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We report the isolation and characterization of a cDNA clone encoding HSP47, a transformation-sensitive
heat shock protein that binds to collagen. A cDNA library was prepared from total RNA isolated from
heat-shocked chicken embryo fibroblasts and screened by using oligonucleotide mixtures prepared on the basis
of the N-terminal amino acid sequence of biochemically purified HSP47. The cDNA insert contained 3,278 bp,
which encoded a 15-amino-acid signal peptide and a mature protein coding region consisting of 390 amino acid
residues; it also included part of the 5' noncoding region and a long 3' noncoding region. The deduced amino
acid sequence revealed an RDEL sequence at the C terminus, which is a variant of the KDEL retention signal
for retention of proteins in the endoplasmic reticulum. Northern (RNA) blot analyses and nuclear run-on assays
established that the induction of HSP47 by heat shock and its suppression after transformation of chicken
embryo fibroblasts by Rous sarcoma virus are regulated at the transcriptional level. A homology search
revealed that this protein belongs to the serpin family, the superfamily of plasma serine protease inhibitors.
Although structurally homologous to the serpins, HSP47 lacks the active site thought to be essential for the
inhibition of proteases and does not appear to bind to intracellular proteases. HSP47 is the first heat shock
protein found to be a member of the serpin superfamily. Conversely, it is the first serpin family member that
is not secreted from cells, which could be explained by acquisition of the RDEL retention signal during
evolution.

When living cells of organisms ranging from bacteria to
humans are exposed to temperatures 5 to 10°C above the
optimum for growth, they respond by synthesizing a group
of proteins called heat shock proteins (HSPs). Because these
proteins are induced in response to other stresses, such as
heavy metals, amino acid analogs, glucose starvation, etha-
nol, and hypoxia, they are more generally termed stress
proteins. In mammalian cells, three major groups of HSPs
have been well characterized, the HSP90 and HSP70 fami-
lies, and a small HSP, 'HSP28 (22, 43). In addition to
responding to stresses, some of these proteins are synthe-
sized constitutively, and their roles under normal conditions
have been shown to be essential for physiological functions,
including membrane transport of proteins, as well as folding
and unfolding of proteins (9). These functions of stress
proteins have led to their designation as molecular chaper-
ones.
A novel heat shock glycoprotein of Mr = 47,000 has

recently been identified in chicken embryo fibroblasts
(CEF), in addition to the well-known HSPs described above
(22, 43). This heat shock protein (HSP47) is characteristic in
its capacity to bind to collagen (28) and its sensitivity to
malignant transformation (30, 31). The synthesis of HSP47 is
decreased in CEF transformed by Rous sarcoma virus (RSV)
and in BALB/c 3T3 cells transformed by simian virus 40 (30,
31). The degree of phosphorylation of HSP47 increases by a
factor of 7 after transformation of CEF by RSV, although the
HSP47 of BALB/c 3T3 cells is not phosphorylated (30, 31).
Quantities of HSP47 increase markedly during differentia-
tion of F9 mouse teratocarcinoma cells induced by retinoic
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acid or retinoic acid plus dibutyryl cyclic AMP (cAMP)
(38a). Interestingly, the expression of HSP47 is always
closely related to that of collagen in various cell lines (35a),
and tissue specificities for expression were reported previ-
ously (33). Thus, HSP47 has tissue specificity in expression
and substrate specificity in binding. In vitro translation
experiments using mRNAs purified from CEF reveal that the
induction of HSP47 by heat shock and the decrease of
HSP47 synthesis in RSV-transformed CEF can be accounted
for by the level of total HSP47 mRNA (27).
The cellular localization of HSP47 is restricted to the

endoplasmic reticulum (ER), as determined from immuno-
electron microscopy and immunofluorescence studies (35).
The intracellular localization of HSP47 coincides well with
that of procollagen in fibroblastic cells. Immunoprecipitation
and immunofluorescence studies using BALB/c 3T3 cells
demonstrate the direct intracellular association of HSP47
with procollagen (31, 32a). Binding of HSP47 to collagen at
neutral pH is not disrupted by even 2 M NaCl. However,
HSP47 is readily eluted from gelatin- or native collagen-
conjugated affinity columns when the pH is decreased to pH
6.3 (35), suggesting that the binding between these two
proteins is regulated by physiological changes in pH of
intracellular compartments.
HSP47 may function as a molecular chaperone for colla-

gen, but the mechanism of its interaction with collagen is not
yet clear. To clarify the molecular structure and regulation of
HSP47, we attempted to clone HSP47 cDNA. We report the
cloning and sequence of cDNA encoding the entire HSP47
molecule. The induction of HSP47 after heat shock and the
repression after transformation were examined by Northern
(RNA) blot and nuclear run-on analyses. Unexpectedly,
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FIG. 1. Physical map of pCH471 and nucleotide sequencing strategy. The diagram indicates the physical map of the pCH471 cDNA clone
for chicken HSP47. The open box shows the open reading frame of pCH471. Capital letters show cutting sites of restriction endonucleases
(B, BgIII; E, EcoRI; H, HindIII; P, PstI; S, Sacl; Sp, SphI). The direction and length of sequence determinations are indicated by horizontal
arrows under the physical map. P1 to P6 show the positions of oligonucleotides used as sequence primers.

HSP47 was found to belong to the superfamily of plasma
serine protease inhibitors.

MATERMILS AND METHODS
Cell culture. CEF were maintained in Vogt's GM medium

(40) and passaged by using 0.25% trypsin and 1 mM EDTA.
Transformed cells were established by infecting primary
cultures of CEF with the Schmidt-Ruppin strain of RSV.

Oligonucleotide synthesis. Oligonucleotide probes for
HSP47 were synthesized by a DNA synthesizer (model
370A; Applied Biosystems, Foster City, Calif.) on the basis
of amino acid sequences of the amino terminus and of lysyl
endopeptidase-generated fragments determined by a model
470A gas-phase protein sequencer (Applied Biosystems).
The amino acid sequence used for the initial probe was
Met-Ala-Lys-Asp-Lys-Asn-Met (KAZO; 21-mer 64-oligonu-
cleotide mixture), and the probes for further screening were
Asn-Glu-Trp-Ala-Ala-Glu-Thr (KAZ1; 20-mer 8-oligonucle-
otide mixture) and Asn-Phe-Ala-Asp-Asp-Phe-Val (KAZ2;
20-mer 32-oligonucleotide mixture). In KAZ1 and KAZ2,
inosine was used as the third base in the codon for Ala to
decrease the redundancy of the mixture.

Preparation of mRNA. Total RNA was isolated from CEF,
heat-shocked CEF, and CEF transformed with RSV by the
protocol of Adams et al. (1). In brief, after being washed
once with cold phosphate-buffered saline (PBS), cells were
harvested by trypsinization, washed twice with cold PBS,
and homogenized with a Polytron in a solution of 8 M
guanidine thiocyanate according to the method of Chirgwin
et al. (6). After ultracentrifugation at 36,000 rpm (100,000 x
g) for 12 h in a RPS55T-2 rotor (Hitachi, Tokyo, Japan), total
RNA was recovered, and poly(A)+ RNA was isolated by
using oligotex dT30 and the protocol of Daiichi Pure Chem-
icals Co. Ltd. (Tokyo, Japan).

Preparation of the cDNA library. The first strand of cDNA
was synthesized from poly(A)+ RNA prepared from CEF
after heat shock treatment at 45°C for 4 h, using the cDNA
cloning system plus from Amersham International, Inc.
(Buckinghamshire, England), which is based on the method
of Gubler and Hoffman (14). Double-stranded DNA was size
separated by Sepharose 4B (Pharmacia, Uppsala, Sweden)
column chromatography. Fragments estimated to be .2 kb
in length were pooled and ligated to phage Agtll (45) arms
(Amersham). The efficiency of this library was 107 PFU/,g
of cDNA, and the average size of the cDNA in this library
was approximately 2.5 kb.

Screening of the cDNA library. A total of 5 x 104 indepen-
dent plaques were screened by using the KAZO oligonucle-

otide probe derived from the N-terminal amino acid se-
quence. This probe was labeled with T4 polynucleotide
kinase (New England BioLabs, Beverly, Mass.) and
[.y-32PIATP (specific activity, 3,000 Ci/mol), resulting in a
labeled probe with a specific activity of 8 x 106 cpm/pmol,
and it was used to screen the cDNA library prepared from
heat-shocked CEF. Then 5 x 104 recombinants were
screened at 5 x 103 plaques per 150-mm plate by hybridizing
duplicate nitrocellulose filters with the KAZO probe (2 x 106
cpm/ml) at 37°C for 16 h in 6x SSC (lx SSC is 150 mM
sodium chloride plus 15 mM sodium citrate, pH 7.0)-lx
Denhardt's solution (0.02% polyvinylpyrrolidone, 0.02% bo-
vine serum albumin, 0.02% Ficoll)-100 jig of sonicated
salmon sperm DNA per ml. Filters were washed with 6x
SSC-0.1% sodium dodecyl sulfate (SDS) at room tempera-
ture and then at 37°C. Plaques positive on both filters were
isolated for secondary screening following amplification.
Further screening was performed with the KAZ1 and KAZ2
probes under the same conditions as the first screening.
DNA sequencing. A 3.3-kb cDNA clone (pCH471) that

hybridized with all three probes was digested with appropri-
ate restriction enzymes. The digested fragments were sub-
cloned into pUC19 for DNA sequencing. Double-stranded
plasmid DNA was prepared according to Maniatis et al. (24),
and plasmid DNA was further purified by polyethylene
glycol precipitation or CsCl2 gradient centrifugation. Dou-
ble-stranded plasmid DNA was denatured and used for
sequencing (16). Dideoxynucleotide sequencing was per-
formed by using the Sequenase kit version 2.0 (U.S. Bio-
chemical Corp., Cleveland, Ohio). To sequence each cDNA
subclone, an M13 universal primer and a reverse sequencing
primer were used. Oligomers KAZO (P1) and KAZ2 (P2),
oligomers complementary to positions 1202 to 1218 (P4) and
3016 to 3035 (P6), and oligomers corresponding to positions
384 to 401 (P3) and 2584 to 2603 (P5) were used as sequenc-
ing primers (Fig. 1). Sequences were determined by com-
plete sequencing of both cDNA strands.
Sequence analysis. The deduced amino acid sequence was

analyzed by using the PC/GENE sequence analysis system
(Amos Bairoch, University of Geneva, Geneva, Switzer-
land/IntelliGenetics, Inc., Mountain View, Calif.). Amino
acid homology searches were performed with the Kanehisa
algorithm (12) as well as with the FASTP algorithm of
Lipman and Pearson (23), using EMBL/GenBank protein
data bank. Searches for potential phosphorylation sites and
other sites of potential posttranslational modification were
conducted by using the PROSITE program ofPC/GENE (3).
Transmembrane prediction programs included those of
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Klein et al. (18), Rao and Argos (34), and Eisenberg et al. (8).
Hydropathy (hydrophobicity) profiles were determined by
the method of Kyte and Doolittle (19).

Northern blot analysis. Total RNAs (10 jig) were separated
on 1% agarose gels containing formaldehyde (20) and trans-
ferred to nylon membrane filters (GeneScreen Plus; Du
Pont-New England Nuclear, Boston, Mass.) as recom-
mended by the manufacturer. Blotted filters were prehybrid-
ized overnight at 42°C in 5 x SSC containing 50% formamide,
lx Denhardt's solution, 1% SDS, and 100 ,ug of denatured
salmon sperm DNA per ml. A cDNA probe for HSP47, the
EcoRI-EcoRI fragment of pCH471, and a cDNA probe for
3-actin, the BamHI-BamHI fragment of pHf,A-1 (kindly

provided by R. Morimoto, Northwestern University), were
labeled with [a-32P]dCTP by the multiprime labeling method
of Feinberg and Vogelstein (10). The oligonucleotide probe
for the N-terminal amino acid sequence (KAZO) was labeled
by the method of Wallace et al. (42). Labeled oligonucleo-
tides were separated from unreacted [y-32P]ATP by chroma-
tography on a Whatman DE52 cellulose column with an
elution buffer containing 2 M NaCl and were used directly
for hybridization in a solution of 3 x NET (1x NET is 150
mM NaCl, 1 mM EDTA, and 0.1 M Tris-HCI, pH 8.0) and
1 x Denhardt's solution. Hybridized membranes were
washed with 6x SSC-0.1% SDS at room temperature and
then at 65°C with the same solution.

Nuclear run-on assay. CEF and RSV-transformed CEF
with or without prior heat shock treatment were washed
three times with ice-cold lx SSC and incubated in Nonidet
P-40 lysis buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3
mM MgCl2, 0.5% [vol/vol] Nonidet P-40) at 4°C for 10 min.
After centrifugation at 500 x g for 5 min, the nuclear pellets
were washed twice with the same lysis buffer and then
frozen in 50 mM Tris-HCI (pH 8.3)-40% (vol/vol) glycerol-5
mM MgCl2-0.1 mM EDTA. After thawing, nuclei were
incubated at 30°C for 20 min in a reaction mixture containing
0.1 mCi of [ca-32P]UTP (specific activity, 3,000 Ci/mol) as
described by Greenberg and Ziff (13). Equal amounts of
radioactivity from each sample were hybridized with cDNAs
or mock plasmid DNA immobilized on nitrocellulose mem-
branes. For probe DNAs, plasmids linearized by restriction
enzyme digestion were treated with NaOH and spotted onto
nitrocellulose filters, using a vacuum blot apparatus; 40 ,ug of
DNA was blotted per slot. cDNAs used as probes were
whole pCH471 and human P-actin.

Nucleotide sequence accession number. The sequence re-
ported here has been deposited in the EMBL data bank
under accession number X57157.

RESULTS

Cloning and analysis of cDNA encoding HSP47. A cDNA
encoding HSP47 was isolated by screening a cDNA library
prepared from CEF treated at 42°C for 4 h, using an
oligonucleotide probe (KAZO; 21-mer 64-oligonucleotide
mixture) that was synthesized on the basis of N-terminal
amino acid sequence of purified HSP47. When KAZO was
used as a probe for Northern blot analysis of CEF, a single
4.5-kb band was detected under stringent conditions using
6x SSC-0.1% SDS at 65°C (see Fig. 4). Since other oligo-
nucleotides such as KAZ1 and KAZ2 did not detect a single
band by Northern blot analysis under these high-stringency
conditions, we used KAZO as a probe for the first screening
of the cDNA library. A total of 5 x 104 independent plaques
were screened as described in Materials and Methods,
resulting in the isolation of three positive clones. For the

second screening, KAZ1 and KAZ2 were used as probes.
After three cycles of screening, one positive clone was
isolated.

This clone (pCH471) was sequenced by the strategy
shown in Fig. 1. All fragments were sequenced twice in both
directions. This clone contained the correct coding se-
quence, since an N-terminal amino acid sequence deduced
from the base sequence coincided exactly at each of 36
residues with the results of direct amino acid sequencing
(Val-Pro-Ser-Glu-Asp-Arg-Lys-Leu-Ser-Asp-Lys-Ala-Thr-
Thr-Leu-Ala-Asp-Arg-Ser-Thr-Thr-Leu-Ala-Phe-Asn-Leu-
Tyr-His-Ala-Met-Ala-Lys-Asp-Lys-Asn-Met; underlined in
Fig. 2). Exact matches with amino acid sequences deter-
mined from fragments generated with lysyl endopeptidase
were also detected in the sequence (Ser-Ile-Asn-Glu-Trp-
Ala-Ala-Gly-Thr-Thr-Asp-Gly-Lys-Leu-Pro-Glu-Val-Thr-
Lys and Ile-Gly-Asn-Arg-Leu-Tyr-Gly-Pro-Ala-Ser-Ile-Asn-
Phe-Ala-Asp-Asp-Phe-Val; underlined and marked by KAZ1
and KAZ2 in Fig. 2). The molecular weight of this protein
(45,681) predicted from the deduced 405 amino acids con-
taining a signal sequence (see below) was very close to
results obtained by SDS-polyacrylamide gel electrophoresis
after gelatin purification of the in vitro-translated product of
mRNA from CEF (27).
The 3.3-kb sequence contained a single open reading

frame which extended from the 5' terminus at position 60 to
nucleotide 1275 (Fig. 2). The results of primer extension
using KAZO as the primer revealed that the 5' noncoding
region was about 800 bp in length (data not shown). These
results indicated that this clone lacked about 700 bp of 5'
noncoding region. At the 5' end of the coding region, this
clone displayed 15 amino acids comprising a typical hydro-
phobic signal sequence (Fig. 2 and 3). According to the
eukaryotic signal sequence criteria of von Heijne (41), this
sole candidate signal sequence had a favored cleavage site
located between the Ala at residue 15 and the following Val.
According to amino acid sequencing, this Val residue was in
fact the first amino acid of mature HSP47. There was no
unequivocal evidence for a transmembrane domain. Hydro-
phobicity (hydropathy) analyses gave equivocal results with
a possible region of increased hydropathy (Fig. 3) according
to the method of Kyte and Doolittle (19). Programs for
predicting transmembrane domains were also not in entire
agreement: the method of Rao and Argos (34) predicted that
the sequence Ile-Leu-Leu-Ser-Pro-Val-Val-Val-Ala-Ser-Ser-
Leu-Gly-Leu-Val-Ser-Leu-Gly-Gly at positions 54 to 72
would form a transmembrane helix, and the method of Klein
et al. (18) similarly identified this region as a predicted
transmembrane segment; in contrast, the method of Eisen-
berg et al. (8) predicted no membrane-associated helices in
HSP47. At the C terminus of the polypeptide, an RDEL
(Arg-Asp-Glu-Leu) sequence was detected. This sequence
can theoretically function as a retention signal for retaining
proteins in the lumen of the ER (2).
Two carbohydrate chains were previously reported to be

present in mature HSP47 (17). In our deduced sequence, two
Asn-X-Thr sequences were found at residues 107 and 112.
Because HSP47 phosphorylation is regulated by malignant
transformation, potential phosphorylation sites were map-
ped. Possible cAMP/cGMP-dependent protein kinase phos-
phorylation sites were found at serine residues 24 and 288.
Possible protein kinase C phosphorylation sites were found
at serines 24, 137, and 328 and at threonines 109 and 114.
Possible casein kinase II phosphorylation sites were found at
threonines 29 and 320 and at serine 159. Finally, possible
tyrosine sulfation sites were found at residues 232, 233, 353,

MOL. CELL. BIOL.
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GGCCCCGATCCTGCACTGCTCCGGAGGTCCCCcAGACAAGTTGGGTGCTGCCAAAACCATGCAGATTTTTCTGGTCCTCGCTCTCTGCGGCCTTGCAGCAGCCGTGCCCTCGGAGGACAGG 120

MetGlnIlePheLeuValLeuAlaLeuCysGlyLeuAlaAlaAlajalPr. erGi uAsArg

AAGCTGAGCGACAAGGCAACAACGTTGGCCGACCGCAGCACGACGTTGGCCTTCAACCTCTACCATGCCATGGCCAAAGACAAGAACATGGAGAACATCCTGCTGTCTCCCGTGGTCGTG 240

LysLeSerApLyslaThThrleuAlAsl?AgSerhrThLeuAaphesnT&TyrHiAlaMtAGausAsnIlssLeuLeuuAnIleeureSerPoValaVVa
KAZO

GCTTCTTCCCTGGGCCTCGTGTCCCTTGGGGGCAAGGCTACAACTGCCTCCCAAGCCAAGGCCGTGCTCAGCGCAGACAAGCTGAATGATGACTATGTGCACAGCGGGCTGTCGGAGCTC 360
AlaSerSerLeuGlyLeuValSerLeuGlyGlyLysAlaThrThrAlaSerGlnAlaLysAlaValLeuSerAlaAspLysLeuAsnAspAspTyrValHisSerGlyLeuSerGluLeu

CTCAACGAGGTGAGCAACAGCACAGCCCGTAATGTTACCTGGAAGATCGGCAACCGGTTGTATGGCCCTGCCTCCATCAACTTTGCCGATGACTTCGTGAAGAACAGCAAGAAACACTAC 480

LeuAsnGluValSerAsnSerThrAlaArgAsnValThrTrpLysT GysAgeTrlPolSrIAnhAasA2hyaLysAsnSerLysLysHisTyr
CHO* CHO * KAZ2

AACTATGAGCACTCCAAGATCAACTTTCGGGACAAGAGGAGCGCCCTGAAATCCATCAACGAGTGGGCAGCCCAGACCACAGATGGGAAACTCCCAGAAGTCACAAAGGATGTTGAGAAA 600
AsnTyrGlu}lisSerLysIleAsnPheArgAspLysArgSerAlaLeuLysSerT eAsnGluTr_AaAlaGInThrThrAsoGlyLysLeuProGluValThrl.vs6spValGluLys

* KAZI
ACTGATGGAGCCCTTATTGTCAACGCCATGTTCTTCAAGCCTCACTGGGATGAGAAGTTCCATCATAAGATGGTGGATAACCGTGGCTTCATGGTGACCCGCTCCTACACGGTGGGCGTT 720
ThrAspGlyAlaLeuIleValAsnAlaMetPhePheLysProHisTrpAspGluLysPheHisHisLysMetValAspAsnArgGlyPheMetValThrArgSerTyrThrValGlyVaI

CCAATGATGCATCGTACAGGTCTCTACAATTACTATGATGATGAGGCAGAGAAGCTTCAGGTGGTAGAGATGCCACTGGCTCATAAGCTCTCCAGCATGATCTTTATCATGCCAAACCAC 840
ProMetMetHisArgThrGlyLeuTyrAsnTyrTyrAspAspGluAlaGluLysLeuGlnValValGluMetProLeuAlaHisLysLeuSerSerMetIlePheIleMetProAsnHis

GTGGAGCCTCTGGAGAGGGTTGAGAAACTGCTGAACAGGGAACAGCTAAAGACCTGGGCCAGCAAGATGAAGAAGAGATCTGTGGCCATCTCACTGCCTAAGGTCGTCCTGGAAGTCAGC 960
ValGluProLeuGluArgValGluLysLeuLeuAsnArgGluGlnLeuLysThrTrpAlaSerLysMetLysLysArgSerValAlaIleSerLeuProLysValValLeuGluValSer

CATGACCTTCAGAAACACTTGGCTGATCTGGGCCTGACAGAAGCCATTGACAAAACCAAGGCTGACCTGTCAAAGATC$.CTGGCAAGAAAGATCTTTACTTATCCAACGTCTTCCATGCC 1080
HisAspLeuGInLysHisLeuAlaAspLeuGlyLeuThrGluAlaIleAspLysThrLysAlaAspLeuSerLyslleSerGlyLysLysAspLeuTyrLeuSerAsnValPheHisAla

GCTGCTCTTGAATGGGACACAGATGGGAACCCCTATGATGCTGACATCTACGGCCGAGAGGAGATGAGGAACCCCAAACTCTTCTACGCTGACCACCCCTTCATCTTCATGATCAAGGAC 1200
AlaAlaLeuGluTrpAspThrAspGlyAsnProTyrAspAlaAspIleTyrGlyArgGluGluMetArgAsnProLysLeuPhTrlAaiPohT hMtI LysAsp

"SERPIN" signature
AGCAAAACCAACTCCATTCTCTTCATTGGCAGGCTCGTCAGGCCCAAAGGAGACAAGATGCGTGATGAGTTGTAGTTTTTTCCCAGAGCTTGTTTTGGTTTGCGTGTTTTTT4%AGGGGGGG 1320
SerLysThrAsnScrIleLcuPheIleGlyArgLeuValArgProLysGlyAspLysMetArgAs_GlUTAU

ER retention signal

ATTTCAAAAAAGGGGAAACACTATTTTGTATCCTTCTCGAACTATGGGTGCTATTCAGACCAGGGTGCATTGTGATGAGAAACCAGATACACTTTACCTCACCCCCAGAATACTCCGTTG 1440
CACAAACCCACCTCCAGAGGACAGGGGAGCCTGGCACAGTAATCACACGAGTGGACAGGAACTGGCATGCGTTGTCAGCGATACTTCAGTTGAGATGTTAkACGCTGTCCTCCCTGCACCA 1560
GCTTAAGTACCTTGCTACTACCATCAGCCCTGCAAAGCACGAGCCCTCCACCTTTCCATCTCTAATGCTTCTGCACATTTAGTTCTGCCTGCATTTTCCCTTGCTTTGGTGCTGTGGAGT 1680
ACCACTGAAAGCTGCTCTGGTTCCTCTGCAGTTGTTTCTTGCTTGTGGAGAAGAAAAGTACACTTAACTCAAGTGGTACAAAACACAGGCTGATTCTGTGCTTCACCCAGGTGTACCACT 1800
GGGAGCAGAACAGGACTCTGACAACAAGCAGAAGCTGAAATCCTATGCTCTTGTGCCTTTCTGTCCTGCCTAACCCTGCTCTGGATGGCTGATAGATGCTTCACCTCACCAAGTCTTCAG 1920
CTCCTTAGCTAGAATACTGCAAAGCCAGGTGCAGCCTTGGTTTGTATTCTGCAGAAAGGTAGGTGGCTTTTGGATGTCAGCAGAGGCCGAAGAGACAGGCTTCTAGAAAGAGACACCTGT 2040
GGAATTATTTAAGTGGCTCTCAGAATTATGAGGAGACTTTTGGGCCAACAACTCCAATTAAGCCAGGCAAATGGAGAAATTTCTGGTGCTCCTGCATCAGCACACAGGACTGTGAAAGAG 2160
TTTACACTGTGAAGGTTCCCCTAGTTACAAGCAGGGCTGGTACTCATCAGCTCCTGTACCAGACCAAAGGGACTCTGCTGGCCTCTAGCATGGAGGTGCACCAAGGCTCACTTCCACTTG 2280
CATCAGTACAAAGCTTTAGAGCTTCCCTTACCTGACTTCCTAATATCCCTTTTCTGCAGCTCCCTCTCCTCTTTAGCTCCCTGTTTGGCTGAACCTGGATAAAGGCACACTGAAAAACAA 2400
ATGTATTTATAATTATATACGTATTTAT-GTCTGATAATTACCAAGTTTCATAGCCTAAACTTGGAGGTTTTTCCCATCTTCCTCAGATTAAAGGACATTGTCAGGTTAATCCTACTTAAA 2520
AGAACTGATGCAACCCAAGAGCATTGAAGCATGTGTCAGATAGCCTTGCTATGCACTGAGACGTACTGCAAAGCAAGACATGACAAGACTATTGAAATAGGAATCTGGGTGTCATGTTAG 2640
CAGCAGTTACTTGGAACCAGCAGGGACAGTGTGACTGCATTGCTTTTCTTTGTATTTTCCTGCCAATGCATTTGCTGTCATACAkAGCCCCATGCTGCATTTTTTTCAGAACATCCATGTG 2760
ACTGTTTCCACTTATTTATTAACAGCTAAGTTGTTACCTCTTGCATCTTACCAGACATCTCATACAGCAAAATTCAACTTCCAACTCTAGGTTTAACCTGACTGTGTCTTCTCCAGA 2880
TTTGCAAGTTAGGCAGTCGCAGAAAA^GCAGGTCTGCCCTAACTGCCATCCAGCCACACAGGGAGGGCTTACCCTCAGCTCCTTCCTAGTTTGTATTCCCGGGTGCTTTCCCTGAMATGTTC 3000
CGAAGAGGACCCCACAAGGCTGTACCCAA ATGCAGAGACCTCAAACCCAGCGTGTATGC ACACAACCTATGAATCAGCACGTAACCCACATGCTGTACCATGTTATGAAGA 3120
TGGGGTGGGGGGGGAGAGGGGGAAAGGGGGCAAGGCACAGTAGTGTAACTCTATGTGGAwTGCA GTCAT GGCTTTATGTCC TTGTACCACACGTGTATAAT 3240
TTTGACTAAACTTT TTTCAGTAAAAAA GAA 3279

FIG. 2. Nucleotide sequence and encoded amino acid sequence of chicken HSP47. First line, nucleotide sequence of cDNA for chicken
HSP47; second line, amino acid sequence encoded by this cDNA. The underlined sequence labeled KAZO indicates the deduced amino acid
sequence coincident with the chemically determined amino acid sequence (corresponding to the oligonucleotide KAZO). The underlined
sequences KAZ1 and KAZ2 indicate amino acid sequences coinciding with amino acid sequences from lysyl endopeptidase-digested
fragments (corresponding to oligonucleotides KAZ1 and KAZ2). Predicted N-linked oligosaccharide chain binding sites are indicated by
CHO-labeled underlines. The arrow indicates the predicted cleavage site of signal endopeptidase. Asterisks indicate the putative
phosphorylation sites. The underlined sequence labeled "SERPIN" signature near the C termiinus of the amiino acid sequence indicates
residues that match the consensus sequence for the serpin signature of Bairoch (3). The C-termiinal RDEL sequence, a theoretical retention
signal for retaining proteins in the lumen of the ER, is underlined and labeled ER retention signal.

and 358, and a possible amidation site was found at serine pared from CEF (Fig. 4). Both the oligonucleotide mixture
328. probe (KAZO) and clone pCH471 recognized the same-sized
The 3' noncoding region was unusually long, and one band, and the extent of induction ofHSP47 mRNA after heat

typical poly(A) addition signal, AATAAA, was located at shock was similar, regardless of whether KAZO or pCH471
position 3257, which was 15 bases upstream from the was used as the probe.
poly(A) tail. Nuclear run-on assays (Fig. 5) demonstrated that the
Although HSP47 binds to collagen (28), no homology was expression of HSP47 was regulated at the transcriptional

observed with well-known collagen-binding proteins such as level after heat shock as well as after transformation. Both
fibronectin, laminin, vitronectin, and von Willebrand factor. the extent of induction after heat shock and the amount of

Regulation of the expression of HSP47. The induction of repression after transformation observed in HSP47 tran-
HSP47 after heat shock and the decrease in HSP47 synthesis scripts in the nuclear run-on assay were similar to those
after transformation with RSV, which we previously estab- observed in Northern assays or in HSP47 protein synthesis.
lished at the Drotein level (30), were confirmed at the mRNA To examine the kinetics of exvression of HSP47, we ver-
level by performing Northern blot analysis of RNAs pre- formed nuclear run-on assays and Northern blot analyses in
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FIG. 3. Hydrophobicity pattern of chicken HSP47. Averages of the hydrophobicity of 10 amino acids are calculated by the method of Kyte
and Doolittle (19). Hydrophobic amino acids are plotted as positive; hydrophilic amino acids are plotted as negative.

parallel during heat treatment (45°C) and a recovery period
at 37°C after the heat treatment. Transcripts of the actin gene
decreased gradually after the heat treatment and then re-
turned to normal levels during the recovery period (Fig. 6A),
as is often observed under severe heat shock conditions. The
transcripts of HSP47 increased rapidly after the initiation of
heat treatment at 45°C and rapidly returned to basal levels
during the recovery period (Fig. 6A). The relative increase of
the ratios of transcripts of HSP47 to those of actin was over
10-fold at 2 h after the initiation of heat treatment. Quantities
of total HSP47 mRNA gradually increased after the temper-

A 1 2 3 4 C I 2

-l18S

ature shift to 45°C and reached a plateau at 6 to 8 h (Fig. 6B).
The results shown in Fig. 6 suggest that the half-life of
HSP47 mRNA is long.
HSP47 is homologous to the serpin family. A comparison of

the deduced HSP47 amino acid sequence with those in the
EMBL/GenBank protein data bank revealed a homology
with members of the serpin protein family. The serpin family
includes a group of serine protease inhibitors with a common
tertiary structure and functional domains often containing a
reactive center (5). A peptide sequence that corresponded to
a characteristic, conserved site comprising part of the reac-
tive center of the serpin family was detected at amino acid
residues 369 to 379 in HSP47 (Phe-Tyr-Ala-Asp-His-Pro-
Phe-Ile-Phe-Met-Ile). Moreover, conserved secondary
structures in the serpin family were also observed in HSP47.
Figure 7 shows the alignments of the sequences of HSP47
and predicted representative members of the serpin family.
Squares show secondary structure (predicted a helix and a
sheets) that were conserved in the serpin family and in
HSP47. The results shown in Fig. 6 also suggest that the
tertiary structure of HSP47 may be similar to that of the
serpin family. HSP47 had the highest homology to a human
plasma serine protease (protein C) inhibitor (38). The amino
acid sequence identity between HSP47 and protein C inhib-
itor was 31%, and that between HSP47 and other members in
serpin family ranged from 10 to 30%.

DISCUSSION

A major step toward an understanding of the function of
the HSP47 collagen-binding HSP is to identify the cDNA
encoding HSP47 and to characterize the primary structure of
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FIG. 4. Northern blot hybridization analysis of HSP47 mRNA.
Northern blot analysis of RNA was performed with an HSP47
cDNA probe compared with an oligonucleotide probe (KAZO) as
described in Materials and Methods. Arrows indicate the migration
positions of 18S and 28S rRNAs. (A) Hybridization of pCH471 with
total RNAs from CEF (lane 1), heat-treated CEF (lane 2), RSV-
transformed CEF (lane 3), and heat-treated, RSV-transformed CEF
(lane 4). (B) Hybridization of ,-actin with the same RNAs used for
panel A. (C) Hybridization of oligonucleotide KAZO with poly(A)+
RNAs from CEF (lane 1) and heat-treated CEF (lane 2).

HSP47 _

ACTINt

pUCl9

FIG. 5. Nuclear run-on assay for HSP47 gene transcription.
HSP47 cDNA, actin cDNA, and vector (pUC19) bound to nitrocel-
lulose membrane filters were hybridized with 32P-labeled run-on
transcripts in nuclei isolated from control CEF (C), heat-treated
CEF (CH), and RSV-transformed CEF (R).
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FIG. 6. Time- course of the expression of HSP47 during heat
treatment and recovery periods at 37°C. (A) Nuclear run-on assays
for HSP47 transcripts. Nuclei were prepared from CEF that were
heat treated at 45°C for 1 (lane 2), 2 (lane 3), and 4 (lane 4) h. Nuclei
were also prepared from CEF that were treated at 45°C for 4 h and
then incubated at 37°C for 2 (lane 5), 4 (lane 6), and 6 (lane 7) h.
Nuclei from CEF without heat treatment were prepared to serve as
the control (lane 1). Run-on transcripts were hybridized with HSP47
cDNA (H), actin cDNA (A), and the pUC19 vector (M) bound to
nitrocellulose membrane filters. The relative density of each band
was determined by using a densitometer (CS9000; Shimadzu, Ky-
oto, Japan), and the HSP47/p-actin ratio at each time point was
plotted by normalizing the value of lane 1 to 1 U. (B) Northern blot
hybridization analysis of HSP47 mRNA. RNAs were extracted from
CEF treated as for panel A. Hybridizations were performed with
HSP47 cDNA (H) and 1-actin cDNA (A) probes. Lanes are the
same as in panel A. The HSP47/p-actin ratios were determined and
plotted as described for panel A.

this protein. In this study, we have cloned and analyzed the
cDNA encoding chicken HSP47. Several results, including
complete matches with three sets of amino acid sequences,
indicate that the entire coding region of HSP47 mRNA is
included in the pCH471 open reading frame. Northern blot
analysis and nuclear run-on assays demonstrated that HSP47
mRNA is induced by heat shock and repressed after trans-
formation of CEF. Enhancement of HSP47 protein synthesis
by heat shock can therefore be ascribed to transcriptional
control.
Sequencing data revealed that HSP47 has a signal peptide

at its N terminus. It also has a potential transmembrane

domain. HSP47 was previously localized to the ER by
immunofluorescence and immunoelectron microscopic stud-
ies. It is not clear, however, whether HSP47 is a luminal or
transmembrane protein of the ER. This report demonstrates
the presence of an RDEL sequence at the C terminus of
HSP47. All of the ER luminal proteins described to date,
such as GRP78, GRP94, and protein disulfide isomerase,
have a KDEL sequence at their C terminus (26, 33). This
sequence reportedly functions as a retention signal determin-
ing that a protein is to reside in the ER. Recently, Andres et
al. showed that for neuropeptide Y, the sequence RDEL can
be substituted experimentally for KDEL as its ER retention
signal (2). Our report provides the first example of use of the
RDEL sequence in a naturally occurring protein. The exist-
ence of a potential transmembrane sequence in HSP47 will
require further evaluation, since even though two prediction
programs suggested such a region, a third did not confirm the
existence of a predicted intramembrane ot helix. Such a
highly hydrophobic region could conceivably also be buried
in the center of a globular nonmembrane protein. It is not yet
clear whether the RDEL sequence could also function to
retain integral membrane proteins in the ER, since C-termi-
nal KDEL sequences have been characterized to date only
on intraluminal ER proteins. Recently, receptors for KDEL
and HDEL were identified in mammalian cells and yeast
cells, respectively (21, 25, 39). It will thus be interesting to
determine whether the RDEL sequence is recognized by a
KDEL receptor or by an independent receptor specific for
the RDEL sequence.
The biological significance of HSP47 membership in the

serpin superfamily is not yet clear. The evolutionary rela-
tionship of members of the serpin superfamily of plasma
serine protease inhibitors was first noted when the structure
of antithrombin was compared with that of al-antitrypsin
(4). Subsequently, diverse groups of homologous proteins
have been reported to belong to this superfamily. Serpins
also include homologous proteins without inhibitory activity
for serine proteases such as ovalbumin and angiotensinogen.
General features of this superfamily are (i) small glycopro-
teins (Mr 40,000 to 60,000) consisting of a single polypeptide
with a variable number of oligosaccharide side chains, (ii)
homologous amino acid sequences, (iii) common secondary
and probable common tertiary structures, (iv) a conserved
reactive center, (v) conserved flanking sequences around the
reactive center, and (vi) often (but not always) the ability to
form a tight complex with a protease involving proteolytic
cleavage of the serpin Pl-Pl' peptide bond in the reaction
center. This P1 site acts as a pseudosubstrate for the target
protease. HSP47 shares with the serpins at least features i, ii,
and, to some extent v. Besides an overall amino acid
sequence homology with serpins, HSP47 displays the dis-
tinctive serpin signature described by Bairoch (3). This
diagnostic pattern consists of a characteristic sequence
centered about a well-conserved Pro-Phe sequence located
approximately 10 to 15 residues toward the C terminus from
the reactive bond of the serpins. Moreover, a 12-amino-acid
stretch in this region shows 75% identity with the homolo-
gous site in ovalbumin. Interestingly, however, HSP47 ap-
pears to lack the reactive P1 bond itself: although an Arg
residue that is frequently found in serpins is located at the
putative P1 site at residue 364, the Ser residue found in
almost all serpins is absent from the P1' site and is replaced
by an Asn. Moreover, the flanking sequence toward the N
terminus shows no homology with this region of ovalbumin
or other serpins; this region may serve an important function
as an a-helical stressed loop in the classical serpins (5, 37).
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MSP-----FLYLV---LLVLGLHATIHCASPEGKVTACHSSQP ATLYKMSSIN
* . . * . .

--LAFNLY KDKN ENILL PVVVASSLGLVSLGG ATTASQAKAVL AD--
RDFTFDLY LASAAP NIFF PVSISMSLAMLSLGA STKMQILEGL NLQ
AEFAFSLYR LAHQSN TNIFF PVSIATAFAMILSLGT DTHDEILEGL FNLT
VDFAFSLYKX LVALSP1 KNIFI PVSISMALAMLSLGT HTRAQLLQGLG FNLT
ADFAFNLY TVETP KNIFF PVSISAALVMLSFGAC STQTEIVETLGFNLT
... .. * . * * .. ....*. *. * . . *.

KLNDD ELLNEVS STARNVTWKIGNRLYGPASINFADDFVKNSKKHYN
KSSEK LHRGFQQLLQELN PRD-GFQLSLGNALFTDLVVDI QDTFVSAMKTLYL
EIPEAI HEGFQELLRTLNQ DS-QLQLTTDGGLFLSEGLKI4VDKFLEDVKKLY1H
ERSETE HQGFQHLHQLFAKSDT-SLEMTMGNALFLDGSLEILESFSADIKHYYjE
DTPMV QHGFQHLICSLN KK-ELELQIGNALFIGKHLK L VKTL
* ..- *.* ** . . .. * . .. .

YEHSKINFRE KRSALKSINEWAAQTT GKLPEVTKDVEKT ALIVNAMFFKP
ADTFPTNFRE SAGAMKQINDYVAKQT GKIVDLLKNLDSN IMVNYIFFKA
SEAFTVNFG TEEAKKQINDYVEKGT GKIVDLVKELDRD VFALVNYIFFKG44
SEVLAMNFQE1WATASRQINSYVKNKT GKIVDLFSGLDSPA ILVLVNYIFFKGl W
TEVFSTDFSNKISAAKOEINSHVE GKVVGLIQDLKPNTV MVLVNYIHFKW
. .. .* .**. . * .**...... .**.***

DEKFHHKMV-DNRGFMVTRSYTVGVPMMHRTGIYNYYDDEAEKLQVVEMPLAHKL
ETSFNHKGTQEQD-FYVTSEltVVRVPMMSREDCYHYLLDRNLSCRVVGVPYQGN-
ERPFEVKDTEEED-FHVDQV TVKVPMMKRLG FNIQHCKKLSSWVLLMKYLGN-
TQPFDLASTREEN-FYVDET'IVVKVPMMLQSSI IISYLHDSELPCQLVQMNYVGN-
ANPFDPSKTEDSSSFLIDKT VOVPMMHQME YYHLVDMELNCTVLQMDYSKN-

.
* * . .* ... .***** . .

SbMlrFMN1H1EPLER..LKVLIL
ATALFILI SE-]GKMQQVENGI
ANAIFFLIFDE-IGKLQHLENEI
GTVFFILE DK-GKMNTVIAAI
FAT hT LF1IT_.C3 KF_ NnMrCUllrh

EKTL LKMFKK RQLELYL1jKFSIEGSYQ1C
THDIITK LENED RSASLHLE1KLSITGTYD ]4qS
ISRDTINR SAGLTS QVDLYIrKVTISGVYDTD
ICKV1'mT.V NTT.T.IKT.WV T.FUKFTrVTVT

..*.*... .. . .. . . . .

HLADL LTEAIDKTKADLSKISGKK YLSNVFHAAALEWDDDGNPYDADI----
VLPSLC ISNVFTSH-ADLSRISNHS IQVSEMVHKAVVEVD SGTRAAAATGTIF
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H47 --YGREEMRNPKLFYAD FIFMIKDS NSILFIGRL PKGDKMRDEL 405
PROTEINC T-FRSARLNSQRLVF-N PFLMFIVDN I---LFLGKV RP--------- 406
A1AT$HUMAN L-EAIPMSIPPEVKF-NK PFVFLMIEQ TKSPLFMGKV\ NPT------QK 418
CBG$HUMAN N-LTSKPII---LRF-NQ PFIIMIFDH TWSSLFLARVII NPV------- 405
TBG$HUMAN SDQPENTFLHPIIQI-D FMLLILER RSILFLGKV NPT------EA 415

FIG. 7. Alignment of shared amino acid sequences between chicken HSP47 and members of the serpin family. The standard one-letter
amino acid code is used. Symbols indicate that a position in the alignment is perfectly conserved (*) or well conserved (.). Boxes show
conserved regions of predicted secondary structure. Human plasma serine protease (protein c) inhibitor (PROTEINC) (38), al-antitrypsin
precursor (al protease inhibitor) (AlAT$HUMAN) (7), corticosteroid-binding globulin (CBC$HUMAN) (15), and thyroxine-binding globulin
(TBG$HUMAN) (11) were aligned with HSP47 (H47).

A recent in vivo cross-linking study using a membrane-
permeable and thiol-cleavable cross-linker and immunopre-
cipitation analysis demonstrated that HSP47 binds to procol-
lagen within cells (32a). In these experiments, anti-HSP47
antibody coprecipitated three major bands corresponding to
the ox1(I) band of type I procollagen, GRP78, and protein
disulfide isomerase, plus several faint bands. The mecha-
nism of HSP47 binding to procollagen is different, however,
from that of the serpins to serine proteases: serpins are
cleaved at the reactive center by the target protease, and
then they bind to the protease through a covalent bond; in
contrast, HSP47 can be dissociated readily from procollagen
by changing the pH to 6.3 (35).
Although HSP47 therefore lacks such a serpin reactive

center, its retention of the serpin signature and its overall
homology to serpins are intriguing. It remains possible that
the binding function of serpins to serine proteases has been

transformed in some fashion into the capacity of HSP47 to
bind to collagen and fetuin (32). This possibility could be
tested by site-directed mutagenesis of the serpinlike se-
quences in HSP47.

During the preparation of this report, Wang and Gudas
(44) published a report describing a protein belonging to the
serpin family that was induced after mouse F9 teratocarci-
noma cells were treated with retinoic acid. By comparing
amino acid sequences, we found a strong homology (80%
sequence identity) between chicken HSP47 and this F9 cell
protease inhibitor homolog. Moreover, we have observed
that HSP47 is also markedly induced by treating F9 cells
with retinoic acid alone or in combination with dibutyryl
cAMP (38a). Although their protease inhibitor from F9 cells
is similar to our HSP47, the N-terminal region in their
protein was completely different from that of HSP47 over a

span of 41 amino acids, and HSP47 lacks its serpin reactive
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center. Cloning of the mouse homologs of HSP47 should
elucidate these differences.
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