gene were verified

by comparison with overlapping cDNA sequences derived
from the cDNA plasmids pHS801 and pHS808 (28) and
pCP75 (65), which extend from the poly(A) sequence toward
the 5' end of the gene. The transcription start site and the
junction of exons 1 and 2 were determined by directly
sequencing poly(A)+ RNA isolated from heat-shocked cells
as described below.

Sequencing. Restriction fragments cloned into the Blue-
script phagemid vectors were used to construct nested
deletions with exonuclease III and mung bean nuclease
under conditions recommended by Stratagene with the fol-
lowing modification. After the deleted end was made flush by
mung bean nuclease digestion, the deleted fragments were
excised from the vector by cleavage with EcoRI, fraction-
ated on low-melting-temperature agarose gels (54), and sub-
cloned into SmaI-EcoRI-cleaved M13 vectors for sequenc-
ing by the dideoxy-chain termination method (50). This
modification avoids the frequent problem of deletion of the
sequencing primer site within the phagemid vector. The
programs of Schwindiger and Warner (68) were used for
sequence collation, and DNA and protein sequence homol-
ogies were determined with the PCS program (39). The
5'-untranslated leader sequence of hsp89a mRNA was se-
quenced with reverse transcriptase at 50°C as described by
Geliebter (22) by using an end-labeled synthetic oligonucle-
otide primer with the sequence GTCTGGGTTTCCTCAG
GCAT.

Analysis of hsp89xt gene expression. Quantitative primer
extension with the end-labeled synthetic oligonucleotide
described above was carried out by the same method used
for RNA sequencing, except that all four deoxynucleotides
were present at 400 ,uM and dideoxynucleotides were omit-
ted. Primer annealing times was reduced to 15 min, which
was found to be optimal in preliminary experiments. This
assay gave a linear increase in the primer extension product
with inputs of 0.5 to 10 p.g of total cytoplasmic RNA.
Northern (RNA) blot and slot blot analyses were carried out
as described previously (28, 49). Conditions for heat shock at
42°C have also been described previously (29). Serum star-
vation and stimulation was accomplished by maintaining
cells for 48 h in Joklik medium (GIBCO Laboratories)
containing 0.5% calf serum (81) and then by suspending them
in medium with 10% fresh serum. Cultures were synchro-
nized by double thymidine block as previously described
(77). Total cytoplasmic RNA was isolated for analysis at 3-h
intervals for 24 h after serum replenishment or refeeding
with thymidine-free medium containing 5% fresh serum.
Isolation of nuclei and run-on transcription assays were done
as described previously (14, 65). RNA from HeLa cells
infected with either wild-type adenovirus or the ElA dele-
tion mutant d1312 was generously provided by C. Simon
(Rockefeller University, New York, N.Y.) (70). The RNA
was isolated 6 h postinfection. The human H4 histone cDNA
probe pFO108A was a gift from G. Stein (University of
Massachusetts Medical School, Worcester).

Fusion gene construction and transfection. A chimeric gene
was constructed by standard procedures; the gene contained
the 2,100-base-pair (bp) NcoI-PstI fragment of the human
P-globin (43) gene fused by blunt-end ligation to the 5'
untranslated leader region of the hsp89o0 gene (see Fig. 4).
The fusion was made at the filled-in Ai.aIl site located 40 bp
3' from the cap site of the hsp89ot gene. The fusion gene
contained the heat shock control element (HSE) and approx-
imately 1,700 bp of additional upstream sequences. The
globin gene fragment provided the normal globin initiation
codon in the filled NcoI site and also contained the entire
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FIG. 1. The genes encoding both forms of human hsp89 are each
present in multiple copies. Human DNA was digested with BanmHI
(lanes 3 and 4) or Psti (lanes 5 and 6). Ten micrograms of each digest
was resolved by electrophoresis on a 1% agarose gel and analyzed
by Southern blotting. Lane 1, Hindlll-digested lambda DNA. Lane
2 contains an amount of linearized pHS801 (hsp89oa) plasmid DNA
equivalent to a single gene copy per 10 ,ug of DNA. Lanes 2, 3, and
5 show hybridization with the hsp89a-specific probe pHS801. Ar-
rowheads indicate the sizes of fragments expected from the gene

cloned in lambda 86. Lanes 4 and 6 have been hybridized with the
hsp89P-specific probe pHS811.

remaining 3'-transcribed sequences as well as about 500 bp
of the 3'-flanking sequences. HeLa cells were transfected
with CsCl-purified supercoiled plasmid containing the chi-
meric gene by the calcium phosphate method (24). The cells
were put into surface culture at 2 x 106 cells per 75-cm2 flask
in Eagle minimal essential medium with 10%c fetal calf serum
and were fed again after 16 h of culture. Transfection was
carried out by incubating each flask with a precipitate
containing 20 p.g of the plasmid carrying the chimeric gene
and 20 ,ug of salmon sperm DNA for 16 h. Cells were washed
and fed with complete medium as described above and
cultured at 37°C. After 30 h, cells were heat shocked at 42°C
for 2 h and returned to 37°C for 1 h of recovery. Total cellular
RNA was isolated by guanidinium isothiocyanate extraction
(49). Samples of RNA (10 ,ug) were analyzed by quantitative
primer extension as described above, with an end-labeled
synthetic oligonucleotide specific for the globin mRNA
sequence (CAGACTTCTCCTCAGGAGCT).

RESULTS

hsp89aL and hsp890 mRNAs are encoded by different gene

families. The plasmids pHS801 and pHS811 contain partial
cDNA inserts that do not hybridize with each other under
standard conditions and specifically identify hsp89at and
hsp893 mRNA, respectively (28). A comparison of the
hybridization pattern in Southern blot experiments with
digests of genomic DNA shows that each probe hybridized
to an entirely different set of restriction fragments (Fig. 1). In
addition to fragments corresponding to the hsp89at gene
subsequently characterized in this report (Fig. 1, arrow-
heads), there were other hybridizing sequences correspond-
ing to about two to four additional genes or pseudogenes in

the human genome. The fragments hybridizing to the hsp89,B
probe indicated that there are also a similar number of copies
of this gene sequence.

Isolation and characterization of a human hsp89ax gene. A
human genomic library in Charon 4A (44) was screened by
hybridization with the hsp89cx-specific cDNA probe pHS801.
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FIG. 2. The structural map of the human hsp89 gene cloned in
phage lambda 86. The restriction map of the genomic fragment
cloned in lambda 86 is shown at the top. The expanded section
below shows the structure of the region that was sequenced. Exons
(d) and the location of the 5' consensus heat control element (O) are
indicated. The arrow marks the transcription start site. The posi-
tions of the initiator ATG and the polyadenylation site are also
shown. The broken line above the 3' region indicates the extent of
the overlapping cDNA clones that were sequenced to delineate the
boundaries of intervening sequences. Indicated under the expanded
map are the S1 probes used to define other exons. The precise size
and location of the 5' exon was determined by direct dideoxy
sequencing of the mRNA with a synthetic oligonucleotide primer
complementary to the coding region at the beginning of exon 2.
Restriction sites are abbreviated as follows: A, Accl; B, BamnHI; Bg.
Bglll; E. EcoRI: H. HindllI: Ps, PstI; Pv, Pi'ifIl; X, XhoI: Xb.
Xbal.

Seven positive phage isolates were further analyzed by
restriction digestion and Southern blot hybridization with
the same probe. Two phage showing the strongest hybrid-
ization signals were analyzed by restriction mapping. The
two phage were found to contain overlapping segments of
the same genomic region (data not shown). One phage,
lambda 86, was selected for further structural and nucleotide
sequence analysis as described in Materials and Methods.
The structural map of lambda 86 is shown in Fig. 2. The
boundaries of the region that hybridized with mRNA se-

quences that increase in abundance after heat shock were

localized by differential hybridization. Appropriate restric-
tion fragments were subcloned into M13 and phagemid
vectors, and the region shown expanded below the map of
the phage in Fig. 2 was analyzed by S1 nuclease hybridiza-
tion procedures with the indicated uniformly labeled and
end-labeled probes. The complete nucleotide sequence of
this 7,394-bp segment was also determined. The gene en-

coded a 5,998-bp primary transcript which contained 10
intervening sequences. In order to precisely localize each
exon within the 3' region of the gene, the sequences of three
overlapping cDNA clones isolated independently from heat-
shocked (28) and control (65) HeLa cell cDNA libraries were
also determined. All three cDNA inserts showed complete
sequence identity with the cloned hsp89ct gene and permitted
the identification of the exons covered by the cDNA regions
shown in Fig. 2. We were unable to identify the transcription
start site and the 3' boundary of the small first exon by S1
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at"aette stgttsecto tgtaaaagta otgoaa"tt ttaaaoo"o go"tgtogt tocag An CCT GOWA AOC CAG ADC CAAGM CAA CO ATO 36
Not Pro Olu Olu STh Gla Thr Gin Asp Gin lPo Not

Go AasGAG GM OTT GAG sA TTC OCC TT CAo WAcG ATT OCC CAOTT0ATO TCA TTG A2C ATC MT ACT T2TC TAC TCWAC AAAGA ASC Tm 132
Glu Olu Olu Glu Val Olu Thr Pbh Al Pbh Gin Ala Olu Ile Ala 0l Lou Not got Lou Ile Ile AOD Thr 1!h Tyr $or Asu Lys Olu Ile Ph

CTOAa GAG CTC AT2TC AAT TCA TCA GAT gtaagt oaottattaa eeoasatog gatttt"tt toogtat4aa ottottUU" stog4cat 228
Lou Arg GlU LoU Ile Ser Amu Set 8*r Asp

Cttaaattaa tatTtttttt taacg C^TTGAC AAA ATC CM TAT GAA AaC TTO AC GT CCC AOT AAA TTA QC TCT OGG AAA csaCTOCA ATT 326
Al LouAs Lys Ile Arg Tyr OlU 8er Lou Thr Asp Pro Box Lys Lou Asp ra1y Ly GlU Lo Ni X11.

AAC CTT ATA COG AAC AA CAM GAT CGA ACT CTC ACT ATT GTO GAT ACT OGA ATT OGA ATG ACC AAU OCT aAC TTO ATC AAT AAC CTT aOT ACT ATC U22
SAn LoU Ile Pro Asu Lys Gln Asp Arg Thr Lou Thr Ile Val Asp Thr ly Ile Gly Hot Th Lys Ala Asp LoU Ile Asn Asu LoUGly Tbr Ile

acc MAA TCT 0¢" ACC AAA ¢WG TTC ATG GM OCT TT AGOcTac aT Cac GAT ATC ?CT ATG ATT aac CAa TTC ¢ST GTT OGT mT TAT TCT OCT TAT 513
Ala Lys Ser Gly Thr Lys Ala Ph Not Glu Ala Lou Oln Ala Gly Ala Asp Ile 8er Hot 11e Gly Gln Ph* Gly Val Gly Pbh Tyr 8er Ala Tyr

TTO GTT OCT GAG AAA GTA ACT GTG ATC ACC AAA CAwTAAC GAT GAT GAa CA TAC OCT TOG ¢Aa TCC TCA aCA aoG GM TCA TTC AU OTO A3AC 14
Lou Val Ala Glu Lya Val Thr Val I1o Thr Lys His Ann Asp Asp GlU Gl Tyr Ala Trp Glu 8er ger Ala aly Gly got Ph* Thr Val Arg Thr

GAC AC¢ Staggeace t4aaeattea et"ttaagt gagegat"a *g"ta t act4eaacec ttUatccct Ugg"tc"4^aagettac saaattt4t 720
Asp Thr

ttt4eeease gatcaaae aagctagagc acttaattag tgatgg4a tgett4g4 ggcggtcctt tteg",ga caccttgccc aaaattet getgtggt" 830

cctttgcate tgtagtaag Scaaaettg ctttatagae aegttatag "stgtta"e atggcgttga Scactaatt Satgtatta ttagteaat etttctttet 940

tctcttgcag OT GMA OCT ATG GOT CGT GOA ACA AAM GTT ATC CTA CA@C cTG AAA GAA GAC CAA ACT GAG TAC TT¢ GAG ¢MA C¢A At;A ATA AAU GAG 1036
Gly Glu Pro ttot Gly Arg Gly Thr Lys Vael Ile Lou his Lou Lys Glu Asp Gln Thr Glu Tyr Lou Glu Glu Arg Arg Ile Lys Glu

ATT GT¢ AAS AAM CAT SCT CAB TT ATT ¢GA TAT =C ATT ACT CTT TT Staattt tta4t6tatt Scagagtga tttctgtctg ta"tgattg 1132
Ile Val Lys Lys Hi Ser Gln Phe Ile Gly Tyr Pro Ile Thr Lou Phn

Stgactgt actacatcet tagteectag atctgtteaa ctagtctgaa gcetggggaa cctaagctct actacctaac tctgt^aaag ttcctcgggc tattaagtgg 1242

atgtatcaaa tattgatgaa aagctgggtg cttctcaagt tggctaattt agacttgggc cttaggttga aaatagtggt Scagcgctgt cgcttagtte taggtgcag 1352

eagtgatgtg atttegtgtt ttcttttgaa g GTG GAG AAG¢ GMA C¢T GAT AAM GAA GTA AOC GAT GAT GAG OCT GAA GAA AAG GAA GAC AAM GAA GAA 1449
Val Glu Lys Glu Arg AsP Lys Glu Val Ser Asp Asp Glu Ala Glu Glu Lys Glu Asp Lys Glu Glu

GAA AAM GAA AAM GAAi GAG AAM GAG TCG GAA GAC AAA CCT GAA ATT GAA GAT GTT ¢GT TCT GAT GAG GAiA GAA GAA AAG AAiG GAT GOT GAC AA¢ AAG 1S55
Glu Lys Glu Lys Glu Glu Lys Glu Ser Glu Asp Lys Pro ¢lu Ile Glu Asp Val Glyr Ser Asp Glu Glu Glu Glu Lys Lys Asp Gly Asp Lys Lys

AA¢ AAG AAG AAG ATT AA¢ GAA AAG TAC ATC GAT CMA GAA GAGi CTC AAC AAA ACA AAG =C ATC TOO ACC AGA AAT =C GAsC GAT ATT ACT AMT GAG 1541
Lys Lys Lyrs Lys Ile Lys Glu Lyrs Tyr 11e Asp Gln Glu Glu Lou A n Lyrs Thr Lyrs Pro Ile Trp Thr Arg Asn Pro Asp Asp I1 Thr A n Glu

GAG TAC GGA GM TTC TAT AAG ADC TT¢ ACC AAT GAC TOO GMA GAT CAC TTG ¢CA GTG AAG S teagtgacts atgggtgctt caagcttgtc cttagattat 17U2
Glu Tyr Gly Glu Phe Tyr Lyrs Ser Lou Thr A n Asp Trp Glu Asp His Lou Ala Val Lys

catctttctc caccaceeca aatatettet ataatgcatt gttcattggt acttagtgta tctgttttat tacag CAT TTT TCA GTT GAA ¢GA CAG TTG GAA TTC 1847
His Phe Ser Val Glu Gly Gln Lou Glu Ph*

AGAL accCTT CTA TT GTC ccA cG COT OCT CCT TT GAT CTO TT GM AAC AG AAG AAA AA¢ AAiC AAC ATC AAA TTG TAT GTA CGC AG¢TT TTC 1943
Arg Ala Lou Lou Pbh Val Pro Airg Airt A1a Pro Phe Asp Lou Phe Glu Aen At& Lys Lyrs Lys Asn Anu Ile Lys Lou Tyr Val Arg Arg Val Ph.

ASTC ATOGA aAAC STOTQ GAG CTA ATC CCT GAA TAT CTO A gtaagtata gatggaaaa ataatcactg tcactgatta aagaagtact ttctgggtgg 2042
Ile Not Asp Asn Cyls Glu Glu Lou Ile Pro Glu Tyr Lou

Scat"t"c toncactat aatectagca etttg-gg c¢"ggtggg cagatcactt SatStcatta gttcaagacc agcctgggca acat"gtgaa acccecatctc 2152

tactaatta caattag eccecatgtag t"gcactg aggcatgaa acagctt$ga cecoccc"gg aggcagaggt tgcagtgagt $ggagttgcg ccacteccet 2Z25

ecagectg" cacagagtg agactgtctc aaatacgt eceatcatet tcaggttatc tttgattttg ggagtttaca tagtaccagt tttgtccttg gatgactca 2372

gtgcattt" tttatatttt tttcag AC TTC ATT AGA OWSGO OTA :OAC T GAGGA CTC OCCSCTA AAC ATA TCC CGT GAG ATG TTaCAA CMA AC 2U6
Asp Phe Ile Atr& 0ly Val Val Asp got Olu Asp Lou Pro Lou Asn Ile Ser Arg Glu Hot Lou Oln Gin Ser

MAA ATT TTo AAA OTT AC AUG AAOAATSTTSGT ascA AAMTGC TTA aA CTc TT ACT G CTO GCG GAA GAT AAA GAG AAC TAC AAG AAA TTC TAT 2565
Ly Ile LoU Lys Val Ile Arg Lys An Lo Val Lys Lys Cy Lo 1lU Lou Ph* Thr GlU Lou Ala lU Asp Lys GlU As Tyr Lys Lys fth Tyr

FIG. 3. Nucleotide sequence of the human h.sp890t gene and deduced amino acid sequence of the polypeptide. The gene contains
consensus heat shock control elements (Pelham consensus [56] is in upper case, underlined, and marked by stars; Xiao and Lis consensus
[83] is marked with circles below the sequence), and a typical TATA (underlined, upper case). Exons are also shown in upper case; the introns
and untranscribed sequences are shown in lower case. The 3' polyadenylation signal is underlined, and the polyadenylation site is indicated
with an underline and a star above. Numbering of nucleotides is from +1 at the ATG.

nuclease methods. This information was obtained by directly clones strongly suggest that the gene cloned in lambda 86
sequencing the RNA with a synthetic oligonucleotide primer produces the major hsp89a. transcript in HeLa cells.
which had a sequence that terminated at the putative start Sequence and organization of the hsp890a gene. The nucle-
codon of the protein-coding region. The fact that we were otide sequence of the hsp89a gene and surrounding regions
able to obtain a clear sequence with unfractionated poly(A)+ and the deduced amino acid sequence of the protein is shown
RNA and the sequence identity with three different cDNA in Fig. 3. The A of the translation start codon is designated
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GM CM TIC TC? AA AMC ATA AAa gttgtgtaa ateaccatta *ttttccoat t4cctcttt etttttttt tttttttttt aattca.aaa *tettttaaaOlu Gin Pr. S.r Lys Ann Ila Lys
samcataett tgtttcag CTT GSA ATA CAC GM AC TCT CA AT CW AAG MG CTT TCA GA CGO TTA MAG TAC TAC MCA TV WS TV? GT GAT GA

Lou Gly Ile Nis Glu Asp 6.r Gln Asn Arg Lys Lys Lou Sor Olu Lou Lou Arg Tyr Tyr Thr Set Aia Bar Giy Asp Olu
ATG GTT ST CTC MG GC TAM TOC ACC AG ATO MG GM MC CM AM CASATC TAT TAT ATC MA G taaa Saaeactatg ttacagteatNot Val Ser Lou Lys Asp Tyr Cys Thr Ag Nt Lys Olu Amn Gin Lys His Ile Tyr Tyr Il Thr
*acactett ettacaacot 4teactct 5gtg4t5tt tttetactca "tacactg ttacaactg tattsateta mecaaataa ttaacat4aa ctamteatt
ttet.tetta "ttct4ect aStatct4 etacaaaaa aagtcagac tagateaaac cattettaac tgttaaaag tctaaaagta actttgtaat actceag
GT GM AC MG AC CM OTA GCT AM TCA WV TTT OTO GM COT CTT CW AM CAT OC TTA GM GTG ATC TAT ATG AT? GM =CAT? GA? G
Gly Glu Thr Lys Asp Oln Yal Ala Asn Ser Ala lba Val Olu Arg Lou Arg Lys Nis Gly Lou Olu Val Ile Tyr Het Ile Glu Pro Ile Asp Glu
TM TGT OGTC CAA C CTG MOG G TTT GM Gw MG ACT TTA GTO TCA OTC CC AM GM OC CTG GM CT? CCA GM GAT GM GM GM AM MG
Tyr Cym Vak Gln Gin Lou Lys Glu Ph. Glu Gky Lys Thr Lou Yak S.r Yak Thr Lys Glu Gky Lou Glu Lou Pro Glu Asp Glu Olu Glu Lys Lys
MG CUGM G AAM AM MA MG TTT GM AC CTC TOC AM ATV ATG A GM ATA TTG GM AM AM GTT GMOM gtat gtgaatacaLye Gin Gku Glu Lye Lye Thr Lye Pbh Glu Asa Lou Cys Lys Ike Net Lys Asp Ila Lou Glu Lys Lye VYa Glu Lye
catttcctga tcat.tatac ttcteaatg ctttcaaget tagtcataca tageccattt tcgcatgttt tcaacttaaa acagaaaact atgtcgtgtg t560t5cg
CSSt4ctca cgcctgcaat ccacacatt tM.a.tg ucamgcsa tcacaaMtc Oa6gatcga gaccatcctg gctaacac" tgaaacteg tetetactaa

aaatagaaa aaataaacca ucgtmst cac"cctgt aatoctagcc acttg4a" ctg4acaU agaatcgect aaccca"a 5cCaggtt Scagt4gacc
aagtcgcac caoctgcactc cagSctAUt gatagcga Sactctatct caaaaaaaaa attgt4catg taaaacatga aattataacc tgtgctcttt 5atacctaa
tgcgacattt aegttgtatt tgacagtaga tagtattttg gatctattga aattt4utt ctacagattt catttcacaa tgaaagttta Uattaatct tt.ctattc
ctatcatca cttttt4at tacag oTG GTT GTG TCA AMC CGA TO GTO CA TT CCA TC TGT AT? GTC MA MC MA TAT OW TGG MA OA AM

Yak Vak Yak Ser Asn Arg Lou VYa Thr Sar Pro Cys Cys Ile Yak Tb: Ser Thr Tyr Gky Trp Thr ALa Asn
ATG M AGA ATC ATG AMA CT CM OCC CTA A GACM TVA MAC ATG GOT TAC ATG OA OCA AMG AMA CMC CTG GM ATA AMCCCT GAC CA? ToC
Net Glu Arg Ike Net Lye Aka Gin Aka Lou Art Asp Aen 5: Tbhr hot Gly Tyr Net Aka Aia Lys Lys Nis Lou Glu Ike Amn Pro Asp Nis S.r
ATT ATT GM ACC TTA AGG CM MG GCA GM OCT GAT MG AM G MG TCT OT MG GA? CTG OTC ATC TTG CTT TAT GM AT OG CTC CTG TCT
Ike Ile Glu Tb: Lou Arg Gin Lye Aka Glu ALa Asp Lys Asn Asp Lys Sar Vak Lye Asp Lou Yak Ile Lou Lou Tyr Glu Thr Aim Lou Lou Sev
TCT GOC TT MT CTG GG GA?T CMCMAa CAT OCT AC AG ATC TM AG ATG ATC AM CTT 00T CTG G gtaagectt atactatgta at.ttaa"am
Bar Gly Pb. 6.r Lou Glu Asp Pro Gin Thr 111 Aim Amn Ara Ike Tyr Arg Net Ike Lys Lou Gly Lou

gaataac acacgtgaca ttgaasaaaa tgtaact ttoagttato caaactt4ga Saccttgtc tgcttgctsc tt",atat taaagtafgt tttttttaU

gat egtaa gtcttacaaaocaagaa tga tatt4g aot.otat4t cctgtaatac t4tcttgaaa Scagat.aaa accaagagta ttacectaat agct4gcttt
aagaaatctt tgttat4a ggattttatt tt"aa"ao GT AT? GAT GM GAT GMC CCT MCT OCT GA? OAT MC AGT OCTG=TA MCT GM GM ATO

Oky Ike Asp Glu Asp Asp Pro Thr Ala Asp Asp Thr Bar Ala ALa Vak Thr Glu Glu Net
CCA = CTT GM GGA GTAC?GM MA TCA CC ATO GM GM GTA GMC TCTCTOOCTG MOGTGMT TGTATCTAA 1ATCTCTGA
Pro Pro Lou Glu Gly Asp Asp Asp Thr Sar Arg Net Glu Glu Ya AspA
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FIG. 3-Continiued

as +1. Underlined sequences between -740 to -725 in the
5'-flanking region correspond to HSEs. A sequence similar
to the HSE described by Pelham (56) is indicated in upper-
case letters. Small circles beneath the sequence indicate two
perfect and one imperfect repeats of the more simple con-
sensus HSE sequence suggested by Xiao and Lis (83). A
single TATA element was found 30 bp downstream from the
HSE and 22 bp upstream from the transcription initiation site
identified by RNA sequencing. Overlapping the 3' end of the
underlined HSE region was the sequence TGGAAAAAG.

which is similar to the serum control element (SRE) identi-
fied in a human hsp7O gene (82). This sequence was located
between the HSE and the TATA in both genes. The hsp89at
promoter contained a GGCGGG sequence corresponding to
a putative SPl-binding site located at position -814.
The transcribed region contained 11 exons that ranged in

size from 58 to 729 bp. All of the introns were flanked by
typical splice consensus sequences that followed the GT-AG
rule. The 58-bp exon 1 encoded the entire 5'-untranslated
mRNA leader and was separated from exon 2 by the longest
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FIG. 4. Comparison of the amino acid sequence of humain hsp89s with that of hsp89P and hsp90 proteins from other species. The upper
sequence (HQ) is that of the protein derived from the human lisp89a. gene. Aligned below it are the human hsp89,B (H,B) (61). mouse hsp84
(M) (51), Drosoplhila (D) (6), and S. ucreviisiae hsp83 (Y) (20) protein sequences. Blank spaces indicate identity with the human hsp89ot
sequence, letters indicate amino acid substitutions, and dashes represent gaps introduced to maximize alignment.

intron of the gene (572 bp). The splice junction was unusual
in that it was immediately adjacent to the initiator ATG.
Excision of the first intron would create the sequence CCAA
GATG, which is similar to the CCA/GCCATG sequence
determined by Kozak (38) to be important for translation in
eucaryotes. The adenosine at position -3 is thought to be
particularly important for high translational efficiency (38).
Excision of the single intron of the Drosopliila hsp82 gene
also would bring an adenosine into the -3 position relative
to the ATG. An additional feature common to both the
human and Drosophila genes is the presence of one perfect
and several imperfect Xiao and Lis HSE sequences (83)
located within intron 1 (indicated by circles under the
sequence in Fig. 3). The 5'-flanking region and the first intron
are the only locations within the 7,324-bp fragment contain-
ing the human hsp89ct gene in which the TTCNNGAA
sequence was found.
The rather long 3'-untranslated region of lisp89ca mRNA

contained 663 nucleotides and was AT rich (63% overall).
The 100 nucleotides immediately after the stop codon con-
tained over 70% A+T. There was an atypical polyadenyla-
tion signal, AACAAA (underlined in Fig. 3), located 17
nucleotides upstream from the polyadenylation site. The
cDNA clone pHS801 was identical in sequence to the 3' end
of the gene, including the AACAAA sequence, and termi-
nated with a poly(A) stretch of over 20 nucleotides. This
identified the site of polyadenylation indicated in Fig. 3 with
a star and an underline.
Human hsp89a protein sequence. The deduced amino acid

sequence contained 732 residues with a predicted unmodi-
fied molecular mass of 84,564. As is the case for the other
heat shock proteins, the hsp89 sequence has been highly
conserved evolutionarily. A comparison of the human
hsp89z and hsp893 protein sequences with mouse hsp84,
Drosophila hsp82, and Saccharoinyces cerev'isiae hsp90 is
shown in Fig. 4. The amino acid sequence of hsp89(x differs
at 99 residues from the hsp893 sequence. A major difference
between the two human proteins is the presence of an
additional block of 5 amino acids (QTQDQ), located near the
amino terminus of hsp89ox, that was absent in hsp893. The
human hsp893 protein differs from mouse hsp84, which also

lacks the QTQDQ sequence, at only 22 residues. Most of the
substitutions that differentiate the hsp84-hsp89P proteins are
conservative. Thus, the human hsp893 protein is clearly
more similar to the mouse hsp84 sequence that to human
hsp89a.. The carboxy-terminal sequence, EEVD, is con-
served not only among the hsp89 proteins of several species
(6, 20, 51, 61) but is also found at the carboxy terminus of
hsp70 (5, 23, 31, 32, 45, 47, 48) and the hsp70 cognate (19,
71). Human hsp89(x protein shows 76% amino acid sequence
homology with Drosophila hsp82 and 58% homology with
the heat-inducible form of S. cerev'isiae hsp90 (20). The three
vertebrate hsp89 proteins have 7 to 12 additional amino acid
residues at the amino terminus that are absent in the Droso-
phiia and S. cere'isiae proteins. Frequent stretches of
interspersed acidic and basic amino acids are characteristic
of all the hsp89 proteins. The longest region in hsp89cV falls
between residues 222 and 294. Despite the differences in
amino acid sequence, hydropathy plots (data not shown) of
the human hsp89(x and hsp89P proteins are virtually identi-
cal, which would indicate a high degree of structural simi-
larity.
The hsp89ot gene contains a functional heat shock promoter.

In order to test whether the gene we isolated encodes a
heat-inducible form of hsp89 or a constitutively expressed
heat shock cognate protein, we constructed a ,B-globin fusion
gene containing the hsp89 promoter region which is depicted
in Fig. SA. Figure SB shows the response of this gene to heat
stress after transfection into HeLa cells. Transfected and
untransfected cells were brought to 42°C for 2 h to initiate
heat shock gene transcription and then returned to 37°C for
1 h to allow accumulation of spliced mRNA transcripts (65,
84). RNA was prepared and assayed by quantitative primer
extension with a globin mRNA-specific oligonucleotide.
Induction of hsp89cK mRNA was also measured with the
specific oligonucleotide used to determine the 5' leader
sequence of the mRNA. In Fig. SB it can be seen that no
transcripts were detected with the globin-specific probe in
untransfected cells (lanes 1 and 2). A low level of a transcript
giving the expected 88-nucleotide primer extension product
was present in cells transfected with the fusion gene at 37°C
(lane 3), and the amount of this transcript increased by
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FIG. 5. The promoter of the cloned hsp89ct gene can drive heat-induced transcription of a globin reporter gene. (A) Structure of the
chimeric hsp89ot-4-globin gene. Construction of the fusion gene is described in Materials and Methods. Restriction sites are abbreviated as

follows: X, Xhol: E. EcoRIL A, Atall, N. Ncol: P. Pstl. Wavy lines indicate vector sequences: solid lines are the inserted fragments.
Transcribed sequences of the Izsp89a gene (a) and the exons of the globin gene (a) are indicated. The expanded map shows the details of
the fusion site, the position of the oligonucleotide primer, and the expected primer extension product from the fusion transcript. (B) Total
cytoplasmic RNA was isolated from untransfected HeLa cells (lanes 1 and 2) or cells transfected with the hsp89a-p-globin fusion gene shown
above (lanes 3 to 6). Cells were incubated at 37°C (lanes 1, 3. and 5) or were heat shocked for 2 h at 42°C and allowed to recover at 37°C for
an additional hour (lanes 2, 4, and 6). Samples (3.6 ,ug) ofRNA were analyzed by primer extension with end-labeled synthetic oligonucleotides
complementary to either the globin transcript (lanes 1 to 4). or specific for hisp89cu (lanes 5 and 6). Primer extension products were analyzed
by electrophoresis on denaturing polyacrylamide gels and autoradiographed. The sizes in nucleotides of end-labeled HaelIl fragments of
XX174 phage DNA (lane M) as well as the primer extension products are indicated.

approximately threefold after heat shock (lane 4). The same

RNA preparations from the transfected cells showed similar
changes in the level of endogenous hsp89o transcripts (lanes
5 and 6). Thus, the transfected globin fusion gene appears to
be regulated in parallel with the natural hsp89a transcript
and is expressed at normal temperature but at a higher level
in response to heat stress.

Induction of the cloned hsp89a gene by adenovirus infection
and serum. Transcription of human hsp89a but not hsp89r is
directly or indirectly activated in concert with one form of
human hsp7O by the adenovirus ElA gene product (70). To
determine whether the hsp89a gene that was isolated is
responsive to ElA, we assayed RNA preparations from
HeLa cells 6 h after infection with wild-type adenovirus or
with the ElA-deficient mutant adenomirus d1312 (Fig. 6A).
Lanes 1 and 2 show the primer extension products obtained

A HS Adeno
B5

1 2 3 4

Serum
6 7 8 9 10 11 12 13 14

~ ~ &
FIG. 6. Induction of the hsp89a gene transcript by the adenovi-

rus ElA gene product and by serum. (A) Samples of total cytoplas-
mic RNA were analyzed by quantitative primer extension with the
lisp89(x-specific oligonucleotide primer as described for Fig. 5.
Lanes: 1, 2 ,ug of RNA from uninfected HeLa cells heat shocked at
42°C for 3 h; 2. 2 p.g of RNA from uninfected cells heat shocked at
42°C for 5 h; 3, 5 ,ug of RNA from cells 6 h after infection with the
ElA-deficient adenovirus mutant d1312; 4. 5 ,ug of RNA from cells 6
h after infection with wild-type adenovirus. Unstressed cells were

infected at 37°C. (B) HeLa cells were serum starved and suspended
in fresh medium containing 10% fresh serum as described in
Materials and Methods. Cytoplasmic RNA was isolated at time zero

(lane 6) and at 3-h intervals for a period of 24 h (lanes 7 to 14). Ten
micrograms of each RNA sample was analyzed by primer extension
as described above. Lane 5 is the primer extension product obtained
from 2 ,ug of RNA from cells incubated for 3 h at 42°C.

from RNA isolated from cells that had been incubated at
42°C for 3 h (lane 1) or 5 h (lane 2) with the hsp89ax
gene-specific oligonucleotide primer. In lanes 3 and 4, the
levels of hsp89ot mRNA in parallel cultures infected with
wild-type and mutant adenovirus are compared. The level of
hsp89ca transcript in cells infected with the ElA-deficient
adenovirus mutant (lane 3) was typical of that found in
uninfected cells. The abundance of the hsp89a transcript
was increased three- to fivefold by infection with wild-type
adenovirus (lane 4), indicating that the hsp89a gene is
responsive to the ElA gene product.
The human hsp7O gene that is activated by the adenovirus

EIA product is also regulated by serum (70, 81). Since the
hsp89a promoter region contains a similar SRE-like se-

quence, we investigated whether this gene is also serum

responsive. HeLa cells were serum starved for 48 h in
medium containing 0.5% calf serum and then fed with
medium containing 10% serum. The level of the hsp89a
gene-specific transcripts was then measured by primer ex-

tension over the following 24 h (Fig. 6, right panel). Serum-
starved cells before refeeding contained a considerably
lower amount of hsp89a mRNA than was found in exponen-
tially growing cultures (lane 6). After addition of 10% fresh
serum, induction of the hsp89ax transcript was evident be-
ginning at hour 6 (lane 8). The mRNA increased in abun-
dance by approximately fourfold through hours 12 to 15
(lanes 10 and 11) and then declined to near the original level.
Other experiments (data not shown) in which fresh serum

alone was added to depleted cultures showed a similar
induction of hsp89ot. Feeding serum-depleted cells with fresh
medium containing 0.5% serum produced less than a 50%
increase in the mRNA. Thus, a serum constituent rather
than some other component of the medium controlled the
level of hsp89at mRNA in unstressed cells.
Serum induction of hsp89a in HeLa cells is not restricted

to a specific stage of the cell cycle. When deprived of serum,
HeLa cells, like many transformed cell lines (18), arrest cell
division at random points within the cell cycle. Parallel
experiments were conducted in which cells were either
starved for serum as described above or synchronized by a

double thymidine block. hsp89ot mRNA levels were then

p
II

B Globi n
1 2 3 4

HSP89
5 6 M

* 194

* 118

* 72

VOL. 9. 1989

A 1,.. HsP 89&- j . /3 globin --A



2622 HICKEY ET AL.

A B
HR: 0 3 6 9 12 1518 21 24 0 3 6 9 12 15 18 2 24 m*NA

HISTONEHA

-SPSt89

FIG. 7. Induction of the hsp89a gene by serum is not strictly
dependent upon the stage of the cell cycle. In parallel, HeLa cell
cultures were either synchronized by double thymidine block (A) or
starved for serum and refed as described for Fig. 6 (B). Cytoplasmic
RNA was prepared from each culture at 3-h intervals starting
immediately before suspending the cells in fresh medium, which
contained 5% serum in the case of the synchronized culture and 10%
serum in the case of the serum-depleted cells. Samples (10 ,ug) of
RNA were analyzed for H4 histone and hsp89a mRNA levels by
Northern blot hybridization with nick-translated pFO108A and
pHS801 plasmid DNAs, respectively, as probes.

determined by Northern blot analysis with the pHS801
probe. hsp89ot mRNA accumulation in synchronized cells
released from a double thymidine block (Fig. 7A) was
compared with that in asynchronous, serum-stimulated cul-
tures (Fig. 7B). The level of H4 histone mRNA, which is
abundant only during S phase (16, 26, 57), was also mea-
sured as an indicator of cell synchrony. The cells released
from the thymidine block showed a rapid synchronous entry
into S phase, as was indicated by accumulation and decline
of histone mRNA. The serum-starved cells refed with fresh
serum showed little synchrony by this criterion. The tempo-
ral pattern and intensity of the increase and decrease of
hsp89oQ mRNA, however, was similar in both cultures and
did not appear to be related to the stage of the cell cycle.
Since the thymidine block was released by suspending the
cells in thymidine-free medium containing fresh serum 16 h
after the previous feeding, it is likely that the observed
stimulation of hsp89a. mRNA accumulation in this experi-
ment was a serum effect.

a

The induction and slow decline of the hsp89ot mRNA level
after feeding of serum-starved cells differed from the tran-
sient serum induction of hsp7O mRNA reported by Wu and
Morimoto (81). We therefore compared transcription of both
genes after serum stimulation by using a nuclear run-on
assay and also measured the relative abundance of each
mRNA by slot blot hybridization (Fig. 8). The intensities of
the hybridization signals were measured by densitometry
and displayed graphically. Transcription of both the hsp89o0
and hisp7O genes was activated concurrently by 6 h after
serum addition and returned to basal levels by 12 h after
feeding. hsp7O mRNA accumulation followed the pattern of
transcription very closely, reaching a maximal level between
6 and 9 h after feeding and declining rapidly thereafter. In
contrast, the levels of hsp89aL mRNA remained elevated long
after the period of highest transcription had passed. hsp89at
mRNA levels were highest 15 h after feeding and declined
much more slowly. Despite the decline in the transcription
rate, hsp89a mRNA levels remained elevated 24 h after
serum addition. This indicated that hsp89ot mRNA does not
share the characteristically short half-life of hsp7O mRNA
(73). The longer half-life of hsp89oL mRNA appears to be
responsible for the higher constitutive synthesis of the
protein in unstressed cells.

DISCUSSION

Three lines of evidence indicated that the gene described
in this report encodes the major species of hsp89ot mRNA
expressed in HeLa cells both in response to heat shock and
during normal growth conditions. First, the sequences of the
3' half of the protein-coding region and the entire 622-
nucleotide 3'-untranslated region are identical to sequences
contained in three independently isolated cDNA clones
prepared from RNA isolated from heat-shocked (28) and
normally growing cells (65). Also, the gene encoded an
mRNA with the same 5'-untranslated leader sequence that

b

0

c
0.

. 0

.... W,. * S. .<

: hp

i, 4:

hsp 89ck
S.0
*8a

0 .
0 *8 t

0

0 ~~~hsp7O
0 3 6 91215 18 21 24 0 3 6 9 12 1 18 21 .)4

hou rs ho}'st
FIG. 8. Transcription and accumulation of hsp7O and hsp89cx mRNA after feeding of serum-depleted HeLa cells. Nuclei were prepared at

3-h intervals from the serum-depleted and serum-stimulated HeLa cells described for Fig. 7. (a) Labeled nuclear run-on transcripts were
hybridized to filters containing duplicate 10-jig dots of the hsp7O-specific cDNA plasmid pHS709 (hsp70) (-) or the hsp89as-specific cDNA
pHS801 (hsp89ax) (0). The autoradiograms shown below were analyzed by densitometry, and the results are presented graphically. (b)
Samples (5 jig) of cytoplasmic RNA were analyzed by slot blot hybridization with the same hsp7O-(@) or hsp89a-specific (0) cDNA plasmids
as probes. The results obtained by autoradiography and densitometry are presented in the graph above the autoradiographed slot blot. For
photographic purposes, the hsp7O slot blot autoradiogram that is depicted was exposed for a longer period of time than the hsp89at slot blot.
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was obtained by direct RNA sequencing. Finally, primer
extension experiments with a synthetic oligonucleotide com-
plementary to the predicted mRNA sequence identified a
single RNA species that is both expressed constitutively at
37°C and present at elevated levels in response to heat
shock. Other products were occasionally detected when
much less stringent conditions were used for primer exten-
sion (data not shown). Whether these products represent
different hsp89 mRNAs encoded by the other members of
the gene family detected by Southern blot analysis (Fig. 1) is
not clear. However, greater than 0.5% of total poly(A)+
mRNA from control cells and greater than 1.5% of total
poly(A)+ mRNA from heat-shocked cells can form hybrids
with the pHS801 partial cDNA sequence (D. Lloyd, unpub-
lished observation).
The presence of intervening sequences in a heat shock

protein gene can no longer be considered an unusual phe-
nomenon in higher organisms. The heat shock genes were
first characterized for S. cerev'isiae and Drosophila melano-
gaster, two organisms with concise genomes which in gen-
eral contain few interrupted genes. The first heat shock gene
shown to contain an intervening sequence was hsp82 of D.
melanogaster (6). To date, a human hsp27 gene (27), the
Caenorhabditis small heat shock protein genes (64), and a
gene for a chicken 108-kilodalton heat shock protein (36)
have also been shown to encode spliced mRNA molecules.
The chicken ubiquitin gene that is induced by heat shock
also contains an intron (9). The absence of intervening
sequences may be characteristic only of genes that encode
the heat-inducible forms of hsp7O, which appear to lack
introns in all organisms including humans (45).

Despite the presence of intervening sequences, newly
synthesized hsp89a mRNA accumulates rapidly in the cyto-
plasm of HeLa cells heat shocked at 42°C, while processing
or transport of several non-heat shock mRNAs is inhibited
or delayed (65). The intron-exon junctions of the heat shock
gene do not appear to be remarkable except in that the splice
site sequences match the primate consensus (69) very
closely. It is possible that the heat shock gene transcripts
may have a kinetic advantage over non-heat shock mRNA
precursors in cells undergoing heat stress when RNA-
splicing capacity is reduced (8, 34, 84).
The position of the first intron has been conserved in the

human hsp89a gene and in the hsp82 gene from four different
Drosophila species (6). A single exon encoding the entire
5'-untranslated mRNA leader and the unusual location of the
splice junction adjacent to the initiator ATG codon is re-
tained in all cases. The nucleotide sequences surrounding
both the 5' and 3' splice sites are also conserved. The
Drosophila consensus sequence for the 12 nucleotides sur-
rounding the 3' terminus of the first exon is ATACAAG/
GTRAG. The human sequence differs at only three posi-
tions, being AGCCAAG/GTGAC (differences are under-
lined). The Drosophila acceptor splice junction has the less
specific consensus YYNTTNCAG/ATG. The equivalent hu-
man sequence, TCGTTCCAG/ATG, is completely consis-
tent with the Drosophila consensus sequence. The se-
quences surrounding the ATG that are important for efficient
translation are created by the splicing event. Evolutionary
pressure for efficient translation of heat shock mRNA during
stress may therefore have led to the conservation of se-
quences at this splice junction. These conserved sequences
are not found in the other introns. An additional notable
feature of the first intron of the hsp89a gene is the presence
of HSE sequences that could potentially bind heat shock
transcription factor (83). In each of the hsp82 gene se-

Human hsp89a
Mouse hsp8b6
Calf ERBP
Chick hsp9O
Rabbit HCR
Human hsp89a
Mouse hsp84
Drosophila hsp82
Yeast hsp83
T. cruzi
E. coli htpG

rMPEtTIu IiPEVrTFAtttVtF
rulLt 1U IlUUUVlLLLtVL I ?-H?-WH
MPEET.A...
MPEAVQTQDQPM-EEEVETFAFQAE
MPEEVQTODQPMETFAVQTFAFQAE
MPEEV-----HHGEEEVETFAFQAE
MPEEV- HHGEEEVETFAFQAE
MPEEA------ ETFAFQAE
MAS--------------ETFEFQAE
------------ TETFAFQAE
WK--GQ-----------ETRGFQSE

FIG. 9. Comparison of amino-terminal hsp89a and hsp89,B pro-
tein sequences. Sequences of the following hsp89 homologs were
taken from the indicated references: mouse hsp86 (74), mouse hsp84
(51). calf ERBP (estrogen receptor binding protein) (60), chick hsp90
(N. Binart, personal communication), rabbit HCR (hemin-controlled
repressor) (63), human hsp89P (61), Drosophila hsp89 (6), S. cere-
vi'siae hsp83 (20), Trypanosoma cruizi heat shock protein (17), and E.
coli htpG gene product (1).

quences published for the four Drosophila species, the
intron also contains at least one partial or complete HSE
consensus sequence (6). Heat-inducible transcription from
the human hsp89a promoter does not require the first intron,
as evidenced by expression of the hsp89a-p-globin gene
reported here. Whether the internal HSE-like elements may
nonetheless function to enhance transcription of the hsp89a
gene is currently under investigation. It is possible that the
location of the first intron could have been conserved
through evolution as a consequence of the presence of HSE
elements which may act in concert with those in the 5'-
flanking region of the gene.
The deduced amino acid sequence of the human hsp89a

protein along with the human hsp89,B sequence determined
by Rebbe et al. (61) allows for the classification of other
vertebrate hsp89 homologs as eitheroa-like or 13-like. The
N-terminal amino acid sequences that have been reported
for hsp89 proteins from a variety of organisms are aligned in
Fig. 9. The vertebrate hsp89 sequences fall into two clearly
delineated classes based on the presence or absence of a
glutamine-rich segment (T/VQTQDQ) separating two groups
of acidic residues (PEEV/T and M/GEEE[E]V). Human
hsp89a contains the glutamine-rich sequence, while human
hsp890 does not. Conservation of the distinct amino acid
sequences of thea and,B forms across phylogenetic divisions
is greater than the sequence conservation between the two
forms within a single species. The differences between
human hsp89a and human hsp89P (99 residues) are greater
than the differences between human hsp89,B and mouse
hsp84 (Fig. 4). hsp84 is 97% identical to human hsp890,
differing at only 22 residues, all of which also differ from the
sequence of human hsp89a. Human hsp89a, in contrast, is
only 83% homologous with mouse hsp84 but contains the
same N-terminal 30 amino acids as mouse hsp86 (74) (Fig. 4).
The 200 C-terminal amino acids of mouse hsp86 recently
deduced from a cDNA sequence are also identical to those of
human hsp89a (V. Legagneux, personal communication).
Thus, murine hsp86 is clearly hsp89a, and murine hsp84 is
hsp89P. The sequence of the chicken steroid receptor-
associated hsp90 that has recently been completed by N.
Binart (personal communication) indicates that this protein
is an a form and differs from human hsp89a at only 32
residues (96% identity). The N-terminal 7 amino acid resi-
dues of the calf steroid receptor-binding protein (60) contain
the glutamine-rich sequence, which indicates that this hsp89
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is also an ox form. The remaining 78 residues that have been
sequenced show only four differences from the correspond-
ing regions of human hsp89a but 14 differences from human
hsp89P. The rabbit hsp89 protein found in association with
the hemin-controlled repressor protein kinase (63) is also an
a form.
The functions of the hsp89 proteins are still unclear. hsp89

is an abundant protein that exists primarily as a dimer (37,
78). The two different forms of hsp89 may interact to form a
heterodimer. However, differential regulation of the two
genes during development (2) would argue that heterodimer
assembly, if it occurs, is not obligatory. Most studies have
suggested that hsp89 is a soluble protein that is localized
within the cytoplasmic compartment (40, 42, 78). Immuno-
fluorescence studies have shown a general distribution of
hsp89 throughout the cytoplasm of murine and chicken cells
(75) with particular accumulation in ruffled borders (37) and
in regions containing microtubules (67). In D. melaniogaster,
hsp82 becomes more localized toward the periphery of the
cell at elevated temperatures (13). One report which used
immunogold labeling suggested that small amounts of hsp84
enter the nucleus of mouse cells upon heat shock (75),
although the absolute level found in the cytoplasm does not
decrease. Collier and Schlesinger report transport of hsp90
to the cell nucleus in chicken cells only after a second heat
shock (15). Association of hsp89 with tubulin and actin (53,
67) as well as with a number of proteins having regulatory
functions, such as tyrosine kinase oncogene products (10,
46, 55, 85), steroid receptors (33), and the eIF-2a kinase (63),
has been reported. The newly synthesized and as yet un-
phosphorylated tyrosine kinase oncogene products are se-
lectively associated with hsp89 and a 50-kilodalton polypep-
tide in a complex having a half-life of about 15 min (11).
Phosphorylation and membrane association of the oncogene
products coincide with dissociation from the complex (11).
The tyrosine kinase activity is suppressed in the complex
with hsp89. The steroid receptors are also inactive in DNA
binding while associated with hsp89 (30, 58, 66). These
observations have led to the suggestion that hsp89 functions
in transport of regulatory proteins to their final cellular
locations on the membrane or in the nucleus (3, 67). It has
also been suggested that hsp89 sequesters regulatory pro-
teins in an inactive form after synthesis (3, 25) until they
reach their destination within the cell or until the appropriate
signal for their activity is received. Both the a and 1B forms of
hsp89 are modified by phosphorylation at serine residues in
vivo (35, 79), and these modifications may influence the
interactions of the HSP with other cellular constituents. In
vitro, casein kinase II phosphorylates threonine as well as
serine in the eIF-2oL kinase-associated hsp89 (63). Both
forms of human hsp89 have been shown in vivo to contain
phosphorylated serine at two specific sites within the highly
charged region located between residues 222 and 290 (44a).
The same amino acids are also phosphorylated in vitro by
casein kinase II. The serines flank one of two adjacent
regions of the polypeptide with high a-helical potential
which have been proposed to be the site of interaction of
hsp89 with steroid receptors and specifically to interdigitate
with the DNA-binding "fingers" (3). Phosphorylation of
these sites could have a profound effect on the heat shock
protein-receptor interaction. The specific amino acid se-
quence varies in this region of hsp89 among the different
species, but the characteristic clustering of charged amino
acids is present in all but the Escherichia coli hsp89 homolog
p62.5. Phosphorylation of human hsp89 by a novel double-
stranded DNA-dependent kinase has also been reported

(76). This kinase phosphorylates only hsp89ox at one or more
threonines in the amino-terminal third of the molecule (C.
Anderson, personal communication). The phosphorylation
site(s) is distinct both from the sites phosphorylated by
casein kinase II described above and from the sites phos-
phorylated in the eIF-2oa kinase-associated hsp89 (63). Iden-
tification of phosphorylation sites that are unique to either
the a or 1 form of hsp89 may provide clues toward under-
standing the possibly different biological roles of the two
very similar proteins.
The genes encoding the hsp89 proteins have been shown

to be under complex regulation, responding independently to
nutritional status of the cells (41, 79), developmental events
(2, 4, 52), hormone stimulation (59), and viral infection (70)
as well as to the variety of stresses that induce the full
complement of stress proteins. The hsp89o gene we have
isolated has been shown specifically to be induced by heat
stress, in response to the adenovirus ElA gene product, and
after addition of fresh serum. The constitutive level of this
transcript is controlled by growth factors contained in se-
rum, as might be expected for an mRNA encoding an
abundant cytoplasmic protein. Thus, the protein accumu-
lates in concert with the general increase in cytoplasmic
mass that occurs during proliferation. Although transcription
of both hsp7O and hsp89oa genes are induced by serum, the
steady-state level of hsp89ot mRNA found in exponentially
growing cells is considerably higher. Consequently, hsp89 is
synthesized in unstressed cells to a much greater extent than
is hsp70. We have shown that this difference can be ex-
plained by the longer half-life of hsp89 mRNA during normal
cell growth conditions in which hsp7O mRNA turns over
rapidly (73). Our results do not rule out the possibility of
other forms of the hsp89 gene that contribute to the mRNA
pool during normal growth conditions or during stress. Such
genes might be regulated differently than the hsp89a. gene
that was studied. However, unless the other genes contrib-
ute only minor amounts of transcript, they must be virtually
identical to the lambda 86 gene or else completely fail to
hybridize with any of the probes that were used. Isolation
and analysis of the other members of the hsp89 gene family
will be necessary to definitively determine whether they
encode other types of hsp89 proteins distinct from the ox and
,B forms or whether they are inactive pseudogenes.

ACKNOWLEDGMENTS

We thank Nancy Lowell and Gary Lewis for their technical
assistance with DNA sequencing. We are indebted to Maria Catelli,
Nadine Binart, Olivier Bensaude, Carl Anderson, and Neil Rebbe
for helpful discussions and for sharing their results prior to publica-
tion.

This work was supported by Public Health Service grants
GM32381 and CA36207 (to E.H. and L.A.W.) from the National
Institutes of Health.

LITERATURE CITED
1. Bardwell, J. C., and E. A. Craig. 1987. Eukaryotic Mr 83,000

heat shock protein has a homologue in Esulherichia coli. Proc.
Natl. Acad. Sci. USA 84:5177-5181.

2. Barnier, J. V., 0. Bensaude, M. Morange, and C. Babinet. 1987.
Mouse 89 kD heat shock protein. Two polypeptides with
distinct developmental regulation. Exp. Cell Res. 170:186-194.

3. Baulieu, E. E. 1987. Steroid hormone antagonists at the receptor
level: a role for the heat-shock protein MW 90,000 (hsp 90). J.
Cell Biochem. 35:161-174.

4. Bedard, P. A., and B. P. Brandhorst. 1986. Translational acti-
vation of maternal mRNA encoding the heat-shock protein
hsp90 during sea urchin embryogenesis. Dev. Biol. 117:286-293.

MOL. CELL. BIOL.



HUMAN lIsp89ot GENE 2625

5. Bienz, M. 1984. Xeniopius hsp 70 genes are constitutively ex-
pressed in injected oocytes. EMBO J. 3:2477-2483.

6. Blackman, R. K., M. Meselson. 1986. Interspecific nucleotide
sequence comparisons used to identify regulatory and structural
features of the Driosoplila hsp82 gene. J. Mol. Biol. 188:499-
515.

7. Blin, N., and D. W. Stafford. 1976. A general method for
isolation of high molecular weight DNA. Nucleic Acids Res. 3:
2303-2308.

8. Bond, U. 1988. Heat shock but not other stress inducers lead to
the disruption of a sub-set of snRNPs and inhibition of ini vitro
splicing in HeLa cells. EMBO J. 7:3509-3518.

9. Bond, U., and M. J. Schlesinger. 1986. The chicken ubiquitin
gene contains a heat shock promoter and expresses an unstable
mRNA in heat-shocked cells. Mol. Cell. Biol. 6:4602-4610.

10. Brugge, J., E. Erikson, and R. L. Erikson. 1981. The specific
interaction of the Rous sarcoma virus transforming protein.
pp60src, with two cellular proteins. Cell 25:363-372.

11. Brugge, J., W. Yonemoto, and D. Darrow. 1983. Rous sarcoma
virus transforming protein and two cellular proteins: analysis of
the turnover and distribution of this complex. Mol. Cell. Biol. 3:
9-19.

12. Calzone, F. J., R. J. Britten, and E. H. Davidson. 1987. Mapping
gene transcripts by nuclease protection assays and cDNA
primer extension. Methods Enzymol. 152:611-632.

13. Carbajal, M. E., J. L. Duband, F. Lettre, J. P. Valet, and R. M.
Tanguay. 1986. Cellular localization of Drosopllila 83-kilodalton
heat shock protein in normal, heat-shocked, and recovering
cultured cells with a specific antibody. Biochem. Cell Biol. 64:
816-825.

14. Clayton, D. F., and J. E. Darnell. 1983. Changes in liver specific
compared to common gene transcription during primary culture
of mouse hepatocytes. Mol. Cell. Biol. 3:1552-1561.

15. Collier, N. C., and M. J. Schlesinger. 1986. The dynamic state of
heat shock proteins in chicken embryo fibroblasts. J. Cell Biol.
103:1495-1507.

16. Delisle, A. J., R. A. Graves, W. F. Marzluff, and L. F. Johnson.
1983. Regulation of histone messenger RNA production and
stability in serum stimulated mouse 3T3 fibroblasts. Mol. Cell.
Biol. 3:1920-1929.

17. Dragon, E. A., S. R. Sias, E. A. Kato, and J. D. Gabe. 1987. The
genome of Trlpanosomna criuzi contains a constitutively ex-
pressed, tandemly arranged multicopy gene homologous to a
major heat shock protein. Mol. Cell Biol. 7:1271-1275.

18. Dubrow, R., V. G. H. Riddle, and A. B. Pardee. 1979. Different
responses to drugs and serum of cells transformed by various
means. Cancer Res. 39:2718-2726.

19. Dworniczak, B., and M. E. Mirault. 1987. Structure and expres-
sion of a human gene coding for a 71 kd heat shock 'cognate'
protein. Nucleic Acids Res. 15:5181-5197.

20. Farrelly, F. W., and D. B. Finkelstein. 1984. Complete sequence
of the heat shock-inducible HSP90 gene of Saccharomnvces
cerevisiae. J. Biol. Chem. 259:5745-5751.

21. Favaloro, J., R. Treisman, and R. Kamen. 1980. Transcription
maps of polyoma virus-specific RNA: analysis by two-dimen-
sional nuclease S1 gel mapping. Methods Enzymol. 65:718-749.

22. Geliebter, J. 1987. Dideoxynucleotide sequencing of RNA and
uncloned cDNA. Focus 9:5-8.

23. Glass, D. J., R. I. Polvere, and L. H. Van Der Ploeg. 1986.
Conserved sequences and transcription of the hsp7O gene family
in Trvpanosomna briucei. Mol. Cell Biol. 6:4657-4666.

24. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

25. Haire, R. N., M. S. Peterson, and J. J. O'Leary. 1988. Mitogen
activation induces the enhanced synthesis of two heat-shock
proteins in human lymphocytes. J. Cell. Biol. 106:883-891.

26. Heintz, N., H. L. Sive, and R. G. Roeder. 1983. Regulation of
human histone gene expression: kinetics of accumulation and
changes in the rate of synthesis and in the half-lives of individual
histone mRNAs during the HeLa cell cycle. Mol. Cell. Biol. 3:
539-550.

27. Hickey, E., S. E. Brandon, R. Potter, G. Stein, J. Stein, and

L. A. Weber. 1986. Sequence and organization of genes encod-
ing the human 27 kDa heat shock proteins. Nucleic Acids Res.
14:4127-4145.

28. Hickey, E., S. E. Brandon, S. Sadis, G. Smale, and L. A. Weber.
1986. Molecular cloning of sequences encoding the human
heat-shock proteins and their expression during hyperthermia.
Gene 43:147-154.

29. Hickey, E., and L. A. Weber. 1982. Modulation of heat-shock
polypeptide synthesis in HeLa cells during hyperthermia and
recovery. Biochemistry 21:1513-1521.

30. Howard, K. J., and C. W. Distelhorst. 1988. Effect of the 90 kDa
heat shock protein. HSP90, on glucocorticoid receptor binding
to DNA-cellulose. Biochem. Biophys. Res. Commun. 151:1226-
1232.

31. Hunt, C., and R. I. Morimoto. 1985. Conserved features of
eukaryotic hsp70 genes revealed by comparison with the nucle-
otide sequence of human hsp70. Proc. Natl. Acad. Sci. USA 82:
6455-6459.

32. Ingolia, T. D., E. A. Craig, and B. J. McCarthy. 1980. Sequence
of three copies of the gene for the major Drosophila heat shock
induced protein and their flanking regions. Cell 21:669-679.

33. Joab, I., C. Radanyi, M. Renoir, T. Buchou, M.-G. Catelli, N.
Binart, J. Mester, and E.-E. Baulieu. 1984. Common non-
hormone binding component in non-transformed chick oviduct
receptors of four steroid hormones. Nature (London) 308:850-
853.

34. Kay, R. J., R. H. Russnak, D. Jones, C. Mathias, and E. P.
Candido. 1987. Expression of intron-containing C. elegans heat
shock genes in mouse cells demonstrates divergence of 3' splice
site recognition sequences between nematodes and vertebrates,
and an inhibitory effect of heat shock on the mammalian splicing
apparatus. Nucleic Acids Res. 15:3723-3741.

35. Kelley, P. M., and M. J. Schlesinger. 1982. Antibodies to two
major chicken heat shock proteins cross-react with similar
proteins in widely divergent species. Mol. Cell. Biol. 2:267-274.

36. Kleinsek, D. A., W. G. Beattie, M. J. Tsai, and B. W. O'Malley.
1986. Molecular cloning of a steroid-regulated 108K heat shock
protein gene from hen oviduct. Nucleic Acids Res. 14:10053-
10069.

37. Koyasu, S., E. Nishida, T. Kadowaki, F. Matsuzaki, K. lida, F.
Harada, M. Kasuga, H. Sakai, and I. Yahara. 1986. Two
mammalian heat shock proteins, HSP90 and HSP100, are actin-
binding proteins. Proc. Natl. Acad. Sci. USA 83:8054-8058.

38. Kozak, M. 1986. Point mutations define a sequence flanking the
AUG initiator codon that modulates translation by eukaryotic
ribosomes. Cell 44:283-292.

39. Lagrimini, L. M., S. T. Brentano, and J. E. Donelson. 1984. A
DNA sequence analysis package for the IBM personal com-
puter. Nucleic Acids Res. 12:605-614.

40. Lai, B.-T., N. W. Chen, A. E. Stanek, W. Keh, and K. W. Lanks.
1984. Quantitation and intracellular localization of the 85K heat
shock protein by using monoclonal and polyclonal antibodies.
Mol. Cell. Biol. 4:2802-2810.

41. Lanks, K. W. 1983. Metabolite regulation of heat shock protein
levels. Proc. Natl. Acad. Sci. USA 80:5325-5329.

42. Lanks, K. W., and E. J. Kasambalides. 1979. Purification and
characterization of a major component from the cytoplasmic
matrix of cultured murine L cells. Biochim. Biophys. Acta 578:
1-12.

42a.Lees-Miller, S. P., and C. W. Anderson. 1989. Two human
90-kDa heat shock proteins (hsp90) are phosphorylated in vivo
at conserved serines that are phosphorylated in vitro by casein
kinase II. J. Biol. Chem. 264:2431-2437.

43. Lawn, R. M., A. Efstratiadis, C. O'Connell, and T. Maniatis.
1980. The nucleotide sequence of the human ,B-globin gene. Cell
21:647-651.

44. Lawn, R. M., E. F. Fritsch, R. C. Parker, G. Blake, and T.
Maniatis. 1978. The isolation and characterization of a linked 8-
and ,3-globin gene from a cloned library of human DNA. Cell 15:
1157-1174.

45. Lindquist, S. 1986. The heat-shock response. Annu. Rev. Bio-
chem. 55:1151-1191.

46. Lipsich, L. A., J. R. Cutt, and J. S. Brugge. 1982. Association of

VOL. 9. 1989



2626 HICKEY ET AL.

the transforming proteins of Rous. Fujinami. and Y73 avian
sarcoma viruses with the same two cellular proteins. Mol. Cell.
Biol. 2:875-880.

47. Lowe, D. G., W. D. Fulford, and L. A. Moran. 1983. Mouse and
Dr-osophila genes encoding the major heat shock protein (hsp7O)
are highly conserved. Mol. Cell. Biol. 3:1540-1543.

48. Lowe, D. G., and L. A. Moran. 1986. Molecular cloning and
analysis of DNA complementary to three mouse M, = 68,000
heat shock protein mRNAs. J. Biol. Chem. 261:2102-2112.

49. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory.
Cold Spring Harbor, N.Y.

50. Messing, J. 1983. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

51. Moore, S. K., C. Kozak, E. A. Robinson, S. J. Ullrich, and E.
Appella. 1987. Cloning and nucleotide sequence of the murine
hsp84 cDNA and chromosome assignment of related sequences.
Gene 56:29-40.

52. Morange, M., A. Diu, 0. Bensaude, and C. Babinet. 1984.
Altered expression of heat shock proteins in embryonal carci-
noma and mouse early embryonic cells. Mol. Cell. Biol. 4:730-
735.

53. Nishida, E., S. Koyasu, H. Sakai, and I. Yahara. 1986. Calmod-
ulin-regulated binding of the 90-kDa heat shock protein to actin
filaments. J. Biol. Chem. 261:16033-16036.

54. Ogden, R. C., and D. A. Adams. 1987. Electrophoresis in
agarose and acrylamide gels. Methods Enzymol. 152:61-87.

55. Opperman, H., W. Levinson, and J. M. Bishop. 1981. A cellular
protein that associates with the transforming protein of Rous
sarcoma virus is also a heat shock protein. Proc. Natl. Acad.
Sci. USA 78:1067-1071.

56. Pelham, H. R. B. 1982. A regulatory upstream promoter element
in the Driosophila hsp-70 heat shock gene. Cell 30:517-528.

57. Plumb, M., J. Stein, and G. Stein. 1983. Coordinate regulation of
multiple histone mRNAs during the cell cycle in HeLa cells.
Nucleic Acids Res. 11:2391-2410.

58. Pratt, W. B. 1987. Transformation of glucocorticoid and proges-
terone receptors to the DNA-binding state. J. Cell Biochem. 35:
51-68.

59. Ramachandran, C. M., M. G. Catelli, W. Schneider, and G.
Shymala. 1988. Estrogenic regulation of uterine 90 kilodalton
heat shock protein. Endocrinology 123:956-961.

60. Ratajczak, T., M. J. Brockway, R. Hahnel, R. L. Moritz, and
R. J. Simpson. 1988. Sequence analysis of the nonsteroid
binding component of the calf uterine estrogen receptor. Bio-
chem. Biophys. Res. Commun. 151:1156-1163.

61. Rebbe, N. F., J. Ware, R. M. Bertina, P. Modrich, and D. W.
Stafford. 1987. Nucleotide sequence of a cDNA for a member of
the human 90-kDa heat-shock protein family. Gene 53:235-245.

62. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in 1'itr(o
by nick translation with DNA polymerase I. J. Mol. Biol. 113:
237-251.

63. Rose, D. W., R. E. Wettenhall, W. Kudlicki, G. Kramer, and B.
Hardesty. 1987. The 90-kilodalton peptide of the heme-regulated
eIF-2 alpha kinase has sequence similarity with the 90-kilo-
dalton heat shock protein. Biochemistry 26:6583-6587.

64. Russnak, R., and E. P. M. Candido. 1985. Locus encoding a
family of small heat shock genes in Caeenorhlabditis elegans: two
genes duplicated to form a 3.8-kilobase inverted repeat. Mol.
Cell. Biol. 5:1268-1278.

65. Sadis, S., E. Hickey, and L. A. Weber. 1988. Effect of heat shock
on RNA metabolism in HeLa cells. J. Cell Physiol. 135:377-386.

66. Sanchez, E. R., S. Meshinchi, W. Tienrungroj, M. J. Schlesinger,
D. 0. Toft, and W. B. Pratt. 1987. Relationship of the 90-kDa
murine heat shock protein to the untransformed and trans-
formed states of the L cell glucocorticoid receptor. J. Biol.
Chem. 262:6986-6991.

67. Sanchez, E. R., T. Redmond, L. C. Scherrer, E. H. Bresnick,

M. J. Welsh, and W. B. Pratt. 1988. Evidence that the 90-
kilodalton heat shock protein is associated with tubulin contain-
ing complexes in L cell cytosol and in intact PtK cells. Mol.
Endocrinol. 2:756-760.

68. Schwindiger, W. F., and J. R. Warner. 1984. DNA sequence
analysis on the IBM-PC. Nucleic Acids Res. 12:601-604.

69. Shapiro, M. B., and P. Senapathy. 1987. RNA splice junctions of
different classes of eukaryotes: sequence statistics and func-
tional implications in gene expression. Nucleic Acids Res. 15:
7155-7174.

70. Simon, M. C., K. Kitchener, H. T. Kao, E. Hickey, L. Weber, R.
Voellmy, N. Heintz, and J. R. Nevins. 1987. Selective induction
of human heat shock gene transcription by the adenovirus ElA
gene products, including the 12S ElA product. Mol. Cell. Biol.
7:2884-2890.

71. Sorger, P. K., and H. R. B. Pelham. 1987. Cloning and expres-
sion of a gene encoding hsc73, the major hsp7o-like protein in
unstressed rat cells. EMBO J. 6:993-998.

72. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

73. Theodorakis, N. G., and R. I. Morimoto. 1987. Posttranscrip-
tional regulation of hsp70 expression in human cells: effects of
heat shock, inhibition of protein synthesis, and adenovirus
infection on translation and mRNA stability. Mol. Cell. Biol. 7:
4357-4368.

74. Ullrich, S. J., E. A. Robinson, L. W. Law, M. Willingham, and
E. Appella. 1986. A mouse tumor-specific transplantation anti-
gen is a heat shock-related protein. Proc. Natl. Acad. Sci. USA
83:3121-3125.

75. van Bergen, E. N., P. M. Henegouwen, G. Berbers, W. A.
Linnemans, and R. van Wijk. 1987. Subcellular localization of
the 84,000 dalton heat-shock protein in mouse neuroblastoma
cells: evidence for a cytoplasmic and nuclear location. Eur. J.
Cell Biol. 43:469-478.

76. Walker, A. I., T. Hunt, R. J. Jackson, and C. W. Anderson.
1985. Double-stranded DNA induces the phosphorylation of
several proteins including the 90,000 mol. wt. heat-shock pro-
tein in animal cell extracts. EMBO J. 4:139-145.

77. Weber, L. A., T. Nilsen, and C. Baglioni. 1978. Isolation of
histone messenger RNA and its translation in vitro. Methods
Cell Biol. 19:215-236.

78. Welch, W. J., and J. R. Feramisco. 1982. Purification of the
major mammalian heat shock proteins. J. Biol. Chem. 257:
14949-14959.

79. Welch, W. J., J. I. Garrels, G. P. Thomas, J. J. C. Lin, and
J. R. Feramisco. 1983. Biochemical characterization of the
mammalian stress proteins and identification of two stress
proteins as glucose- and Ca2+-ionophore-regulated proteins. J.
Biol. Chem. 258:7102-7111.

80. Wu, B. J., R. E. Kingston, and R. I. Morimoto. 1986. Human
HSP70 promoter contains at least two distinct regulatory do-
mains. Proc. Natl. Acad. Sci. USA 83:629-633.

81. Wu, B. J., and R. Morimoto. 1985. Transcription of the human
hsp7o gene is induced by serum stimulation. Proc. Natl. Acad.
Sci. USA 82:6070-6074.

82. Wu, B. J., G. T. Williams, and R. I. Morimoto. 1987. Detection
of three protein binding sites in the serum-regulated promoter of
the human gene encoding the 70-kDa heat shock protein. Proc.
Natl. Acad. Sci. USA 84:2203-2207.

83. Xiao, H., and J. T. Lis. 1988. Germline transformation used to
define key features of heat-shock response elements. Science
239:1139-1142.

84. Yost, H. J., and S. Lindquist. 1986. RNA splicing is interrupted
by heat shock and is rescued by heat shock protein synthesis.
Cell 45:185-193.

85. Ziemiecki, A., M. G. Catelli, I. Joab, and B. Moncharmont.
1986. Association of the heat shock protein hsp90 with steroid
hormone receptors and tyrosine kinase oncogene products.
Biochem. Biophys. Res. Commun. 138:1298-1307.

MOL. CELL. BIOL.


