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BiP (GRP78), an essential hsp70 resident protein in the endoplasmic reticulum

Dedicated to Marcel Marceau alias Monsieur Bip

1. G. Haas

Institut fiir Biochemie der Universitit Heidelberg, Im Neuenheimer Feld 328, D-69120 Heidelberg (Germany)

Abstract. BiP is a constitutively-expressed resident protein of the endoplasmic reticulum (ER) of all eucaryotic
cells, and belongs to the highly conserved hsp70 protein family. In the ER, BiP is involved in polypeptide
translocation, protein folding and presumably protein degradation as well. These functions are essential to cell
viability, as has been shown for yeast. In this review, I will summarize the structural features of hsp70 proteins and
focus on those experiments which revealed the biological function of BiP.
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Introduction

The immunoglobulin (Ig) heavy (H) chain Binding
Protein (BiP), a soluble ER-component, was the first
member of the hsp70 multigene family that was initially
identified on the basis of its specific interaction with a
known ligand®-3%»%, This finding provided a long-
sought example for a physiological activity of this
highly conserved group of ancient proteins, and cop-
tributed to the development of the concept of ‘molecu-
lar chaperones’®2'. These proteins, many of which
belong to different HSP classes, are involved in the
process of in vivo protein folding (for a detailed review,
see ref. 36). BiP is encoded by a single copy gene in
mouse and rat® and is identical with the glucose regu-
lated protein GRP78 (refs 31, 64). Glucose-regulated
proteins exhibit elevated expression levels when cells are
starved of glucose (for review on GRPs, see ref. 46). As
discussed below, underglycosylation of polypeptides,
and a variety of other stress conditions, increase the
number of potential BiP ligands and therefore decrease
the pool of free BiP.in the ER. Since BiP has an
essential function in yeast’7, a low expression level of
BiP and of other GRPs may cause severc damage to the
ER3%. To overcome this problem, eukaryotic cells pos-
sess a feed-back regulation mechanism that controls the
expression level of BiP to the amount actually required
by the cells*.

By a co- or post-translational event, proteins destined
for export or for location at a particular site along the
secretory pathway are translocated into the ER-lumen.
In this particular environment, BiP appears to be func-
tionally involved in multiple processes (schematically
summarized in fig. 1). First of all, BiP seems to pattici-
pate in the process of ER-translocation of nascent
polypeptides in yeast®****> and possibly in mammalian
cells as well”. Furthermore, BiP is involved in processes
of polypeptide chain folding and assembly in the

ER?-3%7 in which it may be part of a quality control
system'”?%, Recent data suggest that BiP piays a role in
ER-degradation of polypeptide chains that do not reach
a mature conformation (see ref. 43a). All the different
functions might be founded on a unique property of
BiP, an ability to bond polypeptide chains as long as
they exhibit unfolded stretches. The exact mode of BiP
action however, is not yet understood.

The structure of hsp70 proteins

BiP of a given species (e.g. rat BiP) has more in com-
mon with its homologues from different species (e.g.
hamster BiP: 98% sequence identity) than with other
members of the hsp70 protein family expressed in the
same organism (e.g. rat hsp73: 62% identity). Amino
acid sequence comparison of 34 hsp70 proteins from 17
species revealed that BiP genes share a common ances-
tor, which diverged from other hsp70 genes near the
time when eukaryotes first appeared’’. However, all
members of the highly conserved hsp70 protein family
(with one exception so far; see below) exhibit similar
properties.

Characteristically, hsp70 proteins bind ATP and possess
ATPase activity”-'>%+%, The ATPase activity of hsp70
proteins is stimulated in vitro by bound peptides which
mimic protein binding?*. Thus, BiP and other hsp70
proteins possess both a substrate recognition site and an
ATPase activity. First insights into the structural basis
of these properties came from Rothman’s group, which
identified the clathrin uncoating ATPase as an hsp70
protein cognate (hsc71)". A 44K N-terminal fragment
obtained by proteolytic cleavage of the hsc71 protein
was devoid of clathrin binding but had retained the
ATPase activity, indicating a segregation of the two
functions into separate domains'?. The amino—terminal
44K fragment was cristallized and the three-dimensional
structure described solved down to a resolution of 2.2 A
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Figure. Model of the multiple functions of BiP in the ER-lumen.
Translocation: In its inactive form, BiP is an ADP-ribosylated and
phosphorylated dimer. In contrast, the active form is an un-
modified monomer. In yeast, translocating polypeptides have been
reported to bind to the transmembrane protein Sec61p and to BiP.
Other proteins such as Sec62p and Sec63p participate in the
translocation process whereby, through its ‘J-region’, Sec63p may
directly interact with BiP. This could specifically position soluble
BiP molecules at the ER-iranslocation sites.

Folding or degradation: BiP interacts in a transient fashion with
folding polypeptide chains, whereby the chain can undergo post-
translational modifications such as N-linked glycosylation or
disulfide bond formation. When folding cannot be achieved,
polypeptides remain bound to BiP until they are degraded.
Assembly: In the formation of antibody molecules, BiP binding to
Ig H chains serves to ensure the controlled assembly of H and L
chains. H chains are only released from BiP when association with
L chains is possible. More details on each of the items are given
in the text.

in David McKay’s group. The ATPase domain consists
of two lobes (I and II) of approximately equal size
which are separated by a deep cleft with the ATP-bind-
ing site at the bottom of the cleft. Each of the two lobes
can be subdivided into two topological domains (IA,
1B, IIA, IIB)*. It was surprising to find a structural
similarity between this ATPase domain and two func-
tionally unrelated proteins, hexokinase?? and actin®.
From the superposition of the crystal structures and
from the alignment of the many known homologous
sequences in each of the families, a pattern consisting
of five motifs involved in ATP binding and in a puta-
tive interdomain hinge was derived. Furthermore, a
sequence data base search revealed that this pattern
occurred in other proteins as well, such as procaryotic
cell cycle proteins and sugar kinases, indicating a com-
mon evolutionary origin®.
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A novel microsome-associated member of the hsp70
protein family was recently isolated from a human
¢DNA library™. The single open reading frame encodes
a protein of 471 amino acids, designated stress chaper-
one (STCH) that contains a putative signal peptide and
has 33% identity (and 44% homology) with the amino
acid sequence of both human BiP and human hsp70
protein. The conserved regions localize primarily to the
five ATPase consensus motifs. Surprisingly, STCH lacks
the carboxy-terminal portion and seems to consist of a
‘core ATPase’ only. In comparison with the usual hsp70
structure, the sequence is truncated just downstream of
the last ATPase consensus motif. Consistent with the
lack of a portion that bears the putative peptide binding
domain of hsp70 proteins, the ATPase activity of STCH
is not enhanced in the presence of peptides. STCH
contains an unusual stretch of 50 amino acids within the
ATPase domain, the biological significance of which is
unknown. Features resembling BiP include its constitu-
tive expression and intracellular distribution as well as
its mRNA induction following cell incubation with the
calcium ionophore A2318774,

The peptide binding activity of all other hsp70 proteins
is most probably associated with their carboxy-terminal
portions. It is this region which exhibits the great-
est sequence divergence amongst the different hsp70
proteins, which are located in different subceltular com-
partments and are expressed either in a constitutive
fashion or under a variety of different stress conditions
(for review, see ref. 55). Variations in the peptide binding
site. might therefore reflect that the different hsp70
proteins interact with distinct subsets of polypeptide
chains. This notion correlates with the finding that BiP
and a cytosolic hsp70 protein exhibit different peptide
binding affinites in vitro**. Competition experiments
performed by Gaut and Hendershot demonstrated that
such peptides can block the binding of BiP to Ig H chains
which is consistent with the hypothesis that the peptides
interact with the protein binding site?”. A consensus
secondary structure of the putative peptide binding site
was deduced from the alignment of the carboxy-terminal
sequences of 33 hsp70 proteins””. Interestingly, this
structure could be superimposed on the secondary struc-
ture of the peptide binding domain of a major histocom-
patibility antigen (MHC) class I molecule”. In line with
this model are the in vitro data on BiP-peptide interac-
tion, showing that the minimal length of an artificial
peptide for it to be efficiently bound by BiP comprises
7-8 amino acids®. In contrast to the physiological
situation with MHC class I molecules, however, the
peptide stretches that bind to hsp70 molecules are em-
bedded inside a long polypeptide chain, so that free N-
and C-termini are not available for hydrogen-bonding to
residues of the peptide binding cleft. This reasoning led
Gething and coworkers to suggest that the peptide
binding domain of hsp70 proteins might more closely
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resemble MHC class II molecules®’. A more detailed
discussion on the peptide binding site model is given in
the introductory chapter of this Multi-author Review.
BiP is a soluble protein and represents a major luminal
component of the ER. Similarly to other soluble ER-
residents, such as GRP94 or protein disulfide isomerase
(PDI), BiP possesses a defined carboxy-terminal te-
trapeptide (KDEL in mammalian cells}®. Proteins that
contain this carboxy-terminal signal are retrieved from
post-ER compartments via the interaction with a spe-
cific receptor®®>'. To what extent this retrieval mecha-
nism is important with respect to BiP function remains
to be elucidated. STCH lacks such a signal™.

In vitro studies

BiP’s ATPase and autophosphorylation activities

Owing to its ATPase function, it is possible to specifi-
cally dissociate a complex composed of BiP and a
ligand in the presence of ATP, but not of non-hy-
drolysable ATP-analogs®. The ATPase activity of BiP
requires magnesium as the divalent ion, and is inhibited
by calcium®. On the basis of the three-dimensional
structure of hsc71 and its similarity to actin, it was
possible to predict which residues would be important
for nucleotide interaction®2. In fact, Gaut and Hender-
shot identified key residues in the ATP binding cleft
that are involved in the in vitro ATP-release of proteins
by BiP. The analysis of recombinant BiP molecules that
carried specific mutations revealed that the mutant
proteins were still able to bind ATP as well as im-
munoglobulin heavy (Ig H) chains but were not capable
of releasing bound H chains in the presence of
MgATP?. These results strongly suggest that the BiP
residues corresponding to Thr-13, Glu-175, and Thr-204
in hsc71 do play an essential role in ATP hydrolysis.
Moreover, it is the ATPase activity that drives the
release of bound proteins, which suggests that the ATP-
ase domain transfers information to the peptide binding
domain of the hsp70 protein molecule. On the other
hand, peptide interaction with the carboxy-terminal
binding domain also modulates the ATPase activity of
BiP. It was already postulated by Pelham®* " that hsp70
proteins undergo conformational changes depending on
the presence of adenine nucleotides. This was confirmed
by protease susceptibility experiments performed by
Kassenbrock and Kelly*. The demonstration of a
protein-mediated ATP transport into isolated rough ER
vesicles provided the first evidence for an in vivo rele-
vance of BiP’s ATPase activity'.

BiP has recently been reported to possess autophospho-
rylating activity as was also shown for three other
members of the hsp70 protein family**“%. Interestingly,
the cation dependence for the autophosphorylation of
BiP is exactly the opposite to that reported for BiP’s
ATPase activity. In vitro phosphorylation is stimulated
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in the presence of calcium and inhibited by magnesium®.
The in vitro phosphorylation site of BiP has been
mapped to the threonine residue (Thr-229)%¢ which
corresponds in its relative position to the threonine
residue (Thr-199) known to be the autophbsphorylation
site in the bacterial hsp70, DnaK*°. However, this site is
not used when BiP is phosphorylated in vivo®.

BiP as peptide binding protein

The nature of peptide binding to hsp70 proteins is not
yet understood. Particularly, it remains puzzling how
chaperones discriminate unfolded or incompletely
folded polypeptides from the native structure with
which they no longer interact. In order to prevent
aggregation reactions, chaperones might bind to hydro-
phobic stretches of unfolded or incompletely folded
polypeptides that are buried inside when the protein is
correctly folded. Peptides bound to hsp70 proteins seem
to exhibit a linear conformation, as demonstrated by
MNMR spectroscopy*®. No specific amino acid sequence
seems to be involved in substrate recognition, as was
shown by the analysis of BiP interaction with a set of
random peptides. Instead, binding seems to correlate
with the content and the accessibility of hydrophobic
residues®®. An elegant approach to investigatihg the
peptide binding specificity of BiP has been chosen by
the group of Mary-Jane Gething. They screen a bacte-
riophage library displaying random octa- or dodecapep-
tide sequences as the N-terminus of the adsorption
protein for high affinity binding to BiP. The peptides
scored in this way contain a subset of aromatic and
hydrophobic residues in alternating positions. The au-
thors proposed a scoring system to predict BiP binding
sequences in naturally occuring polypeptides”. The con-
clusions drawn from these data are based on the as-
sumption that the ‘best’ peptide is the one which binds
BiP with the highest affinity. This might, however, not
necessarily apply to the physiological function of the
hsp70 protein which exerts its function in a particular
micro-environment. It is therefore important to keep in
mind that hydrophilic peptides were also bound by BiP,
although with low affinity (ref. 23). In this context, in
vivo studies on ER-degradation of Ig L chains are of
interest*®™ Two particular L chains that exhibit different
half lives were found to be quantitatively associated
with BiP when the cellular proteins were analyzed by
size chromatography. Surprisingly, only one of these L
chains was quantitatively co-immunoprecipitated with
BiP, which indicated that the two BiP/L chain com-
plexes exhibited different physical stabilities. Those L
chains that exhibited the higher affinity to BiP were
degraded more slowly, which suggested that the physi-
cal stability of a BiP/ligand complex correlates with the
biological fate of ligand. However, the physiological
conditions required to dissociate a BiP/ligand complex
in vivo remain to be established.
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In vivo studies

Factors that influence the experimental detection of
BiP-binding to cellular proteins

The question whether a particular protein does or does
not interact with BiP is usually investigated by immuno-
precipitation experiments performed using lysates of
biosynthetically labeled cells. The latter manufacture
thousands of different proteins, and cell biologists often
encounter the problem of discriminating between spe-
cific and n_on-speciﬁc protein/protein interactions. The
detection of a specific interaction between BiP and a
polypeptide chain that transits the ER is often impeded
by additional problems. First, BiP only binds immature
folded forms of a polypeptide chain. Thus, in a steady
state situation, only small amounts of the protein will
be associated with BiP. In addition, BiP is an abundant
protein with a very long half life (t5 > 48 h)'S and will
therefore be labeled only to a low level of specific
activity. Furthermore, some BiPfligand complexes are
unstable and are therefore not included in the immuno-
precipitation procedure (see above). The coincidence of
the following items may impede or even completely
prevent the detection of a particular polypeptide/BiP
interaction: 1) the protein under investigation folds
rapidly (so that the steady state levels of immature
forms are very low) 2) the particular BiP/ligand com-
plex exhibits a low physical stability, and 3) an anti-
serum is used that preferentially recognizes mature
folded structures. On the other hand, proteins will accu-
mulate in a malfolded or incompletely folded state if
they are prevented from reaching a mature conforma-
tion (see below) allowing a much easier detection of
potential BiP/ligand complexes. These reasons explain
why the first molecules reported to bind BiP were abun-
dant proteins such as Ig H chains®*® or folding mutants
of the influenza virus hemagglutinin?®.

Permanent interaction of BiP with incompletely folded
or malfolded proteins

Molecular chaperornes interact with immature folded
structures but are not part of the final product. BiP, for
example, was found to bind Ig H chains as long as those
have not assembled together with L chains®®. The rea-
son why mutant influenza virus hemagglutinin remains
associated with BiP in the ER instead of following its
normal export pathway is that it cannot reach a mature
folding state?®. BiP also recognizes proteins with incom-
plete disulfide bonds, as was shown for the vesicular
stomatitis virus G protein®. Other post-translational
modifications such as protein glycosylation also appear
to play a role in the process of in vivo protein folding.
Polypeptides that are prevented from being correctly
glycosylated exhibit a prolonged BiP interaction and are
not exported from the ER'%-3%-%, However, the results
obtained by mutations of individual N-glycosylation
sequences indicate that not all the potential sites have
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the same impact on protein maturation®®*"*2, For ex-
ample, the human transferrin receptor possesses three
N-linked oligosaccharides in its mature form. Only the
elimination of the most C-terminal glycosylation site
had a profound negative effect on cell surface expres-
sion of the receptor’!. These molecules are retained in
the ER and exhibit an increased association with BiP.

Subunits of some oligomeric proteins that are expressed
in the absence of their partner chains also exhibit in-
creased BiP binding, indicating that oligomeric assem-
bly affects the folding state of at least some polypeptide
chains. This applies to wild-type Ig H chains, which
occur as H chain dimers when expressed in the absence
of L chains, and to some Ig L chains in the absence of
H chains as well’*33743_ A more detailed analysis of L
chains that require H chain association for ER exit
revealed that, in the absence of H chain expression, they
remain associated with BiP as partially folded molecules
until they are degraded in the ER* Concerning the
time correlation between BiP dissociation and degrada-
tion of the non-secreted L chains, we assume that BiP is
required for ER-degradation of incompletely folded
structures. However, the major function of BiP might
not be to retain malfolded proteins in the ER, since this
phenomenon is only observed when the normal folding
pathway is disturbed. Permanent complexes rather rep-
resent an arrested step of a usually transient process.
The most recent data support the notjon that BiP tran-
siently interacts with folding polypeptide chains, possi-
bly to protect the nascent chains from irreversible
aggregation and to stabilize incompletely folded
polypeptide stretches in a folding or assembly-com-
petent conformation.

Transient interaction of BiP with folding polypeptides

What are the specific properties of a polypeptide chain
that lead to BiP binding and what are the criteria that
lead to a release? The carliest stage of polypeptide chain
interaction with BiP has not yet been determined. If
BiP exhibits properties similar to those of its cytosolic
or mitochondrial counterparts’¢', it should bind to
nascent chains as soon as they enter the ER. Immuno-
precipitation of BiP from lysates prepared from biosyn-
thetically labeled cells reveals the co-precipitation of a
number of different polypeptide chains which disappear
during the chase period. These data indicate that BiP
transiently interacts with various polypeptide chains;
however, only a few have been identified (reviewed in
ref. 30). A very early interaction of nascent polypeptides
with BiP seems to be essential since kinetic data on BiP
interaction with particular polypeptides only reveal the
process of the dissociation of complexes'**>%. In con-
trast, the in vivo formation of short- or long-lived
complexes between BiP and its ligands has never been
observed. Furthermore, genetic and biochemical data
suggest that Kar2p/BiP is involved in the process of
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polypeptide chain translocation into the lumen of the
yeast ER®%-85 and possibly into the ER of mam-
malian cells as well’”®. The exact mechanism by which
BiP influences the translocation process is as yet
unknown.

BiP interaction with polypeptides appears to accom-
pany the folding process of the prospective proteins. In
the beginning of the folding process, more than one
molecule of BiP may interact with larger polypeptide
chains*?. An inverse time correlation between the
polypeptide chain acquiring its mature structure and its
dissociation from BiP was observed!®#!:42%.67.68  Cop-
nelia Kaloff in my laboratory has analyzed the folding
pathway of antibody molecules with regard to the par-
ticular role of the first constant (Cy;1) domain in BiP/Ig
H chain interaction. As was known before, removal of
the C,1 leads to secretion of H chains even in the
absence of L chain assembly, which does not occur with
wild type H chains®*. We observed that such mutant
chains only weakly interact with BiP, presumably be-
cause the disulfide bonds are rapidly formed and the
protein gains an export-competent conformation. The
formation of disulfide-bonds on nascent polypeptides in
the ER requires the action of PDI, as evidenced by the
work of Bulleid and Freedman'®. The group of Helenius
has recently reported that it is possible to (reversibly)
manipulate disulfide bond formation and protein fold-
ing in the ER by culturing cells in the presence of
dithiothreitol (DTT)>S. Due to the effect of DTT,
disulfide-bonded proteins are reduced and retained in
the ER while proteins that lack disulfide bonds are still
secréted’s. Taking advantage of the possibility of retard-
ing the process of in vivo protein folding, we could
show that DTT-reduced wild type and mutant Ig H
chains are quantitatively associated with BiP. Upon
removal of the reducing agent, the mutant chains that
lack the Cyl domain oxidize, and are simultaneously
released from BiP interation. In contrast, wild type
chains remain bound to BiP even as covalently linked
Ig H chain dimers. This shows that the Cyl domain
interferes with a ‘complete folding’ of the wild type H
chains when these are prevented from pairing with L
chains. From these findings, we concluded that the
process of Ig chain folding is coupled to that of Ig
chain assembly. Analyses performed with Ig chains
that carried defined variable domains demonstrated that
the C,,1 domain is essential to ensure the formation
of a homogeneous population of antibody molecules
that are functional with rcspect to antigen binding.
Interestingly, this control function is exclusive to the
Cy 1 domain since it is not maintained when this do-
main is replaced by another H chain constant domain
(Kaloff and Haas, submitted). Taking into account
that correct folding of antibody molecules is only possi-
ble once subunit assembly has taken place, it is tempt-
ing to speculate that the Cyl domain has evolved in
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order to control this process via its specific interaction
with BiP.

The expression level of BiP is adapted to the cellular
requirements

As already mentioned, both glucose starvation and tu-
nicamycin treatment of cells lead to underglycosylation
of proteins, and the association of these proteins with
BiP is then prolonged. As a consequence, the BiP pool
available for ligand binding is decreased. The same effect
is observed when folding mutants of influenza virus
hemagglutinin accumulate in the ER. Direct evidence for
a feed-back regulation mechanism responsible for tran-
scriptional activation of the BiP gene has been provided
by the group of Joe Sambrook*. Induction of BiP
synthesis due to the accumulation of non-native proteins
in the ER correlates with the formation of complexes
between BiP and its substrates®®, However, it is not only
the accumulation of malfolded structures that increases
the cellular requirement for BiP. Enhanced transcription
of the BiP gene was found to accompany the infection of
cells with paramyxoviruses’. By transfection of cDNAs
encoding individual viral proteins, it turned out that the
expression of wild type hemagglutinin-neuraminidase-
glycoprotein was sufficient to cause BiP activation®’.
Thus an increased flux of normal proteins that require
chaperone action for folding can also cause the activa-
tion of BiP gene transcription. Analyses of the yeast
KAR2 promotor sequence have revealed that the ele-
ment responsible for the feed-back response lies within a
22bp fragment®. Based on this finding, it was possible to
identify the first component involved in the mechanism
that transfers the signal from the ER to the nucleus. It
is a large transmembrane protein which carries a putative
protein kinase domain in the carboxy-terminal cytosolic
portion'®$2, This protein is encoded by a gene originaily
cloned by complementation of a yeast mutant aux-
otrophic for inositol’?. An attractive speculation about
the link between the unfolded protein response pathway
and the inositol metabolism was proposed by Peter
Walter’s group. They suggested that the synthesis of ER
resident proteins and the regulation of phospholipid
biogenesis are coupled’®. This coupling mechamsm
would allow that under conditions where additional ER
functions are required, the relative concentrations of the
overexpressed ER proteins remain constant. How mis-
folding polypeptides transfer the signal to the transmem-
brane kinase, and how this molecule finally translates
and conducts this signal to the nucleus, remain exciting
problems to be solved.

Interconversion of different BiP forms

BiP can undergo post-translational modifications such
as ADP-ribosylation and phosphorylation' %, Both
modifications appear to be modulated as a function of
the individual cellular requirement. Under conditions
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where BiP synthesis is increased, both ADP-ribosylation
and phosphorylation are diminished, suggesting that the
active form of BiP is not modified®>*”-3+8'. The group
of Linda Hendershot analyzed BiP in cells that produce
a high amount of Ig H chains®. Indeed, they could
show that different forms of BiP correlated to its differ-
ent states of activity. Whereas H chain-bound BiP
molecules which are considered to represent the active
state were neither phosphorylated nor ADP-ribosylated,
both modifications were associated with the remaining
fraction which most probably represents the inactive
BiP pool. In addition, the modified molecules appear to
be dimers whereas the ligand-bound BiP molecules are
in a monomeric form?>, The latter finding was con-
firmed by the result of chemical cross-linking analyses:
the apparent molecular weight of a specific BiP/L chain
cross-link product corresponded to the size expected
for a complex containing one molecule of each compo-
nent'®. Slow folding proteins such as the extremely
large thyreoglobulin molecule, however, might require
the concomitant action of several monomeric BiP
molecules*Z.

Newly synthesized BiP molecules may first enter the
inactive modified pool from which the active form is
subsequently recruited. This assumption is supported by
our results obtained by pulse chase experiments. Newly
synthesized Ig L chains preferentially interact with pre-
existing unlabeled BiP. Steady state levels of labeled BiP
co-isolated with L chains were only obtained during the
chase period®. If ail inactive BiP molecules are phos-
phorylated and ADP-ribosylated, these modifications
have to be reversible to allow BiP to interact with a
ligand. On the other hand, the dissociation of BiP from
its ligand and its re-entering the inactive pool would be
accompanied by dimerization and two covalent modifi-
cation steps. We have demonstrated that, once dissoci-
ated from its ligand, BiP is indeed recycled*. The exact
mode of interconversion of BiP into the different forms
however, remains to be established. In this context it is
interesting to note that BiP expression is included by
okadaic acid, which suppresses protein glycosylation”
but is also a potent inhibitor of protein phosphatases.

Perspectives

Despite their high degree of homology, different hsp70
proteins are not interchangeable with respect to their
specific functions. This highly specific competency has
for example been demonstrated for BiP, yeast cytosolic
hsc70 and the bacterial hsp70, DnaK®. Although this
might be indicative for the previously discussed sub-
strate specificities, it is more likely to reflect the inability
of the different hsp70 proteins to interact with specific
accessory proteins. It was shown that the bacterial
DnaK cooperates with additional proteins such as DnaJ
and GrpE to exert its function®#2. Polypeptides that
are in the process of translocating into the yeast ER can
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be crosslinked with both the transmembrane proteins
Sec61p and KAR2p. Interestingly, in addition to BiP,
two other membrane proteins affect the cross-linking
efficiency between sec61p and the translocating chains®®.
One of these, Sec63p, contains a region in a luminal
domain that closely resembles the ‘J-region’ of Dnal®?.
The highly conserved amino-terminal ‘J region’ of Dnal
is indeed necessary and sufficient for stimulating both
DnaK’s ATPase activity and A-DNA replication®. It
will be of general interest to analyze whether the het-
erologous bacterial proteins Dnal and GrpE also have
an effect on the ATPase activity of mammalian or yeast
BiP, and likewise, to investigate whether it is indeed the
‘J-region’ of sec63 that binds to BiP®. It is tempting to
speculate that sec63-binding positions BiP close to the
luminal side of the ER translocation site; subsequent
binding to the nascent chain would alter BiP conforma-
tion in such a way that sec63 can no longer interact but
binds to a free BiP molecule; in this way, sequential
binding and release reactions could provide the driving
force for the hsp70 protein to ‘pull’ the translocating
chain into the lumen of the ER.

Furthermore, additional proteins play a role. We re-
cently described two other proteins that interact with
BiP and its ligands, respectively'®. One of these repre-
sents the luminal ER resident GRP94, a constitutively
expressed member of the hsp90 protein family'®*; the
other is the recently characterized GRP 170 protein™.
Finally, a novel chaperone acting in the ER is calnexin.
a transmembrane protein which specifically interacts
with incompletely folded forms of transmembrane gly-
coproteins®. Comparative in vitro and in vivo struc-
ture/function analyses on hsp70 proteins, as well as a
more detailed understanding of the interactions between
the different actors involved in the process of ER
protein folding, will provide future insights into the
specific functions of BiP.

Acknowledgements. I wish to thank my collaborators, in particu-
lar C. Amshoff, D. Bienert, M. Kaittler, and K. Leitzgen, for
the many discussions and for their thoughtfulness. In addition, I
thank K. Gorgas and H. Tschochner for critical reading of the
manuscript. I am also grateful to M. Neufeld who introduced me
into the secrets of computer programs with imperturability, and R.
Brenner for help with the bibliography. The Deutsche Forschungs-
gemeinschalft is acknowledged for supporting me by a Heisenberg-
fellowship. The work carried out in my laboratory was supported
by the Deutsche Forschungsgemeinschaft through SFB243 and
SFB352.

1 Beckman, R. P., Mizzen, L. A., and Welch, W. J., Interaction
of hsp70 with newly synthesized proteins: implications for
protein folding and assembly. Science 246 (1990) 850—854.

2 Blond-Elguindi, S., Cwirla, S. E., Dower, W. I, Lipshutz, R.
J., Sprang, S. R., Sambrook, J. F., and Gething, M.-J. H.,
Affinity panning of a library of peptides displayed on bacterio-
phages reveals the binding specificity of BiP. Cell 75 (1993)
717-728.

3 Bole, D. G., Hendershot, L., and Kearney, J. F., Posttransla-
tional association of immunoglobulin heavy chain binding
protein with nascent heavy chain in nonsecreting and secreting
hybridomas. J. Cell Biol. 102 (1986) 1558—1566.



1018

4 Bork, P., Sander, C,, and Valencia, A., An ATPase domain

common to prokaryotic cell cycle proteins, sugar kinases,

actin, and hsp70 heat shock proteins. Proc. natl Acad. Sci.

USA 89 (1992) 7290-4.

Braakman, 1., Helenius, J., and Helenius, A., Manipulating

disulfide bond formation and protein folding in the endoplas-

mic reticnlum. EMBO J. 17 (1992) 1717-1722.

Braakman, I., Helenius, J., and Helenius, A., Role of ATP and

disulfide fonds during protein folding in the endoplasmic

reticulum. Nature 356 (1992) 260-262.

7 Braell, W. A., Schlossman, D. M., Schmid, S. L., and Roth-
man, J. E., Dissociation of clathrin coats coupled to the
hydrolysis of ATP; role of an uncoating ATPase. J. Cell Biol.
99 (1984) 734-741.

8 Brodsky, J. L., Hamamoto, S., Feldheim, D., and Schekman,

R., Reconstruction of protein translocation from solubilized

yeast membranes reveals topologically distinct roles for BiP

and cytosolic Hsc70. J. Cell Biol. 120 (1993) 95-102.

Brodsky, J. L., and Sheckman, R., A Sec63p-BiP complex

from yeast is required for protein translocation in a recon-

stituted proteoliposome. J. Cell Biol. 123 (1993) 1355-

1363.

10 Bulleid, N. J., and Freedman, R. B., Defective co-translational

formation of disulphide bonds in protein disulphide-isomerase-

deficient microsomes. Nature 335 (1988) 649-51.

Carlsson, L., and Lazarides, E., ADP-ribosylation of the

M#83,000 stress-inducible and glucose-regulated protein in

avian and mammalian cells: Modulation by heat shock and

glucose starvation. Proc. natl Acad. Sci. USA 80 (1983) 4664~

4668.

12 Chappell, T. G., Konforti, B. B., Schmid, S. L., and Rothman,
J. B., The ATPase core of a clathrin uncoating protein. J. biol.
Chem. 262 (1987) 746-751.

13 Chappell, T. G., Welch, W. J., Schlossman, D. M., Palter, K.
B., Schlesinger, M. J., and Rothman, J. E., Uncoating ATPase
is a member of the 70 kilodalton family of stress proteins. Cell
45 (1986) 3-13.

14 Clairmont, C. A., De Maio, A., and Hirschberg, C. B,
Translocation of ATP into the lumen of rough endoplasmic
reticulum drived vesicles and its binding to luminal proteins
inclpding BiP (GRP 78) and GRP 94. J. biol. Chem. 267
(1992) 3983-90.

15 Cox, J. S., Shamu, C. E., and Walter, P., Transcriptional
induction of genes encoding endoplasmic reticulum resident
proteins requires a transmembrane protein kinase. Cell 73
(1993) 1197-206.

16 Cremer, A., Knittler, M. R., and Haas, I. G. in: 44, Collo-
quium Mosbach 1993: Glyco- and Cellbiology, pp. 171-184.
Eds F. Wieland and W. Reutter. Springer-Verlag, Berlin -
Heidelberg - New York 1994,

17 de Silva, A., Balch, W. E., and Helenius, A., Quality control in
the endoplasmic reticulum: folding and misfolding of vesicular
stomatitis virus G protein in cells and in vitro, J. Cell Biol. 11/
(1990) 857-66.

18 Dorner, A. J., Bole, D. G., and Kaufman, R. J., The relation-
ship of N-linked glycosylation and heavy chain-binding
protein association with the secretion of glycoproteins. J. Cell
Biol. 105 (1987) 2665-74. .

19 Earl, P. L., Moss, B., and Doms, R. W., Folding, interaction
with GRP78-BiP, assembly, and transport of the human im-
munodeficiency virus type 1 envelope protein. J. Virol. 65
(1991) 2047-55.

20 Ellis, R. J., van der Vies, S., and Hemmingsen, S. M., The

molecular chaperone concept. Biochem. Soc. Symp. 35 (1989)

145--53.

Ellis, R. J., and van der Vies, S. M., Molecular chaperones. A.

Rev. Biochem. 60 (1991) 321-347.

22 Flaherty, K. M., DeLuca-Flaherty, C., and McKay, D. B,

Three-dimensional structure of the ATPase fragment of a 70K

heat-shock cognate protein. Nature 346 (1990) 623-628.

Flynn, G. C., Chappell, T. G.. and Rothman, I. E., Peptide

binding and release by proteins implicated as catalysts of

protein assembly. Science 245 (1989) 385-90.

W

(=)

=

—

2

L

Experientia 50 (1994), Birkhduser Verlag, CH-4010 Basel/Switzerland

J—

(V8 )

Reviews

24 Flynn, G. C,, Pohl, 1., Flocco, M. T., and Rothman, J. E,,

Peptide-binding specificity of the molecular chaperone BiP.
Nature 353 (1991) 726-30.

Freiden, P. J., Gaut, J. R., and Hendershot, L. M., Intercon-
version of three differentially modified and assembled forms of
BiP. EMBO J. /7 (1992) 63-70.

Gaut, J. R., and Hendershot, L. M., The immunoglobulin-
binding protein in vitro autophosphorylation site maps to a
threonine within the ATP binding cleft but is not a detectable
site of in vivo phosphorylation. J. biol. Chem. 268 (1993)
12691--8.

Gaut, J. R., and Hendershot, L. M., Mutations within the
nucleotide binding site of immunoglobulin-binding protein
inhibit ATPase activity and interfere with release of im-
munoglobulin heavy chain. J. biol. Chem. 268 (1993) 7248
55.

3 Gething, M.-J., McCammon, K., and Sambrook, J., Expres-

sion of wild-type and mutant forms of influenza hemagglu-
tinin; The role of folding and intracellular transport. Cell 46
(1986) 939-950.

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

Haas, I. G., BiP — a heat shock protein involved in im-
munoglobulin chain assembly, Curr. Topics Microbiol. Im-
mun, 167 (1991) 71-82.

Haas, I. G., and Meo, T., cDNA cloning of the immunoglob-
ulin heavy chain binding protein. Proc. natl Acad. Sci. USA 85
(1988) 2250-4.

Haas, I. G., and Wabl, M., Immunoglobulin heavy chain
binding protein. Nature 306 (1983) 387-389.

Hammond, C., Braakman, 1., and Helenius, A., Role of N-
linked oligosaccharide recognition, glucose triming, and cal-
nexin in glycoprotein folding and quality control. Proc. natl
Acad. Sci. USA 91 (1994) 913-917.

Hendershot, L. M., Bole, D., Kéhler, G., and Kearney, J. F.,
Assembly and secretion of heavy chains that do not associate
posttranslationally with immunoglobulin heavy chain binding
protein. J. Cell Biol. 104 (1987) 761-767.

Hendershot, L. M., Ting, J., and Lee, A. S., Identity of the
immunoglobulin heavy chain binding protein with the 78,000
dalton glucose-regulated protein and the role of post-transla-
tional modifications in its binding function. Molec. cell. Biol. §
(1988) 4250-4256.

Hendrick, J. P., and Hartl, F.-U., Molecular chaperone func-
tions of heat-shock proteins, A. Rev. Biochem. 62 (1993)
349--384. -

Hou, M. C,, Shen, C. H,, Lee, W. C., and Lai, Y. K., Okadaic
acid as an inducer of the 78-kDa glucose-regulated protein in
9L rat brain tumor cells. J. cell. Biochem. ‘51 (1993) 91-101.
Hurtley, S. M., Bole, D. G., Hoover, L. H., Helenius, A,, and
Copeland, C. S., Interactions of misfolded influenza virus
hemagglutinin with binding protein (BiP). J. Cell Biol. 108
(1989) 2117-26.

Kabsch, W., Mannherz, H. G., Suck, D., Pai, E. F., and
Holmes, K. E., Atomic structure of the actin: DNase I com-
plex. Nature 437 (1990) 37-44.

Kassenbrock, C. K., and Kelly, R. B., Interaction of heavy
chain binding protein (BiP/GRP78) with adenine nucleotides.
EMBO J. 8 (1989) 1461-7.

Kim, P. S., and Arvan, P., Hormonal regulations of thyroglob-
ulin export from the endoplasmic reticulum of cultured thyro-
cytes. J. biol. Chem. 268 (1993) 4873-9.

Kim, P. S., Bole, D., and Arvan, P., Transient aggregation of
nascent thyroglobulin in the endoplasmic reticulum: relation-
ship to the molecular chaperone, BiP. I. Cell Biol. 118 (1992)
541-9.

Knittler, M. R., and Haas, 1. G., Interaction of BiP with newly
synthesized immunoglobulin light chain molecules: cycles of
sequential binding and release. EMBO J. 1] (1992) 1573-81.

43a Knittler, M. R., Dirks, S., and Haas, I. G., Molecular

chaperones involved in ER-degradation: quantitative BiP-in-
teraction of partially folded Ig L chains that are degraded in
the ER. Proc. natl Acad. Sci. USA (1994) in press.



Reviews

44

45

46

47

48

49

50

5

—

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Kozutsumi, Y., Segal, M., Normington, K., Gething, M. J.,
and Sambrook, J., The presence of malfolded proteins in the
endoplasmic reticulum signals the induction of glucose-regu-
lated proteins. Nature 332 (1988) 462-4.

Landry, S. J., Jordan, R., McMacken, R., and Gierasch, L.
M., Different conformations for the same polypeptide bound
to chaperones DnaK and GroEL. Nature 355 (1992) 455-7.
Lee, A. S., Coordinated regulation of a set of genes by glucose
and calcium ionophores in mammalian cells. TIBS 12 (1987)
20-23.

Leno, G. H., and Ledford, B. E., Reversible ADP-ribosylation
of the 78 kDa glucose-regulated protein. FEBS Lett. 276
(1990) 29-33.

Leustek, T., Amir, S. D., Toledo, H., Brot, N., and Weissbach,
H., Autophosphorylation of 70 kDa heat shock proteins. Cell.
molec. Biol. 38 (1992) 1-10.

Leustek, T., Toledo, H., Brot, N., and Weissbach, H., Cal-
cium-dependent autophosphorylation of the glucose-regulated
protein, Grp78. Archs Biochem. Biophys. 289 (1991) 256-61.
Lewis, M. J., and Pelham, H. R. B., Involvement of ATP in
the nuclear nucleofar functions of the 70kd heat shock protein.
EMBO J. 4 (1985) 3137-3143. )

Lewis, M. J., and Pelham, H. R. B., Ligand-induced redistri-
bution of a human KDEL receptor from the Golgi complex to
the endoplasmic reticulum. Cell 68 (1992) 353-364.

Lewis, M. J., Sweet, D. J., and Pelham, H. R. B., The ERD2
gene determines the specificity of the luminal ER protein
retention system. Cell 67 (1990) 1359-63.

Li, X. A., and Lee, A. S., Competitive inhibition of a set of
endoplasmic reticulum protein genes (GRP78, GRP94, and
ERp72) retards cell growth and lowers viability after
ionophore treatment. Molec. cell. Biol. 17 (1991) 344653,
Lin, H.-Y., Masso-Welch, P., Di, Y.-P., Cai, J-W., Shen,
J.-W., and Subjeck, J. R., The 170-kDa glucose-regulated
stress protein is an endoplasmic reticulum protein that binds
immunoglobulin. Molec. Biol. Cell 4 (1993) 1109-1119.
Lindquist, S., and Craig, E. A., The heat-shock proteins. A.
Rev. Genet. 22 (1988) 631-677.

Lodish, H. F., and Kong, N., The secretory pathway is normal
n dithiothreitol-treated cells, but disulfide-bonded proteins are
reduced and reversibly retained in the endoplasmic reticulum,
J. biol. Chem. 268 (1993) 20598--20605.

Ma, J., Kearney, J. F., and Hendershot, L. M., Association of
transport-defective light chains with immunoglobulin heavy
chain binding protein. Molec. Immun. 27 (1990) 623-30.
Machamer, C. E., Doms, R. W., Bole, D. G., Helenius, A.,
and Rose, J. K., Heavy chain binding protein recognizes
incompletely disulfide-bonded forms of vesicular stomatitis
virus G protein, J. biol. Chem 265 (1990) 6879-83.
McCarty, J. S., and Walker, G. C., DnaK as a thermometer:
threonine-199 is site of autophosphorylation and is critical for
ATPase activity. Proc. natl Acad. Sci. USA 88 (1991) 9513-7.
Melnick, J., Aviel, S., and Argon, Y., The endoplasmic reticu-
lum stress protein GRP94, in addition to BiP, associates with
unassembled immunoglobulin chains. J. biol. Chem. 267
(1992) 21303-6.

Mizzen, L. A., Kabiling, A. K., and Welch, W. J., The two
mammalian mitochondrial stress proteins, grp 75 and hsp 58,
transiently interact with newly synthesized mitochondrial
proteins. Cell Regul. 2 (1991) 165-173.

Mori, K., Ma, W., Gething, M. J., and Sambrook, J., A
transmembrane protein with a cdc2+/CDC28-related kinase
activity is required for signaling from the ER to the nucleus.
Cell 74 (1993) 743-56.

Mori, K., Sant, A., Kohno, K., Normington, K., Gething, M.
J., and Sambrook, J. F., A 22 bp cis-acting element is neces-
sary and sufficient for the induction of the yeast KAR2 (BiP)
gene by unfolded proteins. EMBO J. 1] (1992) 2583-93.
Munro, S., and Petham, H. R. B., An Hsp70-like protein in
the ER: identity with the 78 kd glucose-regulated protein and
immunoglobulin heavy chain binding protein. Cell 46 (1986)
291-300.

Munro, S., and Pelham, H. R. B., A C-terminal signal prevents
secretion of luminal ER proteins. Cell 48 (1987) 899-907.

Experientia 50 (1994), Birkhduser Verlag, CH-4010 Basel/Switzerland

66

67

68

69

70

7

—_

72

73

74

75

76

77

78

79

80

8

82

83

84

1019

Ng, D. T., Hiebert, S. W, and Lamb, R. A., Different roles of
individual N-linked oligosaccharide chains in folding, assem-
bly, and transport of the simian virus 5 hemagglutinin-neu-
raminidase. Molec. cell. Biol. 10 (1990) 1989-2001.

Ng, D. T., Randall, R. E.,, and Lamb, R. A., Intracellular
maturation and transport of the SV5 type II glycoprotein
hemagglutinin-neuraminidase: specific and transient associa-
tion with GRP78-BiP in the endoplasmic reticulum and exten-
sive internalization from the cell surface. J. Cell Biol. 109
(1989) 3273-89.

Ng, D. T., Watowich, S. S., and Lamb, R. A., Analysis in vivo
of GRP78-BiP/substrate interactions and their role in induc-
tion of the GRP78-BiP gene. Molec. Biol. Cell 3 (1992)
143-55.

Nguyen, T. H., Law, D. T., and Williams, D. B., Binding
protein BiP is required for translocation of secretory proteins
into the endoplasmic reticulum in Saccharomyces cerevisiae.
Proc. natl Acad. Sci. USA 88 (1991) 1565-9.

Nicchitta, C. V., and Blobel, G., Luminal proteins of the
mammalian endoplasmic reticulum are required to complete
protein translocation. Cell 73 (1993) 989-998.

Nicholson, R. C., Williams, D. B., and Moran, L. A., An
essential member of the HSP70 gene family of Saccharomyces
cerevisiae is homologous to immunoglobulin heavy chain bind-
ing protein. Proc. natl Acad. Sci. USA 87 (1990) 1159-63.
Nikawa, J. I., and Yamashita, S., JREI encodes a putative
protein kinase containing a membrane-spanning domain and is
required for inositol phototrophy in Saccharomyces cerevisiae.
Molec. Microbiol. 6 (1992) 1441-1446.

Normington, K., Kohno, K., Kozutsumi, Y., Gething, M. J.,
and Sambrook, J., S. cerevisiae encodes an essential protein
homologous in sequence and function to mammalian BiP. Cell
57 (1989) 1223-36.

Otterson, G. A., Flynn, G. C., Kratzke, R. A., Coxon, A.,
Johnston, P. G., and Kaye, F. J., Stch encodes the ‘ATPase’
core of a microsomal stress 70 protein. EMBO J. 13 (1994)
1216-1225.

Pelham, H. R. B., Speculations on the functions of the major
heat shock and glucose-regulated proteins. Cell. 46 (1986)
959-961.

Peluso, R. W., Lamb, R. A., and Choppin, P. W., Infection
with paramyxoviruses stimulates synthesis of cellular polypep-
tides that are also stimulated in cells transformed by Rous
sarcoma virus or deprived of glucose. Proc. natl Acad. Sci.
USA 75 (1978) 6120-6124.

Rippmann, F., Taylor, W. R., Rothbard, J. B., and Green, N.
M., A hypothetical model for the peptide binding domain of
hsp70 based on the peptide binding domain of HLA, EMBO J.
10 (1991) 1053-9.

Rose, M. D., Misra, L. M., and Vogel, J. P, KAR2, a
karyogamy gene, is the yeast homolog of the mammalian
BiP/GRP78 gene [published erratum appears in Cell 1989 Aug
25; 58 (4): following 801]. Cell 57 (1989) 1211-21.
Rothman, J. E., Polypeptide chain binding proteins: catalysts
of protein folding and related processes in cells. Cell 59 (1989)
591-601.

Sanders, S. L., Whitfield, K. M., Vogel, J. P., Rose, M. D.,
and Schekman, R. W., Sec6lp and BiP directly facilitate
polypeptide translocation into the ER. Cell 69 (1992) 353—
65.

Satoh, M., Nakai, A., Sokawa, Y., Hirayoshi, K., and Nagata,
K., Modulation of the phosphorylation of glucose-regulated
protein, GRP78, by transformation and inhibition of glycosy-
lation. Expl Cell Res. 205 (1993) 76-83.

Schroder, H., Langer, T., Hartl, F. U., and Bakau, D., Dnak,
DnalJ and GrpE form a cellular chaperone machinery capable
of repairing heat-induced protein damage. EMBO J. 12 (1993)
4137-44.

Silver, P. A, and Way, J. C., Eukaryotic Dnal homologs and
the specificity of Hsp70 activity. Cell 74 (1993) 5-6.
Staddon, J. M., Bouzyk, M. M., and Rozengurt, E., Intercon-
version of GRP78/BiP. A novel event in the action of Pas-
teurella multocida toxin, bombesin, and platelet-derived
growth factor. J. biol. Chem. 267 (1992) 25239-45.



1020

85

86

87

88

89

Vogel, J. P, Misra, L. M., and Rose, M. D., Loss of BiP/
GRP78 function blocks translocation of secretory proteins in
yeast. J. Cell Biol.70 (1990) 1885-95.

Wall, D., Zylicz, M., and Georgopoulos, C., The NH,-termi-
nal 108 amino acids of the FEscherichia coli Dnal protein
stimulate the ATPase activity of DnaK and are sufficient for
A-replication. J. biol. Chem. 269 (1994) 5446-5451.
Watowich, S. S., Morimoto, R. 1., and Lamb, R. A., Flux of
the paramyxovirus hemagglutinin-neuraminidase glycoprotein
through the endoplasmic reticulum activates transcription of
the GRP78-BiP gene. J. Virol. 65 (1991) 3590-7.

Weitz, G., and Proia, R. L., Analysis of the glycosylation and
phosphorylation of the alpha-subunit of the lysosomal en-
zyme, beta-hexosaminidase A, by site-directed mutagenesis. J.
biol. Chem. 267 (1992) 10039-44.

Weich, W., Garrels, J. 1., Thomas, G. P., Lin, J. J.-C., and

Experientia 50 (1994), Birkhiduser Verlag, CH-4010 Basel/Switzerland

90

91

92

Reviews

Feramisco, J. R., Biochemical characterization of the mam-
malian stress proteins and identification of two stress proteins
as glucose- and Ca®'-jonophore-regulated proteins. J. biol.
Chem. 258 (1983) 7102-7111.

Welch, W. J., and Feramisco, J. R., Rapid purification of
mammalian  70.000-dalton stress proteins: affinity of the
proteins for nucleotides. Molec. Cell Biol. 5(1985) 1226-1237.
Williams, A. M., and Enns, C. A., A region of the C-terminal
portion of the human transferrin receptor contains an as-
paragine-linked glycosylation site critical for receptor structure
and function. J. biol. Chem. 268 (1993) 12780-6.

Zhang, Y., and Dahms, N. M., Site-directed removal of N-gly-
cosylation sites in the bovine cation-dependent mannose-6-
phosphate receptor: effects on ligand binding, intracellular
targetting and association with binding immunoglobulin
protein. Biochem. J. 295 (1993) 841-848.



