Reviews Experientia 48 (1992), Birkhéduser Verlag, CH-4010 Basel/Switzerland 629

106 Zimmerman, J. L., Petri, W,, and Meselson, M., Accumulation of a
specific subset of D. melanogaster heat shock mRNAs in normal
development without heat shock. Cell 32 (1983) 1161-1170.

103 Yost, H. J., and Lindquist, S., Translation of unspliced transcripts
after heat shock. Science 242 (1988) 1544-1548.

104 Yost, H. J., Petersen, R. B., and Lindquist, S., Posttranscriptional
regulation of heat shock protein synthesis in Drosophila, in: Stress
Proteins in Biology and Medicine, pp.379-409. Eds
R. I Morimoto, A. Tissiéres and G. Georgopoulos. Cold Spring
Harbor Laboratory Press 1990.

105 Zimarino, V., and Wu, C., Induction of sequence specific binding of
Drosophila heat shock activator protein without protein synthesis.
Nature 327 (1987) 727-730.

0014-4754/92/070623-07$1.50 + 0.20/0
© Birkhduser Verlag Basel, 1992

Mammalian heat shock protein families. Expression and functions

C. Burel, V. Mezger, M. Pinto, M. Rallu, S. Trigon and M. Morange

Groupe de Biologie Moléculaire du Stress, Département de Biologie, Ecole Normale Supérieure, 46 rue d'Ulm, F-75230
Paris Cedex 05 (France)

Abstract. When prokaryotic or eukaryotic cells are submitted to a transient rise in temperature or to other proteotoxic
treatments, the synthesis of a set of proteins called the heat shock proteins (hsp) is induced. The structure of these
proteins has been highly conserved during evolution.

The signal leading to the transcriptional activation of the corresponding genes is the accumulation of denatured
and/or aggregated proteins inside the cells after stressful treatment. The expression of a subset of hsp is also induced

during early embryogenesis and many differentiation processes.

Two different functions have been ascribed to hsp:

— amolecular chaperone function: chaperones mediate the folding, assembly or translocation across the intracellular

membranes of other polypeptides, and

- arole in protein degradation: some of the essential components of the cytoplasmic ubiquitin-dependent degrada-

tive pathway are hsp.

These functions of hsp are essential in every living cell. They are required for repairing the damage resulting from

stress.
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Introduction

The first contribution of this volume has already dealt
with the discovery and general description of the cellular
heat shock response in Drosophila. Two books*® 1 and
a recent meeting review >° give up-to-date information én
heat shock proteins (hsp) and heat shock gene expres-
sion.

The following contribution will focus on the heat shock
response in mammalian, mainly mouse cells. Qur aim is
to draw attention to the following, less well-known
points:

— Heat shock protein synthesis is only one phase of a
general adaptive response towards heat shock and simi-
lar stresses.

— Heat shock proteins are members of large families of
proteins which have similar functions, but different ex-
pressions:

~ Heat shock protein synthesis can be regulated in a
specific way, independently of any stress treatment, in
different physiological conditions, for instance during
gametogenesis or early development.

— Heat shock proteins and related proteins fulfil essen-
tial functions in the normal cell.

— The same functions are required in stressed cells.

The mammalian heat shock response

When a mouse cell is submitted to proteotoxic treat-
ments, such as a transient rise in temperature (transition
from 37 °C to 42-43°C for 15min), or to chemical
stresses such as addition of sodium arsenite, ethanol,
heavy metals or amino acid analogs, it is possible to
distinguish three successive phases in the cellular re-
sponse to these aggressive treatments:

— The first phase, immediately following the beginning
of the stress treatment, corresponds to an alteration
phase. There is a general decrease in gene transcription
and mRNA translation. There are also changes in cell
morphology and modifications of chromatin and of the
cytoskeleton. Some enzymatic activities are decreased or
lost, probably due to the denaturation of the correspond-
ing proteins by the stress treatment. However, other en-
zymes, such as some protein kinases, are activated during
this first phase. The activation of these protein kinases
does not require protein synthesis. These protein kinases
might fulfil an adaptive function. For instance, activa-
tion of eiF2 kinase might be partly responsible for the
decrease in protein synthesis observed after stress 1*. This
decrease would prevent the synthesis of incorrectly
folded proteins during stress treatment. Recently an-
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other protein kinase activated by heat shock and other
stresses has been characterized by Vincent Legagneux 3°.
This kinase is able to phosphorylate a peptidic motif
which is highly repeated in the C-terminal part of the
largest subunit of RNA polymerase II. In fact, the phos-
phorylation state of RNA polymerase II increases during
heat treatment '7. Since the extent of phosphorylation of
RNA polymerase changes during the different phases of
gene transcription, the hyperphosphorylation of RNA
polymerase might participate in the modification of
transcription observed during the heat treatment.

~ In the second phase, the stress treatment leads to the
transcriptional activation of the so-called heat shock
genes. The mRNAs coding for hsp are preferentially
translated, which leads to the accumulation of hsp inside
the cells.

— In the third phase, the recovery phase, gene transcrip-
tion and mRNA translation return to their normal level.
The cell recovers a normal morphology, and enzymatic
activities which were either decreased or increased during
the first phase of the heat treatment return to their initial
values.

This general description shows that the synthesis of hsp
is only a part of a general adaptive response toward
stresses. The timing of their synthesis suggests that they
play a role in the repair of cell damage resulting from the
heat treatment.

Description of mammalian heat shock proteins

In mouse cells, as shown by 1-dimensional or 2-dimen-
sional gel electrophoresis, the major hsp are*'*:
— one protein of 110 kDa,
— two proteins of 90 kDa, called hsp 86 and hsp84, and
— two proteins of about 70 kDa, called hsp68 and
hsp70.
— one protein of 60 kDa.
To these major proteins, one must add a 27-kDa hsp,
homologous to the low mol. wt Drosophila hsp, not
detectable with 3°>S methionine labeling. This hsp is
structurally related to the o—crystallins of the lens. aB-
crystallin itself is an hsp *3. A 47-kDa hsp, located in the
endoplasmic reticulum and having an affinity for
collagen, has been described *3. There is also a 8-kDa hsp
involved in protein degradation, ubiquitin (see section
on ‘Heat shock protein functions in the normal cell’ be-
low), and other minor hsp less easily detectable by
PAGE. .
Among the hsp, some are induced during the heat treat-
ment and are undetectable in the normal unstressed cells:
such is the case for hsp68 and hsp110. Others are already
synthesized at a constitutive high level before the heat
treatment and their synthesis is only increased after the
stress: such is the case with the 60-kDa hsp, the 70-kDa
hsp (also called hsc70 [c for cognate] or hsp73), by differ-
ent authors and in other organisms or proteins of the
90-kDa family.
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Some of the hsp have been highly conserved during evo-
lution: mouse hsp60 is homologous to the major
prokaryotic hsp, GroEL (also called hsp65 in most
prokaryotic organisms) whereas hsp68 and hsp70° are
homologous to the DnaK protein of E. coli.
The mammalian hsps can be gathered into families. The
two major families are the 70-kDa and 90-kDa families.
The 70-kDa family contains many different genes, coding
for different proteins expressed under different condi-
tions and in different cell compartments. For instance, in
mouse cells, the presently known members are: |
— hsp68, the major heat inducible hsp, and

— hsp70 or hsc70 which is constitutively expressed and
only slightly increased by stress.

There are also two other proteins not induced by the heat
treatment:

— P75 (or mthsp70), which is found inside the mitochon-
drial matrix 32 (whereas the two preceding proteins are
cytoplasmic and nuclear), and

— Grp78 or BiP, located in the lumen of the endoplasmic
reticulum. The synthesis of this protein is induced by a
decrease in glucose concentration in the cell culture medi-
um or by the addition of Ca™ *47.

The number of genes coding for these different proteins
is presently unknown, but probably high. For hsp68
more than 5 genes have been described, two of them
coding for specific forms of hsp68 expressed only during
gametogenesis "% 71,

Regulation of heat shock protein gene expression

The transcriptional activation of the heat shock genes is
correlated in eukaryotes with the presence in their pro-
moters of one or several consensus sequences, which have
been called hse for heat shock elements. These sequences
are contiguous arrays of the 5-bp sequence nGAAm ar-
ranged in alternating orientations ®°. On these sequences,
factors called hsf for heat shock factors bind during and
after the heat treatment. These factors preexist in the cell
in an inactive form before the heat treatment. The stress
leads to the accumulation of denatured, abnormal
proteins within the cytoplasm. The formation of these
denatured proteins is the signal responsible for the acti-
vation of hsf by a yet unknown mechanism.

The deactivation of hsf is also not yet understood. Hsp
probably play a major role in the switching-off of the
heat shock response and in the arrest of hsp gene tran-
scription 16 6%

As previously seen in Drosophila, the expression of some
members of the hsp family can be regulated independent-
ly of the overall heat shock response. In mammalian
organisms, a very specific expression of hsp is observed
during gametogenesis?” 7% 7! and, as studied in our own
laboratory, during early mouse embryogenesis:

1) The first proteins synthesized after fertilization by
transcription of the zygotic genome are two hsp, hsp63
and hsp702. The meaning of this early expression re-
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mains unknown. It is not clear whether the genes in-
volved in this early expression are the previously de-
scribed heat-inducible genes, or other genes specific for a
particular developmental stage.

2) At later stages of development, the 8-cell or blastocyst
stage, a very high level of synthesis of the constitutively
expressed hsps, hsp86, hsp84, hsc70 and hsp60 is ob-
served *°,

The same high level of synthesis of these constitutive hsp
is seen in embryonal carcinoma EC cells, stem cells
derived from tumors (teratocarcinoma), which have
many biochemical properties in common with early em-
bryonic cells. These cells allow a biochemical approach
to the regulatory mechanisms underlying this very
specific expression. We have shown that in EC cells at
least two different mechanisms lead to the overexpres-
sion of hsc70 and hsp86:

— the increase in hsc70 level results mainly from the sta-
bilization of its mRNA 3% and

— for hsp86 the high level of expression is due to a high
level of transcription of the corresponding gene, as
shown by run-on experiments 3%.

Interestingly, a high level of spontaneously active hsf is
found in unstressed EC cells** and in the mouse embryo
at the blastocyst stage.

The characteristics of hsp gene expression during early
mouse embryogenesis are summarized in the figure. As
shown, modifications in the hsp inducibility are also ob-
served at these early developmental stages.
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Characteristics of hsp expression during mouse preimplantation develop-
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Heat shock protein functions in the normal cell

Two functions have been assigned to hsp:

— a chaperone function, and

- a role in protein degradation.

The best-characterized hsp at the functional level is
certainly the GroEL protein from E. coli. This protein
works in association with GroES, another polypeptide
encoded in the same operon, and uses ATP as an energy
source. GroEL is formed of two stacked rings of seven
subunits of 6065 kDa mol.wt. GroES is a seven subunit
ring (7 x 10 kDa mol. wt). Gro EL is homologous to the
ribulose bisphosphate carboxylase monooxygenase (Ru-
bisco) binding protein, present inside the chloroplast and
required for the correct assembly of nuclear and cyto-
plasmic subunits of Rubisco 28,

By the work of Bochkareva and colleagues*, GroEL was
shown to be loosely associated with nascent proteins.
GroEL maintains these proteins in a partially unfolded
conformation probably similar to the previously de-
scribed molten globule structure 342, an unfolded con-
formation with native-like secondary structures.

By using different forms of Rubisco as folding substrates,
the role of the GroEL-GroES complex has been clari-
fied 2% 2. It does not drive the folding of proteins but it
increases its efficiency by preventing aggregation of
nascent, unfolded polypeptides. Different studies with
B-lactamase 3 or citrate synthase® have confirmed this
folding function of the GroEL-GroES complex. It also
participates in the assembly of macromolecular struc-
tures. It facilitates the transfer of proteins across the
intracellular membranes by maintaining them in a con-
formation competent for translocation. To designate
these different functions, John Ellis and Sean Hem-
mingsen have chosen the word chaperone, because
proteins such as GroEL-GroES perform at the biochem-
ical level the same function as chaperones used to per-
form in human societies not so long ago: they “prevent
improper interactions between potentially complemen-
tary surfaces and ...disrupt any improper liaisons that
may occur” '°. James E. Rothman has suggested calling
these proteins PCB for Polypeptide Chain Binding
proteins ®*. The word chaperonin is specifically used for
the GroEL-GroES complex (also called cpn60 and
cpnl0).

In a eukaryotic cell, it is possible to attribute a specific
chaperone function in the different cell compartments to
different proteins of the hsp family. Nascent proteins
interact with hsc70 inside the cytoplasm . This allows a
correct folding of these nascent polypeptides and facili-
tates the transfer of the proteins to other organelles,
endoplasmic reticulum or mitochondria ™15, Heat
shock cognate 70 has a weak ATPase activity necessary
for its release from the bound polypeptide. An autophos-
phorylating activity also seems to be associated with the
members of the HSP70 family. The ATP-binding domain
of HSC70 has been crystallized and shown to be similar



632 Experientia 48 (1992), Birkhauser Verlag, CH-4010 Basel/Switzerland

to actin?!. The peptide binding domain shows some se-
quence homology with the Human Leukocyte Antigen
(class I)®!. Heat shock cognate 70 does not bind to a
specific sequence 22, but probably has a higher affinity
for hydrophobic aliphatic residues (as shown recently
for BiP)?3. Newly transferred proteins are chaperoned
by Grp78 (BiP) inside the endoplasmic reticulum*’
or hsp60 inside the mitochondrial matrix ** >3 (in associa-
tion with a recently characterized protein homologous
to GroES). Another protein of the HSP family,
mtHSP70, is required for the translocation of proteins
inside this organelle: it binds to proteins as they are
translocated, prevents their premature refolding and
transfers them to hsp60 on which they will finally
fold 32:65,

The second well-described function of hsp is their partic-
ipation in protein degradation in prokaryotes as well as
in eukaryotes. In E. coli one of the major proteases, La,
is an hsp. In eukaryotes hsp are major components of
one of the best-characterized cytoplasmic degradative
pathways, the ubiquitin pathway 2 *°. Ubiquitin is acti-
vated and bound by isopeptidic bonds to the proteins
which are to be degraded. Formation of multiubiquitin
branched chains® is a signal recognized by a multicata-
lytic, high mol. wt protease2® 43, Ubiquitin itself> and
two of the E2 enzymes responsible for conjugation of
ubiquitin are hsp ¢7. Hsc70 might also facilitate the trans-
fer of proteins through the lysosomal membrane and
therefore participate in the lysosomal degradative path-
way 10. The ubiquitin and the lysosomal pathways are
not totally distinct since ubiquitinated proteins accumu-
late inside the lysosomes when the lysosomal proteases
are inhibited 37.

The functions of the other major hsp remain more ob-
scure. They probably have more specific chaperone func-
tions. Proteins of the hsp90 family bind to steroid recep-
tors " %¢ (in conjunction with hsc70 and another hsp,
hsp356) and to the protein kinases encoded by oncogenic
retroviruses °2. These interactions are necessary for the
activation of the steroid receptor > and for the correct
insertion of the oncogenic protein kinases into the plas-
ma membrane. Heat shock protein 90 also binds to
actin 3* in a calcium-calmodulin dependent way >® and to
tubulin °* and might be implicated in the transport of
proteins inside the cell.

A lot is known about the structure and modification by
protein phosphorylation of the low mol. wt hsp*®. Ex-
periments of J. Landry have very clearly demonstrated
the role of this protein in the thermoresistance of mam-
malian cells*®, but its biochemical function remains to-
tally unknown.

The functions of the 110 kDa and of the newly-discov-
ered 56 kDa HSP associated with the steroid recep-
tores 8% 63 are unknown. A homolog of the bacterial hsp
DnalJ (which works in E. coli in association with DnaK)
has recently been found in yeasts and probably also exists
in higher eukaryotes®.

Reviews
Heat shock protein functions in the stressed cell

These proteins have been recruited and the genes coding
for them have been placed under the control of the same
regulatory sequences because these proteins are perform-
ing functions which are essential during and after heat
and stress treatment. Since the effects of stress treatments
are not similar in cells from different organisms, the
number and nature of hsp is not identical from organism
to organism: for instance, in yeasts but not in other
organisms, for as yet unknown metabolic reasons, three
enzymes of the glycolytic pathway have been recruited as
hsp 31:4%- 58 However, in all organisms so far tested, the
degradative and chaperone functions of hsp appear to be
essential after heat treatment:

— As suggested as early as 1984 by Hugh Pelham in
his study of the modifications of nucleoli and preribo-
somes after heat shock 3+ 33, the 70-kDa chaperone hsp
are able to disaggregate and renature proteins which
have been inactivated and denatured during the heat
treatment.

— Enzymes of the ubiquitin pathway appear to specialize
in the recognition and degradation of misfolded, abnor-
mal proteins 12,

Recent experiments in E. coli have confirmed in vivo and
in vitro the disaggregating and refolding capacities of the
chaperone hsp 2+ ®®. Experiments suggesting the same
function for hsp in higher eukaryotic cells are less direct.
Experiments performed with mouse transfected fibro-
blasts, expressing in a stable way reporter enzymes f-
galactosidase and luciferase, have shown that the simple
vision of proteins directly unfolded by heat and becom-
ing targets for the ubiquitin pathway is naive and does
not correctly reflect what happens inside a stressed
cell 184957 The major event taking place during the
stress is an insolubilzation of the partially denatured
proteins. This insolubilization is not always associated
with the enzymatic inactivation. The insolubilized
proteins are not degraded. They can resolubilize after the
end of the stress treatment even in the absence of protein
synthesis. Constitutively expressed hsp (in particular
hsc70) are co-insolubilized with the denatured proteins.
These experiments suggest that, inside the aggregates of
denatured proteins, hsp play a major role in protein res-
olubilization, but the experimental proof of their involve-
ment and the exact nature of the hsp involved in this
process remains to be discovered by in vivo and in vitro
experiments. It remains also to be determined at what
time-point the cell ‘takes the decision’ to renature or to
degrade an insotubilized protein.

Conclusion

Heat shock proteins have recently been the subject of
interest of many different groups coming from different
disciplines:

— On the one side, evidence for the role of hsp in
polypeptide folding has stimulated a lot of physicochem-
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ical studies. Many of these are already in progress, so
that our fundamental knowledge about protein confor-
mation and protein folding will probably increase very
rapidly.

— On the other side, hsp appear to be involved in many
different physiological processes, embryogenesis, patho-
genesis and even ageing. Progress in the understanding of
their roles in these complex phenomena is the area where
the frontiers of our knowledge will be pushed forward in
the future.

Note added in proof:

Since this paper was written, a review by Gething and Sambrook * and
two papers have brought new information on the chaperone function of
hsp:

- ’Pi“he existence of a new cytoplasmic chaperonin has been suggested in
eukaryotes (Trent et al.?).

— It has been shown that DnaK, DnaJ and GroEL act successively in the
protein folding pathway (Langer et al.)®.

* Gething, M. J.,, and Sambrook, J, Protein folding in the cell. Nature 355
(1992) 33-45.

® Trent, J. D., Nimmesgern, E., Wall, J. S., Hartl, F U., and Horwich,
A. L., A molecular chaperone from a thermopbhilic archaebacterium is
related to the eukaryotic protein t-complex polypeptide-1. Nature 354
(1991) 490493,

¢ Langer, T, Lu, C., Echols, H., Flanagan, J., Hayer, M. K., and Hart],
F. U., Successive action of DnAK, DnaJ and GroEL along the pathway
of chaperone-mediated protein folding. Nature 356 (1992) 6383 —689.
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