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The 105-kDa heat shock protein (HSP105) is a mem-
er of the high-molecular-mass heat shock protein
amily. We have isolated and characterized the mouse
SP105 gene including about 1.2 kb of the 5*-flanking

egion. The mouse HSP105 gene spans about 22 kb,
onsisting of 18 exons separated by 17 introns. South-
rn blotting analysis revealed the existence of a single
opy of HSP105. Primer extension analysis revealed
hat the transcription initiation site was located 165
p upstream of the ATG translation initiation codon.
he 5*-promoter region of the HSP105 gene contained
TATA box, a CAAT box, an inverted CAAT box, and

wo GC boxes. Two heat shock element (HSE) se-
uences were found as four nGAAn repeats at nt 264
nd nt 2128. Promoter analysis using deletion deriva-
ives revealed that a minimal region which contained
he two consensus HSE sequences was active in re-
ponse to heat shock and also for constitutive expres-
ion of the gene. © 1999 Academic Press

Almost all organisms synthesize a group of proteins
alled heat shock proteins (HSPs) in response to
arious stresses; i.e., heat shock, heavy metals, etha-
ol, amino acid analogues, sodium arsenite and oxida-
ive stress (1–3). The 105-kDa heat shock protein
HSP105a), which is expressed constitutively but is
lso induced by various stresses in mammalian cells, is
member of the high molecular mass HSP family (4,

). Another 90-kDa HSP (42°C-HSP, HSP105b) that is
nly synthesized when mammalian cells are heated at
2°C, is similar to HSP105a (6–8). cDNA cloning of
ouse and human HSP105a and HSP105b revealed

hat the former is composed of 858 amino acids and the
atter is composed of 814 amino acids lacking 44 amino
cids from HSP105a, probably produced by alternative
plicing (9, 10). A transient increase in level of HSP105

1 To whom correspondence should be addressed at Department of
iochemistry, Kyoto Pharmaceutical University, 5 Nakauchi-cho,
isasagi, Yamashina-ku, Kyoto 607-8414, Japan. Fax: 075-595-

758. E-mail: hatayama@mb.kyoto-phu.ac.jp.
75
ryonic tissues, and HSP105 was suggested to play
ome important roles during mouse embryo develop-
ent (11). Recently, in addition to HSP105, HSPs be-

onging to the high molecular mass HSP/HSP70 super-
amily were found in organisms from yeast to

ammals (12–19). However, among these members of
his high molecular mass HSP family, the genomic
tructure of mammalian high-molecular-mass HSP
as not been elucidated.
In this study, to elucidate the genomic structure of
ouse HSP105 and to examine the regulation of ex-

ression of its gene, we cloned the mouse HSP105 gene
nd clarified its exon-intron structure as well as the
romoter activity of the 59-flanking region.

ATERIALS AND METHODS

Genomic cloning. Mouse genomic library (BALB/c genomic DNA
artially digested with Sau3AI was cloned into EMBL3 phage vector
t the BamHI site) was supplied by Japan Cancer Research Resource
ank. The library (approximately 2 3 107 pfu) was screened by
laque hybridization using mouse HSP105a cDNA (9) fragments as
robes. Phage DNA was extracted from positive plaques by the liquid
ysate method (20), and cloned into pGEM7 (Promega) or pBK-CMV
Stratagene). A DNA fragment from exons 5 to 8 of the mouse
SP105 gene was amplified by PCR using mouse FM3A genomic
NA with a sense primer (18-mer, nt 484 to 501 of HSP105a cDNA)
nd an antisense primer (18-mer, nt 1059 to 1076 of HSP105a
DNA), then the PCR product was subcloned into pCRII (Invitro-
ene) and designated as UDR-1.5. DNA was subsequently sequenced
y the dideoxy termination method using a Sequenase 7-deaza-dGTP
NA sequencing kit (Amersham). DNA sequence analysis was per-

ormed using GeneWorks software (IntelliGenetics) and the com-
uter program FASTA at the EMBL data library (Heidelberg).

Determination of transcription start site. Total RNA was ex-
racted by the guanidinium isothiocyanate method (21) from mouse
M3A cells heat-shocked at 42°C for 3 h, and poly(A)1RNA was

urther purified with oligotex-dT30 (Nippon Roche) according to the
anufacturer’s instructions. The poly(A)1RNA (8 mg) prepared from
eat-shocked cells was hybridized to 59-end-labeled primer (18-mer,
t 74–91 of mouse HSP105 cDNA) and extended with AMV reverse
ranscriptase. Subcloned plasmid DNA containing the genomic
SP105 DNA up to nt 21200 was sequenced with the same primer
y the dideoxynucleotide method.

Southern blotting analysis. The genomic DNA (20 mg) extracted
rom mouse FM3A cells was digested with several different re-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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triction enzymes, and the DNA was resolved by electrophoresis
hrough 1% agarose gels, then transferred onto nylon membranes.
he blots were hybridized with a probe consisting of the approx-

mately 1.4 kb BamHl–HindIII fragment containing intron 17
nd exon 18 of the HSP105 gene, according to the standard
rocedure (20).

Plasmid construction for promoter analysis. To examine the
ouse HSP105 gene promoter activity, the plasmid pCAT105, in
hich a fragment of about 1.2 kb of the 59-flanking region of the
SP105 gene was inserted into the KpnI and SmaI sites of the
CAT3 basic vector (Promega), was constructed and used to con-
truct the test plasmid for 59-deletion series. The KpnI–BglII frag-
ent of the resulting construct was replaced with a PCR fragment

repared as described below. A DNA fragment containing the region
panning nt 2290 through nt 173 was amplified using specific

FIG. 1. Genomic organization of the mouse HSP105 gene. The lin
epresented as numbered boxes. Positions of the three phage clones (c
re presented by arrows. Two alternative splicing patterns gave ris
ositions of initiation and termination codons, respectively. The DN
enBank DNA databases with Accession Nos. AB005267–AB005282

TAB

Exon–Intron Junction of

Exon No. Positiona Exon size: bp

1 1–161 272
2 162–218 58
3 219–360 141
4 361–483 123
5 484–583 100
6 584–716 134
7 717–962 245
8 963–1191 229
9 1192–1298 107

10 1299–1432 134
11 1433–1641 209
12 1642–1773 132
13 1774–1911 138
14 1912–2037 126
15 2038–2145 108
16 2146–2265 120
17 2266–2427 162
18 2428–3294 867

Consensus

Note. For exon and intron sequences, capital and small letters are
a Nucleotide position number in HSP105a cDNA.
76
rimers, i.e., forward primer 59-GGGGTACCACTGGAGTCAA-
TGGAACGA-39 (nt 2290;2271 of HSP105 gene) (underline indi-
ates KpnI site), and reverse primer 59-CTTACTTAGATC-
CAGATCTCGAG-39 (nt 32;55 of pCAT3 basic vector) (underline

ndicates BglII site), using pCAT105 DNA as a template. The PCR
roduct was digested with KpnI and BglII and introduced into the
pnI–BglII site of the pCAT3 basic vector to generate construct
290CAT. The constructs 2133CAT, 285CAT and 242CAT
ere generated with the forward primer 59-GGGGTACCGAATC-
TTCTCGAAGGCTCG-39 (nt 2133;2114 of HSP105 gene), 59-
GGGTACCAGGCGCCGGTGAGTAAAATG-39 (nt 285;266 of
SP105 gene) and 59-GGGGTACCTCAGTAGGCTACATAAGG-
T-39 (nt 242;223 of HSP105 gene) (underline indicates KpnI site)
nd the same reverse primer described above. All constructs gener-
ted by PCR were verified by sequencing.

map of the exon-intron structure is shown schematically. Exons are
es A3, A1, and B1) and one plasmid clone (UDR-1.5) obtained by PCR
o HSP105a and HSP105b transcripts. ATG and TAG indicate the
equences of these clones have been submitted to the DDBJ/EMBL/

1

e Mouse HSP105 Gene

Donor Intron size: kb Acceptor

CCCCgtaa 2.2 ttagGTCA
CCAGgtac 1.7 gcagCAAA
AAAGgtaa 1.5 gtagGTCA
CTCAgtaa 0.6 gcagGTCC
GCTGgtaa 0.25 atagTTGC
GAAGgtaa 0.3 ttagGTTC
ACAGgtat 0.5 tcagGTCA
GCAGgtgt 1.6 caagTGTG
AAGGgtat 0.3 ttagTGTG
ATAGgtaa 2.35 ctagGCCG
GGATgtaa 1.3 tcagAAAA
CAAAgtga 2.8 taagGCAA
AGAGgtaa 0.75 acagGGCA
GCAGgtac 0.8 aaagGAAC
GATGgtaa 0.1 ttagAAAA
CAAGgtgg 0.2 ccagGATG
GAAGgtga 0.7 ttagGAAT

C/ AAGgt a/ ga
c/ t agG

ed, respectively.
ear
lon
e t
A s
.

th

us
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77
Structure of the HSP105 gene. We screened a
ouse BALB/c genomic library using mouse HSP105a

DNA fragments as probes and isolated 3 clones, A1,
3, and B1. These clones included the entire HSP105
ene and spanned over 22 kb of the mouse genomic
equence. The genomic organization of the gene is
chematically shown in Fig. 1. Clone A3 contained
xons 1-7, clone B1 contained exons 7-18, and clone A1
verlapped with B1 clone and contained exons 11–18.
ince no overlapping clone between A3 and B1 was
btained despite extensive screening of the library, we
mplified the DNA sequence between exons 5 and 8
sing mouse FM3A genomic DNA by PCR. DNA se-
uence analysis revealed that exon 7 was located over
oth clones A3 and B1 separated by a Sau3AI site. The
equences at exon–intron boundaries completely con-
ormed to the donor/acceptor splicing rule (24); introns
egan with GT and ended with AG, and extended nu-
leotides around the junctions were consistent with
onsensus motifs (Table 1). Most exons were less than
00 bp in length, consistent with the observation that

e restriction map of the HSP105 gene is shown schematically. Exons
osition of the probe on the HSP105 gene used for Southern blotting
of mouse genomic DNA with BamHI, EcoRI, KpnI, or SacI, the DNA
e right indicate sizes (kb) of HindIII-digested l DNA markers.
FIG. 2. Primer extension analysis of HSP105 mRNA. The major
rimer extension product is shown by an arrow. The DNA sequence
f the 59-promoter region of the HSP105 gene is shown on the left,
nd the nucleotide corresponding to the primer extension product is
oxed.
FIG. 3. Southern blotting analysis of the mouse HSP105 gene. (A) Th
nd introns are shown as closed and open columns, respectively. The p
s shown by an arrow. B, BamHI; K, KpnI; H, HindIII. (B) After digestion
as analyzed by Southern blotting using the probe. The numbers on th
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nternal exons are usually less than 300 bp, while the
ast exon (exon 18) was large (867 nt). Introns varied in
ize from 0.1 to 2.8 kb. Furthermore, exon 12 encoded
DNA sequence between nt 1642 and nt 1773 of mouse
SP105a, which is lacking in the HSP105b cDNA.
hus, exon 12 seemed to be an alternatively spliced
xon, and exon 11 can be spliced to exon 13, but not to
xon 12, resulting in HSP105b mRNA when cells are
eat shocked at 42°C.

Determination of transcription initiation site. The
ranscription initiation site of the HSP105 gene was
etermined by primer extension of poly(A)1 RNA with
MV-reverse transcriptase. Figure 2 shows the nucle-
tide sequence of the DNA near the 59 end of HSP105
RNA. Alignment of the nucleotides with the genomic

equence indicated that the majority of transcription
riginates at or near thymidine residue 165 nt up-
tream of the ATG initiation codon.

Southern blotting analysis. Genomic DNA ex-
racted from mouse FM3A cells was digested with sev-
ral different restriction enzymes, i.e., BamHI, EcoRI,
pnI, and SacI, and hybridized with the approximately
.4-kb fragment containing intron 17 and exon 18 of
he HSP105 gene as a probe (Fig. 3). Under high strin-
ency conditions, since only one DNA fragment in each
igest was hybridized to the probe, one copy of HSP105

FIG. 4. Nucleotide sequence of the 59-flanking region of mouse HS
ith the transcription initiation site indicated as 11 and the TATA s
C box homology are indicated. The GAA cores of the HSE elements
) are shown in uppercase letters, while the 59-flanking region a
B005267).
78
as suggested to exist in the mouse genome. The size
f the band generated by digestion with BamHI (about
4 kb) was about the same as expected from the re-
triction map.

Analysis of the promoter sequence. In addition to
he exon-intron structure of the HSP105 gene, we de-
ermined about 1.2 kb of the 59-flanking region of the
ouse HSP105 gene (Fig. 4). TATA box matching the

onsensus sequence in 6 of 7 nucleotides (TATA(A/
)A(A/T)) (25) was observed at nt 233. A CAAT box
nd an inverted CAAT box (26) were found at nt 2210
nd nt 2141, respectively. Two GC boxes, a potential
inding site for SP1 transcription factor (27, 28), were
lso found at nt 2248 and nt 2166. There were two
SE consensus sequences (29, 30) between nt 299 and
t 2128 and between nt 245 and nt 264. Both HSE
equences were composed of four 5 bp (nGAAn or
TTCn) motifs with 11/12 matches to the consensus.

Promoter analysis of the mouse HSP105 gene. To
xamine promoter activity of the mouse HSP105 gene,
onstructs containing the chloramphenicol acetyltrans-
erase (CAT) gene under the control of a fragment of
he 59-flanking region were transfected into mouse
3H10T1/2 cells, and the constitutive and heat-

nducible promoter activities were determined (Fig. 5).
he construct pCAT105 which contained 1.2 kb of the

05 gene. The nucleotide sequence of the 59-upstream region is shown
ence is shown in bold. The putative CAAT box, inverted CAAT box,

e shown with dots. The nucleotides encoding the cDNA region (exon
intron are in lowercase (GenBank DNA database Accession No.
P1
equ
ar

nd
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9-flanking region exhibited CAT activity in control
ells and the activity increased by about 1.6-;2-fold
fter exposure to heat shock. Since HSP105 is consti-
utively expressed in non-stressed cells and is also
nduced to relatively low levels by heat shock (4, 5), the
.2-kb fragment of the 59-flanking region seemed to
epresent the native constitutive and heat-inducible
romoter activities of the HSP105 gene. Deletion to nt
290 did not apparently affect the promoter activity in

ither control or heat-shocked cells (2290CAT). Dele-
ion to nt 2133 markedly reduced the expression level
n both control and heat-shocked cells (2133CAT).
owever, the heat-inducibility of 2133CAT still re-
ained. These results indicated that the region be-

ween nt 2290 and nt 2133 contained sequences that
nfluence basal expression. Cis-acting elements such as
C and CAAT boxes found in this region may be re-

ponsible for constitutive expression. Deletion up-
tream of nt 285, which resulted in deletion of the first

FIG. 5. CAT assay of HSP105 promoter activity. (A) The CAT g
tructure of the 59-promoter region of HSP105 gene are shown sch
85CAT, 242CAT or empty pCAT3 basic vector with 1 mg of pCDM-

ransfected into mouse C3H10T1/2 cells (1 3 105 cells) by the calcium
ere incubated at 37°C for 6 h (37°C), at 37°C for 5 h after heat shoc
5 min (44°C). After harvesting cells, CAT activity was assayed, a
ransfected with pCAT105. The transfection efficiency was monitored
f CAT activity. The results of one representative experiment of two
79
SE sequence, caused marked reductions in not only
eat-inducible expression but also basal expression

evel (285CAT). Deletion to nt 242 resulted in no
etectable activity (242CAT). These results suggested
hat the second HSE sequence could not support heat-
nducibility and that downstream of nt 2133 was the

inimal sequence essential for heat shock response
nd basal expression of the HSP105 gene.
This is the first report of the unique genomic struc-

ure of mammalian HSP105, and these findings pro-
ided some important insight into the expression and
unction of the mammalian high molecular mass heat
hock proteins.
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constructs with various 59-deleted HSP105 gene promoter and the
atically. (B) Nine mg of construct pCAT105, 2290CAT, 2133CAT,
l from which b-galactosidase was constitutively expressed (22) were
hosphate method (23). After incubation at 37°C for 42 h, these cells
t 42°C for 1 h (42°C), or at 37°C for 6 h after heat shock at 44°C for
relative CAT activities are shown as ratios to that of control cells
determination of the b-galactosidase activity and used for correction
e shown.
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