0014-4754/94/120987-1581.50 + 0.20 © Birkhauser Verlag Basel, 1994 987

Genetic aspects of the hsp70 multigene family in vertebrates

E. Giinther and L. Walter

Division of Immunogenetics, University of Gottingen, Gosslerstr. 12d, D-37073 Gottingen (Germany)

Abstract. The family of genes encoding heat shock proteins of about 70 kDa (hsp70) in vertebrates is reviewed
under genetic aspects. After a detailed description of the various hsp70 genes more general characteristics of the
organization and evolution of the multigene family are discussed.
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Introduction

The heat shock response was detected by the observa-
tion of a new phenomenon: formation of chromosome
pufls in Drosophila cells after heat stress®®. Later, the
synthesis of distinct proteins, called heat shock proteins
(HSP)*, was described as a consequence of heat
shock’™. Heat shock response and HSP were then also
observed in all other organisms including vertebrates.
Different HSP could be distinguished electrophoreti-
cally by apparent molecular mass and also by isoelectric
point. The group of HSP of about 70 kDa constitutes
the hsp70 family. Corresponding genes have been re-
ported in the past years; however, not all of them are
yet identified or characterized in sufficient detail. Se-
quence data confirmed that hsp70 genes of vertebrates
constitute a multigene family. In invertebrate eukaryotic
species, hsp70 genes also form multigene families,
for example comprising 9 members in Saccharomyces
cerevisiae’ and about 9 members in Drosophila
melanogaster®. In contrast, a single copy gene (dnaK)
is found in the prokaryote E. coli. It was soon realized
that expression of at least some hsp70 genes occurred
constitutively (hsp70 cognate or hsc70) and that other
inductors besides heat shock exist, e.g., glucose starva-
tion. The main function of hsp70 molecules is presently
seen in their role as molecular chaperones under physio-
logical and stress conditions'®-52,

The distinction of individual hsp70 proteins on the basis
of electrophoretic properties gave rise to inconsistent
designations. The heat-inducible protein, for example, is
variably called hsp68, hsp70, hsp71 or hsp72. Further-
more the designation of the genes is not standardized.
Officially hsp70 genes in man are designated HSPA?S.
Mostly the designation introduced by the first describer
is used, and human nomenclature is often adopted in
other species.

* The abbreviations of HSP for heat shock protein in general and
hsp for distinct heat shock proteins follows the use throughout
this multi-author review. In the case of individual genes the
nomenclature rules for man (capital letters) and mouse and rat
(first letter capital, following in lower case) are appled.

Since among vertebrates most hsp70 data are reported
in man, this review is orientated towards the human
hsp70 genes (except when human homologs are not yet
known). The review is mainly based on those hsp70
genes for which extensive and published sequence infor-
mation is available. Thus data from the EMBL/Gen-
Bank data base are only referred to if published.

The hsp70 genes which have been clearly identified and
characterized up to now are listed in table 1 and de-
scribed in more detail below. The table includes the
EMBL/GenBank accession number of the gene sequence
and information about chromosomal localization, ex-
pression and orthologous genes (i.e. homologous gene
in homologous chromosomal position in different
species). Orthologous genes in various species will be
distinguished by the prefixes b (bovine), h (human), ha
(Chinese hamster), 1 (rat), m (mouse) and p (porcine).
The description of hsp70 genes starts with the three
hsp70 genes, which map inside the major histocompati-
bility complex (Mhc). Their organization (and nomen-
clature) is illustrated in figure 1. Further heat-inducible
hsp70 genes will then be described as well as the testis-
specific non-Mhe linked hsp70 gene and the constitu-
tively expressed HSC70 and GRP78 genes. The PBP74,
Mot-1, HSP70RY and STCH genes present some addi-
tional features, which define new subsets of the hsp70
multigene family.

The deduced amino acid sequences of the genes dis-
cussed are summarized in figures 2 to 6. In figure 2 the
homologous relationship between the human hsp70
genes is shown, and figures 3 to 6 demonstrate the
similarity between genes of the same type in various
species, i.e. presumably mostly the orthologous genes.
Tables 2 to 5 correspond to the figures by presenting
quantitative data about sequence similarity. Sequence
comparisons were performed by AALIGN (DNAstar)
using the default parameters.

HSP70-1 (HSPAI)

On the basis of a cosmid clone which carried three
hsp70 genes and mapped into the class I11 region of the
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Figure 1. Localization of hsp70 genes inside the Mhc (4) and organization of the three Mhc-linked hsp70 genes in man, mouse and rat
(B). Letters in (A4) desigriate various Mhc genes®?%, (B) is based on references 32, 67, 78.

human Mhec, the localization of genes of the hsp70 family
inside the Mhc, the HLA-system on chromosome 6p21,
was detected in man*®%. The cosmid library was derived
from cells with the HLA-A2, B7, SC30, DR2 haplotype.
The genes HSP70-1, HSP70-2 and HSP70-Hom do not
contain introns and encode proteins of 641 amino acids.
Analysis of the HSP70-1 gene in various cell lines
revealed nucleotide polymorphisms in the 5 untrans-
lated region (utr) and a silent exchange in the coding
region*. The HSP70-1 gene is heat inducible and is
found expressed at a low basal level in nonstressed
HelLa cells*®. In normal peripheral blood mononuclear
cells (PBMC) constitutive expression could not be de-
tected by in situ hybridization and northern blot analy-
sis (Dressel and Giinther, own unpubl. data).

Coding and noncoding sequences of HSP70-1 are
nearly identical to the hsp70 gene described by Hunt
and Morimoto®'. Both sequences differ by 11 nucle-
otides; in the coding region two amino acid exchanges
can be observed and an additional codon (Arg at posi-
tion 469) is present in HSP70-1. It is assumed that both
sequences represent alleles of the same gene, which has
been registered officially as HSPAI (ref. 45). It should
be mentioned that a very simijlar sequence has been
published also by Drabent et al.'>. Already before the
report of Sargent et al.* analysis of somatic cell hybrids

had revealed that heat-inducible hsp70 genes, among
them the gene described by Hunt and Morimoto?,
mapped to human chromosome 6p21 (refs 21, 27).
Studies performed with the hsp70 gene described by
Hunt and Morimoto®! showed the heat-inducibility of
the gene(s) detectable with the respective probe®’ and
demonstrated in HeLa cells that expression occurs in a
cell-cycle dependent fashion during the S phase*’. It is,
however, not clear whether the gene(s) affected is
HSP70-1, HSP70-2 (see below) or both.

Mapping of a hsp70 gene inside the mouse Mhc was
shown by Gaskins et al.'”®. The orthologous gene of
hHSP70-1 has been identified in the Mhc of the mouse
(H-2 system, chromosome 17), and the rat (RT1-sys-
tem, chromosome 20). In the mouse a previously known
gene corresponding to clone pMHS213 of Lowe and
Moran®?, now designated Hsp70-3 (fig. 2), was localized
to the Mhc**>9%7. The sequence is only partially known*2.
In the rat, hsp70 genes were mapped to the Mhc by
restriction fragment length polymorphism (RFLP)
analysis®®. The gene orthologous to AHSP70-1 is called
Hsp70-2 (ref. 78) (fig. 2) and has been sequenced for the
haplotype RT1" (ref. 78). In rat lymphocytes Hsp70-2 is
expressed only after heat shock as determined at the
RNA level by in situ hybridization and northern blot
analysis (Dressel and Giinther, own unpubl. data).
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Figure 2 (continued). Comparison of deduced amino acid sequences of the human hsp70 multigene family.
For referénces see table 1. In the case of HSP70-1 the sequence reported in reference 48 is used.
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Figure 3. Comparison of deduced amino acid sequences of orthologous heat-inducible hsp70 genes of the Mhc.
For references see table 1. In the case of rHsp70-1 the sequence reported in reference 78 is used.
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hHSP70-HOM MATAKGIAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPONTVF 70
rHsp70-3 ——AN-—M-——— e e 70
mHsc70t —~AN-—-M- e - — - - - 70
hHSP70-HOM DAKRLIGRKFNDPVVQADMKLWPFQVINEGGKPKVLVSYKGENKAFYPEEISSMVLTKLKETAEAFLGHP 140
rAsp70-3  ———=w=———= --8 ——— A - - M ——————— s 140
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hHSP70-HOM QANLEIDSLYEGIDFYTSITRARFEELCADLFRGTLEPVEKALRDAKMDKAKIHDIVLVGGSTRIPKVQR 350
rHsp70-3  ———=————————omo—e———e - - Qm————— - ————K 350
mHsc70¢t - e e 8 -——--K 350
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rHsp70-3  —=———————m—s—m————e e NI ; S 420
mAsc70t  ——-—=——=e———- -— - - -a —V ______ 420
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mHSc70t —-D-—-———- e Vomm—m e e e e S~—mm T-TP--T--- 630
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rHsp70-3 AR-—=—=—=—— 641
mHsc70t A=m——————== 641

Figure 4. Comparison of deduced amino acid sequences from orthologous teshs-spemﬁc hsp70 genes of the Mhec.
For references see table 1. In case of mHsc70t the sequence reported in reference 68 is used.

Mhc-linked hsp70 genes have been described also in
cattle®®, pig, goat® and frog®™. Thus an orthologous
gene of human HSP70-1 is likely to exist in these
species.

HSP70-2

The second hsp70 gene identified by Sargent et al.®,
HSP70-2, is separated from HSP70-1 by about 8kb
(fig. 2). HSP70-2 also lacks introns and its deduced
amino acid sequence is identical to that of HSP70-1
(ref. 48). These genes, however, differ from each other,
most clearly in the 3'utr. HSP70-Z, in contrast to
HSP70-1, carries a Pstl RFLP in the coding region,
which does not result in an amino acid exchange®"*.
Furthermore, a 5-bp-duplication polymorphism can be
found in its 3utr (ref. 13). Nucleotide exchanges occur
also in the S'utr (ref. 49).

HSP70-2 is expressed in HeLa cells only after heat
shock and not constitutively®. Expression is also de-
tectable in normal PBMC by northern blot analysis and
in situ hybridization only after heat shock (Dressel and
Giinther, own unpubl. data).

In the mouse, the orthologous gene, Hsp70-1, which
corresponds to clone pMHS214 (ref. 42), is separated
from the hHSP70-2 homolog, Hsp70-3, by about 9 kb
(ref. 32) (fig. 2). Its sequence has been described™. It
carries a TA-microsatellite polymorphism in the 3utr
(ref. 33). The mouse HSP70-1 protein contains one
amino acid (position 628) more than the products of the
orthologous rat and human genes.

In the rat (RT'1* haplotype), the orthologous gene, called
Hsp70-1, is separated from Hsp70-2 by about 9 kb (ref.
78) (fig. 2). The deduced amino acid sequences of rat
Hsp70-1 and rat Hsp70-2 are identical’®, as is found for
the orthologous genes in man. It is noteworthy that
slightly variant sequences have been published*':*,
which most likely are alleles of the rHsp70-1 gene. No
basal expression of Hsp70-1 is found in rat (ref. 38,
Dressel and Gilinther, own unpubl. data) and mouse™.
In bovine?, pig® and frog® the occurrence of at least
two Mhe-linked hsp70 genes indicates that genes or-
thologous to human HSP70-2 could also exist in these
species. The porcine hsp70 gene described by Peelman et
al.% appears to be Mhc linked, because its restriction map
fits that of hsp70-carrying genomic clones which map to
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hHSC70 MSKGPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVAMNPTNTVFDA 70
rHsc70 —- 70
mHsc70 - -— 70
bHSC70 ——- - - 70
haHsc70 - ———— 70
hHSC70 KRLIGRRFDDAVVQSDMKHWPFMVVNDAGRPKVQVEYKGETKSFYPEEVSSMVLTKMKEIAEAYLGKTVT 140
rHsc70 - - - 140
mHsc70 -~ - - 140
bHSC70 —-——- - - 140
haHsc70 ————————mm=————— B -— -— - 140
hHSC70 NAVVTVPAYFNDSQRQATKDAGTIAGLNVLRIINEPTAAATAYGLDKKVGAERNVLIFDLGGGTFDVSIL 210
rHsc70 - - - 210
mHsc70 ————————= - inad - - - 210
bHSC70 —-——— e 210
haHsc70 210
hHSC70 TIEDGIFEVKSTAGDTHLGGEDFDNRMVNHFIAEFKRKHKKDISENKRAVRRLRTACERAKRTLSSSTQA 280
rHsc70 -- e et 280
mHsc70 - - 280
bHSC70 - 280
haHsc70 ND e ———— 280
hHSC70 SIEIDSLYEGIDFYTSITRARFEELNADLFRGTLDPVEKALRDAKLDKSQIHDIVLVGGSTRIPKIQKLL 350
rHsc70 - - 350
mHsc70 - - ———— - 350
bHSC70 - —————————— e e 350
haHsc70 -- - —-— 350
hHSC70 QDFFNGKELNKSINPDEAVAYGARAVQAAILSGDKSENVQDLLLLDVTPLSLGIETAGGVMTVLIKRNTTI 420
rHsc70 --- -— : —— - 420
mHsc70 - - —_ - 420
bHSC70 - - - - 420
haHsC70 ——— == — e e e e e 420

hHSC70 PTRQTQTFTTYSDNQPGVLIQVYEGERAMTKDNNLLGKFELTGIPPAPRGVPQIEVTFDIDANGILNVSA 490

rHsc70 450
MHsC70 =~==——=—- L—————~= - - —_— 490
bHSC70 ===———— e e e e 490
haHsc70 —=—~——== e e e e e e e e e e e e e e e e e e e e 490
hHSC70 VDKSTGKENKITITNDKGRLSKEDIERMVQEAEKYKAEDEKQRDKVSSKNSLESYAFNMKATVEDEKLQG 560
YHSC70 ===——————— - ————————————— 560
mHsc70 - ———— - - _— 560
bHSC70 ———————w———— e — Ko m e 560
RaHSC70 ——— e e e 560
hHSC70 KINDEDKQKILDKCNEIINWLDKNQTAEKEEFEHQQKELEKVCNPIITKLYQSA GGMPGGMPGGFP 626
rHsc70 S e 626
mHsc70 —- - s S 626
bHSC70 - --GGMP~——~———~mm 630
haHsc70 —-—=——-- - --S —— _——— e —————— 626
hHSC70 GGGAPPSGGASSGPTIEEVD 646
rAsc70 -- 646
misc70 —~-— - —_— 646
bHSC70 =—=-—- 650
halHsc70 ——=~——————m— e 646

Figure 5. Comparison of deduced amino acid sequences of hsc70 genes from various species.
For references see table 1.

the Mhc (ref. 56). On the basis of 3'utr sequence similar- same gene has also been mapped and sequenced by

ity this gene is most likely the AHSP70-2 ortholog. Fujimoto et al.'’, who designated it huwm70t. For the
HSP70-Hom gene two nucleotide exchange polymor-

. o .
HSP70-Hom (HSPAIL) phisms have been described*’, and one of the nucleotide

differences leads to a Ncol RFLP and an amino acid
The HLA cosmid clone containing the HSP70-] and exchange at position 493.
HSP70-2 genes carries a third hsp70 gene, HSP70-Hom, HSP70-Hom is expressed constitutively in HeLa cells®,
about 4kb distant from HSP70-1%. The complete se- but not in PBMC (Dressel and Giinther, own unpubl.
quence of this intronless gene has been published*®. The data).
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hGRP78 MKLSLVAAMLLLLSAARAEEEDKKEDVGTVVGIDLGTTYSCVGVFKNGRVEIIANDQGNRITPSYVAFTP 70
rGrp78 ~-FTV---A-—--C-V —_— _— 70

haGrp78 --FPM---A CVmm e e e e — m - —_— ———— 70
hGRP78 EGERLIGDAAKNQLTSNPENTVFDAKRLIGRTWNDPSVQQDIKFLPFKVVEKKTKPYIQVDIGGGQTKTF 140
IO PT 8 e o e e e e e e e e e e e e e o e 140

haGrp78 - - ——— - - 140
hGRP78 APEEISAMVLTKMKETAEAYLGKKVTHAVVTVPAYFNDAQRQATKDAGTIAGLNVMRIINEPTAAAIAYG 210
rGrp78 - —-—— - ——— 210

haGrp78 - e - ——— - - 210
hGRP78 LDKREGEKNILVFDLGGGTFDVSLLTIDNGVFEVVATNGDTHLGGEDFDQRVMEHFIKLYKKKTGKDVRK 280
rGrp78 -~ ———- 280

haGrp78 ———= -—= - 280
hGRP78 DNRAVQKLRREVEKAK ALSSQHQARIEIESFYEGEDFSETLTRAKFEELNMDLFRSTMKPVQKVLEDSD 349
rGrp78 -~ -R P - 350

haGrp78 - R -F- - -- 350
hGRP78 LKKSDIDEIVLVGGSTRIPKIQQLVKEFFNGKEPSRGINPDEAVAYGAAVQAGVLSGDQDTGDLVLLHVC 419
rGrp78 ——— ———- 420

haGrp78 ~——=vw————mem————— ———— - - 420
hGRP78 PLTLGIETVGGVMTKLIPSNTVVPTKNSQIFSTASDNQPTVTIKVYEGERPLTKDNHLLGTFDLTGIPPA 489
rGrp78 ~—- - -R K~ —— 490

haGrp78 —=———=- -=R K-- B bttty 490
hGRP78 PRGVPQIEVTFEIDVNGILRVTAEDKGTGNKNKITITNDQNRLTPEEIERMVNDAEKFAEEDKKLKERID 559
rGrp?78 - - - 560

haGrp78 - - - - 560
hGRP78 TRNELESYAYSLKNQIGDKEKLGGKLSSEDKETMEKAVEEKIEWLESHQDADIEDFKAKKKELEEIVQPI 629
rGrp78 ~-- -—=—-P 630

haGrp78 =——-—-—ssmmmmmesse——eao—— —— 630
hGRP78 ISKLYGSAGPPPTGEEDTAEKDEL 653
rGrp78 -~ G §————- 654

haGrp78 ~==————=-——seo—~—- S——=— 654

Figure 6. Comparison of deduced amino acid sequences of grp78 genes from various species.

For references see table 1.

Orthologous genes have been described in the mouse
(Hsc706)3243-%% and in the rat (Hsp 70-3), the latter being
separated from rHsp70-2 by about 5 kb (ref. 78) (fig. 1).
In the mouse, sequences for Hsc70¢ of the H-2% and H-24
haplotypes have been reported, which are identical®®, but
differ from the sequence reported by Matsumoto and
Fujimoto®>"8. The mHsc 70t gene is expressed specifically
in the testis; expression is constitutive and restricted to
germ cells of mainly postmeiotic stages**. Transcripts of
the orthologous rat gene Hsp70-3 are not detectable in
lymphocytes, also not after heat stress, but are constitu-
tively present in the testis during postmeiotic spermato-
genesis (Dressel and Giinther, own unpubl. data). Thus
the orthologous genes of HSP70-Hom

in mouse and rat are under developmental control and
expressed in a tissue specific manner.

Table 3. Comparison (% identity} of the deduced amino acid
sequences® between the orthologous Mhc-encoded hsp70 genes of
man, rat and mouse.

rHsp70-1/2 mHsp70-1
hHSP70-1/2 96.6 94.5
rHsp70-1/2 97.5
rHsp70-3 mHsc70t
hHSP70-Hom 93.6 94.4
rHsp70-3 98.9

“For sequences see figures 3 and 4 and for references see table 1.

Table 2. Comparison (% 1dent1ty) of the deduced amino acid sequences® between different members of the human hsp70 gene family.

HSP70-Hom HSP70B' HSC70 GRP78 PBP74 HSP70RY
HSP70-1/2 89 82 85 64 49 33
HSP70-Hom 79 82 63 49 33
HSP70B’ 78 62 49 32
HSC70 66 50 32
GRP78 49 33
PBP74 27

“For sequences see figure 2 and for references see table 1.
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Table 4. Comparison (% identity) of the deduced amino acid
sequences® between hsc70 genes of man, rat, mouse, hamster and
cattle.

mHsc70

rHsc70 haHsc70 bHSC70
hHSC70 99.8 99.7 99.4 99.2
rHsc70 99.8 99.5 99.1
mHsc70 99.4 98.9
haHsc70 98.6

*For sequences see figure 5 and for references see table 1.

Table 5. Comparison (% identity) of the deduced amino acid
sequences® between the grp78 genes of man, hamster and rat.

haGrp78 rGrp78
hGRP78 98.2 97.9
haGrp78 99.4

“For sequences see figure 6 and for references see table 1.

HSP70B° (HSPAo)

The human HSP70B’ gene*, later designated HSPA6
(ref. 36), is intronless and maps to chromosome 1q
(ref. 36). The deduced protein of 643 amino acids is more
basic than the HSP70-1 gene product. The gene appears
to be strictly heat inducible, since no basal expression was
detected at the RNA level by northern blot analysis®.
The sequence of the corresponding gene in pig has been
reported’®. This assignment is based on sequence similar-
ity but not yet on mapping data. The porcine gene carries
PstI and Pvull RFLP. Its expression is not constitutive,
but heat inducible’®.

HSP70B (HSPA7)

The HSP70B gene™, also designated HSPA7 (ref. 36),
has been sequenced only partially. The sequence shows
94% similarity to Hsp70B' (HSPAG6), and has been
mapped to chromosome 1q in close linkage with HSPA6
(ref. 36). HSPA7 carries a BamHI RFLP?. HSPA7
mRNA is found by northern blot analysis only after
heat shock. The pattern of inducibility in fibroblasts
and various cell lines (HeLa, Daudi) is different
from HSPAG**. Analysis by polymerase chain reaction
(PCR), however, revealed specific transcripts in non-heat
shocked cells®®.

A gene orthologous to human HSPA6 or HSPA7 has
been identified in cattle and mapped to synteny group U6
(ref. 22).

HSC70

In contrast to the hsp70 genes mentioned so far, a gene
(or genes) exists in the hsp70 family, which is expressed
in each cell constitutively at high abundance, amounting
to 1% of cellular protein®. Its expression is slightly
enhanced after heat shock and is cell growth depen-
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dent®®. The protein is often called heat shock cognate
protein 70 (hsc70). The mRNA of the HSC70 gene is
shorter than that of heat-inducible hsp70 genes, so that
the transcripts can be distinguished in northern blots.
At the protein level hsc70 can be clearly separated
electrophoretically from the faster-migrating heat-in-
ducible hsp70 protein. Therefore hsc70 is also called
hsp72 or hsp73 in distinction to heat-inducible hsp70,
which is also designated hsp68, hsp70 or hsp72 in this
context. The prp73 molecule is identical to hsc707.

In contrast to the heat-inducible members of the hsp70
family, the HSC70 gene contains introns. Its genomic
structure, characterized by eight introns, and its se-
quence are known in rat® and man'4. The ¢cDNA se-
quence has been reported for man'4, rat®’, mouse®,
Chinese hamster' and cattle®. Introns 1 and 3 of the
human gene contain Alu-like repeats'®. Interestingly
Ul4 snRNA genes have been detected in introns 5, 6
and 8 of the Hsc70 gene from mouse, rat and man*.
The exact number of functioning hsc70 genes present in
the genome is not known, because many processed
hsc70 pseudogenes occur. This has been shown in
man®*, mouse?® and rat (ref. 69, Rothermel and Giin-
ther, own unpubl. data). The number of cross-hybridiz-
ing fragments in Southern blot analysis with Hsc70
probes amounts to about 10 in the mouse and more
than 20 in the rat (Rothermel and Giinther, own un-
publ. data). Genomic sequences of some pseudogenes
have been determined. They revealed typical features of
processed pseudogenes: absence of introns, occurrence
of stop codons and deletions in the coding part, pres-
ence of a poly(A) tail and of short direct repeats at both
ends of the insertion® . In the rat, a processed hsc70
pseudogene, Hsc70-psi, has been isolated which still
shows the open reading frame of the original gene
(Rothermel and Giinther, own unpubl. data).

A few chromosomal mapping data of hsc70 genes have
been reported. A human hsc70 pseudogene is supposed
to map to the X-chromosome®, and in the rat pseudo-
gene Hsc70-psl has been localized to chromosome 2
(own unpubl. data).

GRP78

The glucose-regulated protein of about 78 kDa (grp78)
is identical to the binding protein (BiP)%, which had
been detected by its function of binding immunoglobu-
lin heavy chains in pre-B cells®. Grp78/BiP is assigned
to the hsp70 family on the basis of the high degree of
sequence similarity. The GRP78 gene contains 7 introns.
It maps to chromosome 9934 in man®"? and chromo-
some 2 in the mouse®®*. In cattle it is assigned to
syntenic group U16 (ref. 71). The respective syntenic
groups are conserved. The sequence has been described
in man’?, rat**, Chinese hamster” and partially in the
mouse®. The coding part of the gene begins with a
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leader sequence and ends with a KDEL motif, identify-
ing grp78 as an endoplasmic reticulum (ER)-resident
protein.

The gene product is indeed found in the ER. Expression
is constitutive and enhanced by glucose deprivation,
inhibitors of glycosylation, SH-reducing agents, the Ca
ionophore A23187 and hypoxia, but not by heat shock.
A processed pseudogene of GRP78 has been described
in man’.

Hsp70.2 and Hst70

The Hsp70.2 gene has been identified in the mouse
because of its testis-specific expression, which is re-
stricted to premeiotic germ cells®*. The gene maps to
chromosome 12 (ref. 32). The cDNA sequence has been
reported®. The gene product is identical to the p70
protein described by Allen et al.”.

The Hst70 gene of the rat*>®! shows the same expres-
sion pattern as Hsp70.2, and its sequence presents a
high degree of similarity to Hsp70.2, which is 99.4% at
the protein level. Hsp70.2 and Hst70 are assumed to
represent orthologous genes. The rat gene has been
shown to lack introns and to be not heat inducible.
The orthologous human gene has not yet been iden-
tified. According to Hunt et al.*? it is supposed to map
to chromosome 14.

PBP74 and Mot-1

In the course of studies on antigen presentation proteins
of 72 to 74 kDa have been found which reacted with
anti-hsp70 antibodies’. The human gene encoding the
74 kDa protein, PBP74, has been isolated and se-
quenced''. The ¢cDNA includes a ‘presequence’ of 46
codons.

PBP74 encodes a protein of 679 amino acids. The gene
product, which is found in cytoplasmic vesicles, is ex-
pressed in a constitutive manner and is not heat in-
ducible!'. Tts role in antigen presentation has not been
shown.

The deduced coding sequence of the orthologous mouse
gene'' shows 99% similarity to the human gene.

A mouse gene has been identified, which controls mor-
tality of cells and belongs to the hsp70 family on the
basis of cDNA sequence similarity””. The similarity of
the deduced amino acid sequence was higher to the
yeast mitochondrial HSP SSCI than to mouse hsc70.
The gene, Mot-1, is not heat inducible. The gene
product of 679 amino acids, p66™"' or mortalin, is
found in the cytosol. Injection of anti-mortalin antibod-
ies into senescent fibroblasts prevented death and en-
abled the cell to resume division. Mortalin does not
appear to bind ATP as other hsp70 molecules do.

The nucleotide sequence of the mortalin gene shows
very high similarity to mouse Pbp74 (ref. 11); only 2
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exchanges are found in the 5utr and none in the 3'utr.
Similarity in the coding part of Pbp74 and Mot-1 is
99.6% for the nucleotide and deduced amino acid se-
quences. Thus the sequences are very closely related and
could represent alleles of the same gene.

HSP70RY (HSPA4)

The HSP70RY gene'®, identified in a human cDNA
library, shows relatively low sequence similarity to
hHSP70-1 (fig. 2, table 2). It maps to chromosome
5g31. The gene product is a cytosolic protein of 701
amino acids, which is not heat inducible.

STCH

The stress/chaperone gene, STCH®, has been identified
in a human ¢cDNA library. The sequence contains a
hydrophobic leader and a 50-codon insertion in the
ATP-binding domain; it lacks a large part of the car-
boxy terminus typical of hsc70 genes, and the protein
resembles a truncated hsc70/grp78 protein. Sequence
similarity is about 33% to the ARHSP70-1 and 43% to the
hGRP78 encoded proteins and is restricted to the ATP-
binding domain. (The sequence is therefore not in-
cluded in fig. 2 and table 2). The protein has ATPase
activity and is found in the microsomal cell fraction. It
is constitutively expressed and inducible by the calcium
ionophore A23187, but not by heat shock.

Structure of the multigene family

The structure of hsp70 proteins has been mainly extrap-
olated from data obtained by biochemical, crystallo-
graphic and molecular modeling analysis. A general
picture has emerged for hsp70 and hsc70. A N-terminal,
proteolytically resistant ATP-binding domain of about
44 kDa is followed by a peptide-binding domain and a
10 kDa domain at the C-terminus®>"°. The peptide-
binding area resembles the peptide-binding domain of
Mbhc class I molecules'® %, Tt is to be expected that some
of the newly detected members of the hsp70 family
deviate from this general picture.

The promoter of most hsp70 genes is compact and
contains the essential elements in a region of about 200
nucleotides upstream of the Sutr, which itself usuvally
encompasses about 200 nucleotides. The characteristic
clement of the promoter is the often repeatedly occur-
ring heat shock element (HSE), which is essential for
heat inducibility®.

An interdependent regulation of hsp70 genes is pro-
vided by the common heat inducible transcripton factor
HSF which binds to HSE. A few instances of apparent
inverse regulation of expression are known, e.g. for
HSP70 and GRP78 (ref. 52) and for Hsp70.2 and
Hsc70t in the testis (see above).
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The hsp70 multigene family was defined originally by
the size of its gene products of about 70 kDa, and, more
stringently, by significant sequence similarities between
the genes and proteins. The hsp70 genes are dispersed in
the genome, but some are found as groups of two to
three closely linked genes.

The members of the hsp70 multigene family can be

distinguished by several parameters.

1) Ubiquitous vs tissue-specific expression. Most hsp70
genes can be or are expressed in each cell, but some,
like mHsp70.2 and mHsc70t, are detectable only in
certain tissues.

2) Constitutive vs stress-induced expression. At least
three types of expression can be distinguished:
a) strictly heat-inducible hsp70, e.g. AHSP70-2,
hHSPA6, hHSPA7; b) cell-cycle dependent and
also heat-inducible hsp70 (‘hsp70x’ [ref. 61]), e.g.
hHSPAI; c) constitutively expressed and less stress-
regulated hsp70 genes, e.g. HSC70. The distinction
of strongly heat-inducible and mainly constitutively
expressed hsp70 genes is also reflected by the ge-
nomic organization, since the heat-inducible hsp70
genes do not contain introns. Further subdivision is
possible on the basis of diversity of hsp70 inductors,
e.g. heat shock versus glucose starvation.

3) Subcellular expression. The hsp70 genes differ with
respect to the subcellular localization of their prod-
ucts. They can be expressed in a) the cytosol, nucleus
and nucleolus (HSP70-1, HSP70-2, HSC70), b} the
ER (GRP78) or ¢) mitochondria (GRP75, P71, see
below). The subgroups of cytosolic and ER-resident
hsp70 proteins differ in their coding sequences by
characteristic motifs, which can be traced back phy-
logenetically to bacteria®*.

4) Hsp70 proteins might also turn out to become dis-
cernible by their peptide binding preference or func-
tional specificity*'*7°.

For practical purposes distinction of individual genes is
possible on the basis of gene-specific sequences, e.g. in
the 3'utr, which allow the construction of specific
probes and primers. In several cases hsp70 genes can be
distinguished by the different length of the mRNA. At
the protein level SDS gel electrophoresis or 2-dimen-
sional analysis are used to separate the proteins. Some
monoclonal antibodies appear to be specific for a given
hsp70, others cross-react with different hsp70.

Size of the gene family

The human hsp70 family encompasses at least ten func-
tioning genes, for which detailed sequence information
is available (table 1, fig. 2). In addition, two mitochon-
drial proteins, GRP75 (ref. 51) and P71 (ref. 39), have
been assigned to the hsp70 family on the basis of their
reactivity with anti-hsp70 and anti-DnaK antibodies,
respectively; sequence data are lacking.
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The size of the hsp70 multigene family has been studied

by different approaches.

1) Analysis of somatic cell hybrids. Somatic cell hybrids,
in which human chromosomes segregate, have been
tested for induction of hsp70 protein after heat shock.
Heat-inducible hsp70 genes were found to be present
on chromosomes 6p21, 14q22-24, 21 and at least one
further chromosome?'-?”. Southern blot analysis with
the same somatic cell hybrids confirmed the presence
of hsp70 genes on chromosomes 6, 14, one further
chromosome, but hybridization with chromosome
21 failed under the stringency conditions chosen?’.
The genes on chromosome 6 have been identified in
the meantime as HSP70-1 (HSPAI), HSP70-2 and
HSP70-Hom®®, the other genes, e.g. on chromosome
14q22-24 (HSPA2 according to ref. 45), are not yet
further characterized. A gene possibly orthologous
to the hsp70 gene on chromosome 14q has been
described in cattle (HSP70-3 on bovine chromosome
10)%.

2) Southern blot analysis. On the basis of hsp70-cross-
hybridizing fragments the existence of at least 10
genes or pseudogenes has been postulated in man>*.
In the rat 25 to 30 hsp70-like sequences were detected
with a Hsp70-1 probe®’. Similar analyses with an
Hsc70 probe identified about 25 cross-hybridizing
fragments in the rat®. The interpretation of these
data is highly dependent upon the stringency condi-
tions applied.

3) Screening of a library. In the rat at least 20 different
hsp70 clones were isolated from a genomic library
with a Hsp70-1 probe®?, and 24 independent clones
were obtained from a genomic library with a Hsc70
probe, a large fraction of them being processed
pseudogenes®®.

In pig a hsp70 gene in addition to the Mhc-linked hsp70

genes has been mapped to chromosome 14q by fluores-

cent in situ hybridization>®.

Evolutionary aspects of hsp70 genes

The hsp70 coding sequences have been highly conserved
during evolution®?**'. Homologs can be traced back
to bacteria (dnaK)?*'. The degree of sequence similarity
between the different members of the hsp70 family of
vertebrates is shown in figure 2 and table 2 for the
hsp70 genes of man. Interspecies comparisons of de-
duced amino acid sequences are summarized in figures 3
to 6 and tables 3 to 5 for hsp70 family genes, for which
sequences of the orthologous genes or genes of the same
type (hsc70, grp78) are known in more than two spe-
cies. The high degree of sequence conservation extends
also to hsp70 genes of trout®, chicken®® and Xenopus?,
for which only limited data are available.

Sequence similarity is higher in the N-terminal domain
than in the C-terminal part, being least in the final
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10 kDa region of the hsp70 molecule®”®. Sequence sim-
ilarity between the various members of the hsp70 family
in a given species (fig. 2) is less than found for or-
thologous or putative orthologous genes at the interspe-
cies level (figs 3-6).

The extent of sequence conservation of the coding re-
gion is similar at the amino acid and nucleotide levels.
This implies that there is a constraint on 3rd position
diversity of codons®'. It has also been noted that codon
usage in hsp70 genes is biased**.

Screening for polymorphisms of given hsp70 genes
confirms the high degree of sequence conservation. Only
few exchanges and RFLP are found in the Mhc-linked
hsp70 genes, which have been studied most intensively
in this respect®®-54°%,

Conservation of the hsp70 family is also observed at the
level of chromosomal organization, since similar synteny
groups are found in various species. The best studied
group are the Mhe-linked hsp70 genes (fig. 1).

The occurrence of three genes of the hsp70 multigene
family in the class III region of the Mhc between the
genes for complement component C2 and cytokine
TNF« has been reported for man, rat and mouse.
In the goat at least one hsp70 gene has been localized
into this region’. In pig three closely linked hsp70
genes map to the Mhc on chromosome 7 (ref. 56),
and in cattle at least two hsp70 genes have been iden-
tified on the Mhc-bearing chromosome 23 (vef. 22).
In the frog, two to three hsp70 genes are linked to
the Mhc®®. Thus the presence of hsp70 genes inside
the Mhc is detectable in various species belonging to
different classes of animals — mammals and amphibia,
which diverged about 350 million years ago. The three
hsp70 genes in the Mhe have arisen by gene duplica-
tions, which in the case of man and rat had pre-
sumably occurred before the separation of primates
and rodents about 70 million years ago™. Two of the
genes, HSP70-1 and HSP70-2, are identical at the
protein level in man* and rat”, indicating the occur-
rence of gene homogenization events in both species or
their progenitors. Interestingly, the orientation of the
Mhe-linked testis-specific gene is opposite to the neigh-
boring, ubiquitously expressed and heat-inducible
hsp70 genes.

From the amino acid sequence of the hsc70 pep-
tide-binding domain a three dimensional structure has
been constructed, which is similar to the peptide-
binding groove of Mhc class 1 molecules'®-**. This rela-
tionship gave rise to the hypothesis that the peptide-
binding domain of class I Mhc molecules is derived
phylogenetically from hsp70 genes (for discussion see
16).

It remains to be established whether the presence of
hsp70 genes inside the Mhc indeed reflects common
descent, is conserved because of functional interaction
or represents a ‘frozen’ accident of evolution.
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A further example of two closely linked hsp70 genes are
HSPA6 and HSPA7 in man®®, which most likely arose
by tandem gene duplication or translocation of tandem
genes. An orthologous cluster appears to be present in
cattle®?.

A characteristic of the hsc70 subfamily is the occurrence
of many processed pseudogenes. It is assumed that
transcripts expressed during early embryonic develop-
ment are, in rare cases, reverse-transcribed and inte-
grated into the genome. Processed pseudogenes have
also been described for grp78, but not for heat-inducible
hsp70 genes.

In poikilothermic species variability of the expression of
heat-inducible hsp70 genes has been observed, which
could reflect natural selection processes. In various
lizard species the degree of activation of hsp70 genes
appears to be related to the environment”. In certain
species of desert fishes (Poeciliopsis) different isoforms
of heat-inducible hsp70 protein can be detected by two-
dimensional analysis®. This diversity appears to be due
to different genes and not to modifications of the gene
products.

A comparison of hsp70 protein sequences by Gupta et
al.** has led to the detection of characteristic sequence
‘signatures’ in the hsp70 multigene family. Thus, all
conventional hsp70 proteins contain a GIDLGT-
TYSCV-like sequence in the beginning of the coding
part. Particular motifs distinguish the cytosolic hsp70
from the ER-resident hsp70, which are supposed to
have arisen by gene duplication early during evolution
of eukaryotic cells*. Recently genes have been isolated
(PBP74, HSP70RY, STCH), which are homologous to
hsp70, but contain or lack certain sequences and present
characteristics uncommon for the so far known hsp70
genes of vertebrates. One could speculate that further,
‘new’ members or subfamilies of the hsp70 multigene
family might exist.

Note added in proof

Two publications have appeared since submission of the
review, which add information to HSP70RY and
Hsp70.2|HSPAZ.

1) Dyer, K. D., and Rosenberg H. F., HSP70RY: Fur-
ther characterization of a novel member of the hsp70
protein family. Biochem. biophys. Res. Commun. 203
(1994) 577-581.

The expression of the HSP70RY gene in several human
cell lines and the existence of a homologous gene in the
mouse are shown.

2) Bonnycastle, L. L. C., Yu, C-E., Hunt, C. R.,
Trask, B. J., Clancy, K. P., Weber, J. L., Patterson, D.,
and Schellenberg G. D., Cloning, sequencing, and map-
ping of the human chromosome 14 heat shock protein
gene (HSPA2). Genomics 23 (1994) 85-93.
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The sequence of an intronless human hsp70 gene (acces-
sion number L26336) is reported, which is constitutively
expressed in most tissues, particularly in the testis, maps
to chromosome 14q24.1 and shows strong sequence
similarity (98% at the amino acid level) to the mouse
Hsp70.2 and rat Hst70 genes. It is interpreted to be the
human homolog of these genes and to correspond to the
hsp70 gene identified previously on chromosome 14
(HSPA2, refs. 27, 45). The expression pattern of the
mouse Hsp70.2 gene is reported to be not restricted to
testis as assumed before (see ref. 84).
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