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Abstract. The endoplasmic reticulum (ER) is involved
in a variety of essential and interconnected processes
in human cells, including protein biogenesis, signal
transduction, and calcium homeostasis. The central
player in all these processes is the ER-lumenal
polypeptide chain binding protein BiP that acts as a
molecular chaperone. BiP belongs to the heat shock
protein 70 (Hsp70) family and crucially depends on a
number of interaction partners, including co-chaper-
ones, nucleotide exchange factors, and signaling

molecules. In the course of the last five years, several
diseases have been linked to BiP and its interaction
partners, such as a group of infectious diseases that are
caused by Shigella toxin producing E. coli. Further-
more, the inherited diseases Marinesco-Sjogren syn-
drome, autosomal dominant polycystic liver disease,
Wolcott-Rallison syndrome, and several cancer types
can be considered BiP-related diseases. This review
summarizes the physiological and pathophysiological
characteristics of BiP and its interaction partners.

Keywords. BiP, ER] proteins, nucleotide exchange factors, unfolded protein response, haemolytic uraemic
syndrome, Marinesco-Sjogren syndrome, polycystic liver disease, Wolcott-Rallison syndrome.

Introduction

The endoplasmic reticulum (ER) plays a crucial role
in protein biogenesis [1, 2], signal transduction [3-6],
and calcium homeostasis in human cells [5, 6]. The
rough ER represents the intracellular site where many
proteins are synthesized; nascent polypeptides are
either translocated into the ER lumen or integrated
into the ER membrane (Fig. 1) [1,2]. ER processing is
essential for most secreted proteins, for many resident
proteins of eukaryotic cell organelles (ER, ER-Golgi
intermediate compartment, Golgi, endosome, lyso-
some), and for other membrane proteins (plasma
membrane, nuclear envelope, peroxisomal mem-
brane). Proteins are folded and assembled in the ER
and are subsequently delivered to their functional
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location by vesicular transport [7, 8]. In case of
misfolding or misassembly, proteins are earmarked for
retrograde transport into the cytosol and for degra-
dation by the proteasome (ER-associated degrada-
tion, ERAD) [9, 10]. Several signal transduction
pathways originate in the ER and are activated by
protein misfolding, for example the unfolded protein
response (UPR) [3, 4]. In addition, the ER represents
the major calcium storage organelle and, therefore, is
involved in various signal transduction pathways [5,
6]. Moreover, many ER proteins are calcium-binding
proteins and their activity may depend on calcium [5].
Therefore, drastic changes in the calcium concentra-
tion within the ER may cause misfolding of polypep-
tides. The central player in all these processes is the
ER-lumenal polypeptide chain binding protein BiP
(also termed glucose regulated protein 78 kDa, Grp78
or HspAS) that acts as a molecular chaperone [11—
13]. BiP belongs to the heat shock protein 70 kDa
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Figure 1. Functions of BiP in protein biogenesis, signal transduction, and calcium homeostasis. We note that the concentration of calcium
ions is around 100 nM in the cytosol and about 1 mM in the ER lumen. Various ER-membrane proteins contain lumenal domains (depicted
as filled circles) that interact with BiP. ERAD, ER-associated protein degradation; UPR, unfolded protein response.

(Hsp70) family and relies on a number of interaction
partners, including Hsp40 co-chaperones, nucleotide
exchange factors, and signal transducers for its various
activities (Fig. 2, Table 1).

BiP and its interaction partners

BiP was originally termed immunoglobulin heavy
chain binding protein for its role in the assembly of
immunoglobulins [11]. BiP is the most abundant
member of the Hsp70 protein family in the ER
lumen, reaching a concentration in the millimolar
range [14]. Another much less abundant member of
the Hsp70 family in the ER is glucose-regulated
protein 170 kDa (Grp170, also termed oxygen-regu-
lated protein 150, ORP150, or hypoxia-upregulated

protein 1, HYOU1) [15-18]. BiP and Grp170 are able
to form a stable complex in the absence of ATP [19].
The ER lumen also harbors Stch, an Hsp70-related,
truncated protein that only contains a nucleotide-
binding domain (see below) [20].

In general, molecular chaperones of the Hsp70-type
family reversibly bind to substrate polypeptides via
the substrate binding domains (SBD) of the chaper-
ones [21-28]. Typically, Hsp70 substrates are hydro-
phobic oligopeptides within more or less unfolded
polypeptides [29, 30]. The binding of a substrate to the
SBD inhibits unproductive interactions of the poly-
peptide and favors productive folding and assembly
that occurs concomitant with release from Hsp70. In
addition, Hsp70s can regulate the activities of folded
polypeptides (e.g. the paradigm sigma* factor in E.
coli). The binding and release of substrates by Hsp70
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are modulated by communication between its SBD
and its nucleotide binding-domain (NBD). In turn, the
NBD is controlled by the ATPase cycle and by
different Hsp70 interaction partners [26—28]. The
ATP-bound state of BiP has a low affinity for substrate
polypeptides and the ADP-bound state has a high
substrate affinity. Hsp40-type co-chaperones stimu-
late ATPase activity, that is, they favor substrate
binding. Nucleotide exchange factors stimulate the
exchange of ADP for ATP and, therefore, induce
substrate release. Hsp40 proteins are characterized by
J-domains that allow interaction with Hsp70 [31-42].
We note that some Hsp40 co-chaperones have the
additional ability to bind substrate polypeptides and
deliver them to Hsp70s. In order to be able to do so,
they contain additional domains (i. e. in addition to the
J-domains; see below).

There may be up to ten different Hsp40-type molec-
ular chaperones present in the human ER, although
not necessarily simultaneously in the same cell (Fig. 3)
[43-67]. To date, seven of these have been charac-
terized in some detail and were termed ERj1 through
ERj7 (or ERdjs). The Hsp40-type co-chaperones can
be subclassified into insoluble membrane proteins
with a lumenal J-domain and soluble lumenal proteins
(Fig. 3). Furthermore, they can be classified according
to the domains they have in common with the
archetypal Hsp40 bacterial DnaJ protein [31, 41, 42].
Type I Hsp40s contain four domains: an amino-
terminal J-domain, a glycine-phenylalanine (G/F)
rich domain, a Zn-finger- or cysteine repeat-domain,

protein
degradation
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Figure 2. Interaction partners of
BiP in human cells. Membrane
proteins are depicted as green
circles. CAL, calumenin; CNX,
calnexin; CRT, calreticulin;
CYPB, cyclophilin B; Grp9%4,
glucose-regulated protein 94
kDa; PDIs, protein disulfide iso-
merases (such as PDIA1, PDIA4
and PDIAG6); RET, reticulocal-
bin; SDF2L1, stromal-cell de-
rived factor 2-like 1; UGGT,
UDP-glucose-glycoprotein-gly-
cosyltransferase.

calcium =*
homeostasis

protein folding
and assembly

and a carboxy-terminal substrate binding domain.
Type II Hsp40s contain three domains: an amino-
terminal J-domain, a G/F-rich domain, and a carboxy-
terminal substrate-binding domain. Type III Hsp40s
contain only the J-domain and, in general, have more
specialized functions compared to type I and II
Hsp40s. Thus, only type I and IT ER-lumenal Hsp40s
(ERj3 and ERj4) are expected to have the ability to
bind substrate polypeptides and deliver them to BiP,
that is, to facilitate polypeptide folding, analogous to
the paradigm of Hsp40, the Dnal in E. coli [53-60].
However, the four thioredoxin domains within ER}5
and the tetratricopeptide repeat (TPR) domain in
p58"PX (ERj6) may also play a role in substrate binding
[60-67].

There are two different nucleotide exchange factors
(NEFs) present in the ER lumen, termed Sill (or
BAP) and Grp170 [68, 69]. Sill is closely related to
HspBP1, one of the NEFs of cytosolic Hsc70 in
eukaryotes (Fig. 3). Grp170is the other member of the
Hsp70 family that is present in the ER lumen and is
closely related to Hspl110, an alternative NEF of
cytosolic Hsc70 in eukaryotes. The structures of these
two cytosolic paralogs were recently solved and
revealed distinct interacting surfaces with the top of
the NBD; thus, the NEF-binding sites on Hsp70 are
different from the J-domain-binding site [70-73].
Based on the structural data, the two NEFs may be
able to bind simultaneously on Hsp70.

Various components of the BiP functional cycle have
been found in complexes with each other, with other
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chaperones (Grp94, calreticulin, calnexin) and with
folding catalysts (protein disulfide isomerases (PDIs)
and peptidylprolyl-cis/trans-isomerases (PPlases)).
Some BiP interaction partners are complexed with
other ER-resident proteins that are involved in
protein transport (Sec61 complex), N- or O-glycosy-
lation (UDP-glucose-glycoprotein-glycosyltransfer-
ase (UGGT), stromal cell-derived factor-2-like 1
(SDF2L1)) and calcium homeostasis (calumenin,
reticulocalbin) (Fig. 2) [51, 52, 55, 74-77].

Other BiP interaction partners are involved in signal
transduction from the ER to the cytosol or to the
nucleus (unfolded protein response, or UPR) (Figs. 1
and 2, Table 1) [3, 4]. These proteins (IRE1, ATF6,
PERK, Sig-1R) are similar to the membrane-inte-
grated Hsp40s in that they are transmembrane
proteins and have a lumenal domain that can interact
with BiP [78-81]. In this case, however, the lumenal
domains are not J-domains. In general, these signal
transducers are inactive when BiP is bound to the
lumenal domain. However, when BiP becomes se-
questered by unfolded polypeptides, it is released and
the signal transducers become activated (see below).

The role of BiP in protein transport into the ER

Protein transport into the ER is a first step in the
biogenesis of most secreted proteins and many
organellar proteins of eukaryotic cells [1, 2]. Similarly,
integration into the ER membrane is the initial step in
the biogenesis of many membrane proteins. Typically,
protein transport into the ER involves amino terminal
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Figure 3. Topology and domain
organization of BiP and its co-
chaperones and nucleotide ex-
change factors in human cells. C,
carboxy-terminal substrate bind-
ing domain; Cys, cysteine-repeat
domain; GF, glycine-phenylala-
nine rich domain; NBD, nucleo-
tide binding domain; SBD, sub-
strate binding domain; TPR, tet-
ratricopeptide repeat; TRX, thi-
oredoxin domain.

ERj1 (DnaJC1)

A4

ERj5
(DnaJC10)

signal peptides in the precursor proteins and transport
machinery (Fig.4). Transport can be divided into
three stages: targeting, membrane insertion, and
completion of translocation. Precursor protein target-
ing or membrane association involves the ribosome,
the signal recognition particle (SRP), and the SRP and
ribosome receptors on the ER surface (SRP-receptor
(SR) and Sec61 complex) [82, 83]. Alternatively,
synthesis of the respective precursor proteins can be
initiated at ribosomes that are permanently associated
with the ER [84], thus eliminating the involvement of
SRP and SR. Membrane insertion involves the Sec61
complex, comprised of a-, -, and y-subunits [85-88],
and additional components, including the ER-lumenal
chaperone BIiP, its co-chaperones, and nucleotide
exchange factors (see below). These same molecules
are also involved in completion of translocation.
Typically, following membrane insertion and prior to
completion of translocation, the precursor proteins
are covalently modified by signal peptidase (Spase)
and/or oligosaccharyl transferase [89, 90].

BiP appears to have several functions in protein
translocation: (i) it is involved in the insertion of
precursor polypeptides into the Sec6l complex or
opening of the Sec61 channel [18, 91]; (ii) it binds to
the incoming precursor polypeptide and acts as a
molecular ratchet, thereby facilitating completion of
translocation [92, 93]; (iii) it is involved in closing the
Sec61 channel, thus minimizing the uncontrolled
efflux of calcium ions from the ER during protein
translocation [94-96]. Grp170 is also involved in the
insertion step [18] and a hitherto unidentified Hsp40 is
required in channel closure [96]. At the completion of
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translocation, the precursor polypeptide in transit is
the substrate of BiP. For the opening and closing of the
Sec61 channel, the Sec61 complex is expected to
represent the substrate of BiP. In the latter case, BiP
regulates the activity of a folded protein. In analogy to
the situation in Saccharomyces cerevisiae [97, 98],
Sec63 (which forms a complex with the membrane
protein Sec62 [51, 52]) may recruit BiP to the Sec61
complex and to translating ribosomes; Sec63 also
activates BiP for interaction with its substrates (Fig. 4)
[52]. In contrast to the situation in yeast, there is a
second Hsp40 present in the membrane of the human
ER (ERjl) which contacts translating ribosomes on
the ER surface [46, 48, 49]; this may represent a
functional alternative to Sec63. This view is supported
by the fact that human ERjl can complement a yeast
Sec63p mutant strain [47]. Further support comes
from the observation that Sec63 and ERjl are not
under the control of the UPR (see below). Sill and
Grp170, the two alternatively acting nucleotide ex-
change factors of BiP, guarantee efficient regenera-
tion of BiP in its ATP state [68, 69].

However, a word of caution is required here. At
present it is not clear whether the observed actions of
BiP are general; i.e. not every single precursor
polypeptide may require the help of BiP at all three
stages of protein translocation. Alternatively, BiP
might only be involved in the translocation of some
precursor proteins or might play a regulatory role in
protein translocation [99].

Review Article 1561

Figure 4. Protein transport into
the endoplasmic reticulum. J, J-
domain; Spase, signal peptidase;
SRP, signal recognition particle;
SR, SRP receptor. ADP, adeno-
sine diphosphate; ATP, adeno-
sine triphosphate; NEF, nucleo-
tide exchange factor.

The role of BiP in folding and assembly of proteins

Protein transport into the ER is followed by folding
and assembly of the newly synthesized soluble and
membrane proteins [7, 8]. BiP was first identified as a
cofactor of immunoglobulin assembly, hence its name
immunoglobulin heavy chain binding protein [11]. In
particular the Cyl domain of immunoglobulin de-
pends on binding of BiP for productive interaction
with the light chain during immunoglobulin assembly
[12, 100-103]. Hsp40 co-chaperones (ERj3) and
nucleotide exchange factors (Sill) are also required
for BiP function in immunoglobulin assembly [56, 68].
After folding and assembly, the native proteins are
delivered to their functional location by vesicular
transport.

The role of BiP in export and degradation of proteins

Misfolding or misassembly of polypeptides may be
caused by mutation or by ER stress (e.g. glucose- or
calcium-depletion); these non-native proteins are
exported to the cytosol and delivered to the protea-
some for degradation (quality control or ERAD) [9,
10]. In further analogy to the situation in Saccharo-
myces cerevisiae [104, 105], the Sec61 complex, Sec63
and BiP may be involved in the export of at least some
misfolded polypeptides from the ER lumen to the
cytosol (Fig.1). Furthermore, ERj3 through ER;j5
were implicated in ERAD in mammalian cells, thus
directly demonstrating a role for BiP in ERAD [57, 60,
63]. This view is supported by the observation that
ERj3 through ERj5 are under the control of the UPR
(see below).
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Again, a word of caution is required here. The Sec61
complex may be just one proteinaceous pore that serves
in the export of misfolded polypeptides from the ER to
the cytosol. Current alternative candidates are Derlin-1
through Derlin-3 (summarized in [106]).

The inhibitor of protein kinase (p58™* or ER;j6)
represents an Hsp40 co-chaperone of BiP that appears
to be involved in degradation of misfolding polypep-
tides [66, 67]. The terms “cotranslocational degrada-
tion“ and “preemptive quality control“ were coined in
order to differentiate the respective process from
ERAD [64, 65]. Again, this view is supported by the
observation that p58™* is under UPR control.

The role of BiP in signal transduction

When misfolded proteins accumulate in the ER under
stress conditions, several signal transduction pathways
are activated that initiate the unfolded protein re-
sponse (UPR) [3, 4]. The result is an increase in the
biosynthetic capacity and a decrease in the biosyn-
thetic burden of the ER (Fig. 1). Two UPR pathways
induce the transcription of a whole variety of ER
proteins that play a role in protein folding, protein
export and protein degradation (UPR target genes).
These two transcriptional pathways are triggered
when BiP is sequestered by misfolded polypeptides,
causing the release of BiP from ER-lumenal domains
of IREla and ATF6 [78, 80, 107]. This causes the
dimerization of IREla and subsequent activation of
the exonuclease activity, located in the IRE1la cyto-
solic domain. In turn, the exonuclease activates XBP-
1 mRNA which encodes a selective transcription
factor. In addition, BiP sequestration results in the
dissociation of ATF6 homodimers, ATF6 transport to
the Golgi, and the subsequent regulated intramem-
brane proteolysis (RIP) of ATF6 by two Golgi
resident proteases (S1P and S2P). RIP leads to the
liberation of the cytosolic domain of ATF6 from the
membrane and triggers its action as a selective tran-
scription factor. UPR also has an effect on translation.
Double-stranded RNA-activated protein kinase
(PKR)-like kinase or eukaryotic translation initiation
factor 2-a kinase 3 (EIF2AK3, also termed PEK or
PERK) phosphorylates eukaryotic initiation factor 2
(eIF-2) in response to protein misfolding in the ER
[79, 108]. This results in global inhibition of protein
synthesis and simultaneous selective translation. The
release of BiP from the lumenal domain of PERK
results in the dimerization and subsequent activation
of PERK.

We note that there are different isoforms of IRE1 and
ATF6, and that additional UPR-related signal trans-
duction components have recently been described
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(CREBH, OASIS/CREB3L1, BBF2H7) [109-111].
In addition, one of the ER membrane-integrated
Hsp40 co-chaperones (ERj1) may also be involved in
UPR. The cytosolic domain of ER]j1 has the ability to
inhibit protein synthesis at the level of initiation and to
enter the nucleus and bind to DNA [45, 48]. There-
fore, ERj1 was classified as another ER-resident
integral membrane transcription factor that is acti-
vated by RIP [45].

When UPR fails to relieve the biosynthetic burden of
ER-stress in cells, apoptosis is induced in these cells in
order to protect the whole organism [112]. This
involves the transcription factor CHOP [113] as well
as several other proteins (Bak, Bax, Bcl-2, Bim,
caspase-12, c-Jun N-terminal kinase [JNK]).

There are also connections between the signaling
pathways in UPR and inflammation through various
mechanisms, including calcium release from the ER
(for arecent review see [114]). At the molecular level,
JNK and nuclear factor kB (NF-kB) were proposed to
provide the link between UPR and inflammatory
processes.

The role of BiP in calcium homeostasis

The ER plays a central role in calcium homeostasis
and calcium-related signal transduction [5, 6]; thus,
the ER membrane harbors ryanodine-receptors
(RyR), inositol-1,4,5-trisphosphate-receptors (IP;R),
and sarcoplasmic ER calcium (SERCA) pumps. The
receptors trigger the release of calcium ions from the
ER upon plasma membrane receptor stimulation and
the SERCA pumps refill the ER-resident calcium
stores.

Many of the ER-resident chaperones are low affinity
calcium binding proteins (CaBPs) and their activity
may be modulated by calcium ions [115, 116]. Alter-
natively, proteins that eventually leave the cell,
including secretory and plasma membrane proteins,
may require high calcium concentrations during their
folding and assembly (possibly due to the fact that
they will encounter high calcium concentrations in
their functional location). Thus, it is not surprising that
the inhibition of SERCA pumps by thapsigargin leads
to ER stress and UPR [3, 4]. Intriguingly, BiP is one of
the CaBPs that is inhibited by high concentrations of
calcium ions; i.e. it is activated in its ATPase activity
by calcium depletion (see below) [117]. In addition,
the ER lumen contains some professional chelators,
EF-hand domain proteins that are dedicated to bind-
ing of calcium ions, including calumenin and reticu-
localbin [77]. Interestingly, these proteins appear to
interact with Sec63.
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Furthermore, calcium ions are involved in communi-
cation between the ER and mitochondria; this is
important for bioenergetics and cell survival, at least
in certain cell types (Fig.1). Normally, the ER
membrane protein sigma-1 receptor (Sig-1R) is asso-
ciated with BiP [81]. Upon calcium depletion from the
ER via IP;R, the calcium-sensitive Sig-1R dissociates
from BiP and associates with IP;R, thereby protecting
the otherwise unstable IP;R from ERAD and pro-
longing calcium signaling to the mitochondria. Thus,
BiP is involved in calcium-mediated signaling be-
tween the ER and mitochondria. We note that the ER
lumenal domain of Sig-1R also has chaperone activity.
Thus, calcium depletion may also increase the general
chaperoning activity in the ER lumen. This is sup-
ported by the observation that increasing the cellular
Sig-1R concentration counteracts UPR, while de-
creasing its concentration enhances apoptosis. How-
ever, it is not clear whether Sig-1R plays a role in
general protein folding; this would require a signifi-
cant concentration of Sig-1R in normal cells.

In addition, BiP plays a direct role in controlling efflux
of calcium ions from the ER by closing the Sec6l
channel during protein translocation and in the
absence of translocation (see above) [94-96].

Infectious diseases

Shiga toxigenic Escherichia coli (STEC) strains cause
morbidity and mortality in developing countries [118].
Some of these pathogens produce Shiga toxin and AB;
toxin (also termed subtilase AB), and are responsible
for gastrointestinal diseases, including the life-threat-
ening haemolytic uraemic syndrome (HUS) (OMIM
235400). SubAB is a particularly devastating AB;
cytotoxin which was responsible for an outbreak of
HUS in Australia in 1998. AB; toxin is comprised of
pentameric B-subunits that bind to toxin receptors on
the cell surface and an A-subunit that has subtilase-
like serine protease activity. During infection, the
bacterial cytotoxin enters human cells by endocytosis
and retrograde transport to the ER. In the ER, BiP is
the major target of the catalytic A-subunit, which
inactivates BiP by limited proteolysis. Finally, all BiP
functions are completely lost and the affected cells die

(Fig. 2).

Inherited diseases

Autosomal dominant polycystic liver disease

Autosomal dominant polycystic liver disease
(ADPCLD) (OMIM 174050) is a rare human inher-
ited disease that is characterized by the progressive
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development of multiple biliary epithelial liver cysts
[119,120]. It usually remains asymptomatic at a young
age and becomes manifest between the ages of 40 and
60 years. Liver function is usually preserved, even in
advanced cases. However, the mass effect of the
enlarged liver can give rise to serious symptoms,
including abdominal pain and shortness of breath;
therefore, it may require surgical intervention.
ADPCLD involves at least two different genes:
protein kinase C substrate 80K-H (PRKCSH) is
located on chromosome 19q13.2 and encodes the B3-
subunit of glucosidase II (also termed hepatocystin);
SEC63 is located on chromosome 6q21. A loss of
Sec63 function has been postulated in several genetic
mutations, including two frame-shift mutations that
cause premature chain termination and three non-
sense mutations. In addition, a single amino acid
substitution and a single amino acid deletion have
been described and are of particular interest from the
functional point of view.

Although no mechanism has been firmly established
for ADPCLD, the disease can be explained by a two-
step process (termed two-hit mechanism): patients
with one inherited mutant allele and one wild-type
allele may lose the wild-type allele in some liver cells
through somatic mutation. A plausible scenario is that
Sec63 is essential for the import and/or folding of a
subset of non-essential secretory or plasma membrane
proteins that are involved in the control of biliary cell
growth and proliferation. Thus, without functional
Sec63, these proteins do not reach the correct location
at the cell surface. The result is uncontrolled prolif-
eration of the respective liver cells and, thus, cyst
formation. We note that this concept was recently
challenged on the basis of novel data that were
obtained for patients with a mutation in the SEC63
gene [121], and additional new results may suggest a
divergent mechanism for cystogenesis in patients with
mutations in the PRKCSH gene versus the SEC63
gene [122]. In the case of mutations in the PRKCSH
gene, it was concluded that the lack of hepatocystin
does not result in proliferation but in disrupted cell
adhesion.

Marinesco-Sjogren syndrome

Marinesco-Sjogren syndrome (MSS) (OMIM 248800)
is a rare autosomal recessively inherited neurodege-
nerative disease [123—127]. The hallmarks of MSS are
cerebellar ataxia, cataracts, developmental and men-
tal retardation, and progressive myopathy.

The cause of the disease in the majority of MSS
patients has been characterized as a mutation in the
SILI gene on chromosome 5q31 that results in
mutated or truncated Sill. Sill is a nucleotide
exchange factor for BiP, and its role is to provide
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BiP with ATP. To date, three frame-shift mutations
that cause premature chain termination and four
nonsense mutations have been associated with a loss
of Sill function. In addition, a missense mutation was
described that is of particular interest from the
functional point of view. This latter mutation
(L457P) and one of the nonsense mutations (L456X)
are expected to affect the ER-retention of Sill, due to
a missing or improperly folded putative retention
motif (KELR) in the mutant protein.

A loss of Sill function results in a reduction of
functional BiP. Several possible consequences of this
include: (i) some precursor proteins may not be
transported into the ER, causing precursor polypep-
tides to accumulate in the cytosol; (ii) some proteins
that are successfully transported into the ER may not
be folded correctly, leading to accumulation of
misfolded polypeptides in the ER; or (iii), as a
consequence of (i) or (ii), some essential secretory
or plasma membrane proteins may not reach their
functional location, thus, affecting cell and organ
development. Alternatively, excessive protein accu-
mulation in the cytosol or the ER lumen could result in
cell death.

Wolcott-Rallison syndrome

Wolcott-Rallison syndrome (WRS) (OMIM 226980)
is arare autosomal recessive disorder characterized by
permanent neonatal and early infant insulin-depend-
ent diabetes associated with various multisystemic
clinical manifestations [128, 129].

The cause of the disease has been characterized as a
mutation in the PERK gene on chromosome 2p12 that
results in a mutated or truncated PERK protein. Five
PERK frame-shift mutations that cause premature
chain termination, one splice site mutation and three
nonsense mutations have been described, and all lead
to truncated polypeptides. In addition, four single
amino acid substitutions have been described that are
within the coding region of the kinase domain. Based
on the analysis of some of the mutant proteins, a loss of
PERK function is expected in all of these cases.
PERK seems to be essential in postnatal pancreatic 3
cells and may play a role in pancreatic development in
utero. Because PERK is only one of four kinases that
are known to phosphorylate eIF2A, it was argued that
PERK may also have an important metabolic function
and that the latter may be the essential function in 3
cells.

Cancer

Due to poor vascularization and the resulting hypoxia
and glucose starvation, tumor cells are prone to ER
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stress and UPR [130, 131]. In cultured cells, BiP is one
of the proteins involved in protecting cancer cells
against ER stress-induced apoptosis [132]. In addition
to this general link between BiP and cancer, some of
the above mentioned BiP interacting proteins have
been connected to certain tumors.

Sec63 is mutated in microsatellite-unstable human
cancers

Sec63 is an ER membrane-resident Hsp40 that may
play a role in protein transport into the ER (see
above). The SEC63 gene was found among the most
frequently mutated genes in cancers that had deficient
DNA mismatch repair, including hereditary nonpoly-
posis colorectal cancer (HNPCC)-associated malig-
nancies and sporadic cancers with frequent micro-
satellite instability [133, 134]. In small bowel cancer,
SEC63 exhibited frameshift mutations. In some cases
of gastric and colorectal cancers, SEC63 alterations
were characterized as bi-allelic. Thus, these genetic
alterations may be associated with a more or less
pronounced loss of Sec63 function. This alone may
contribute to tumorigenesis, or it may result in a non-
physiological Sec62/Sec63 ratio. The latter may result
in the extra-ER location of Sec62 and a gain of novel
function (see below). This hypothesis is further
supported by a study on the gene expression signa-
tures of sporadic colorectal cancers which recognized
the overexpression of SEC62 as part of a 43-gene
cDNA panel that was used for predicting the long-
term outcome of colorectal cancer patients [135].

Sec62 is overproduced in prostate cancer

Sec62 forms complexes with Sec63 and Sec61 and may
also be involved in protein transport into the ER.
Gene amplification at chromosome 3q25-q26 com-
monly occurs in prostate cancer. Mapping the 3q25-
q26 amplification and identifying candidate genes
with quantitative real-time PCR revealed that the
SEC62 gene (chromosome 3q26.2) had the highest
known amplification frequency (50%) in prostate
cancer and was found to be up-regulated at the mRNA
level in all tumors analyzed [136]. These findings
suggested that SEC62 was the best candidate within
the 3q amplification unit for involvement in prostate
cancer. Overproduction of Sec62 was confirmed by
western blot analysis. Thus, SEC62 over-expression
appears to be associated with a proliferative advant-
age for prostate cancer cells. The most likely scenario
is that upon overproduction, Sec62 gains a function
that is not related to protein secretion, possibly at an
extra-ER location. We proposed that in an organ such
as the pancreas, that has stoichiometric amounts of the
Sec61 complex, Sec63, and Sec62, the Sec62 protein
(with no ER-retention motif) may be retained in the
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ER by association with its partners, and may be
involved in protein translocation. Upon overproduc-
tion, excess Sec62 may leave the ER by vesicular
transport and gain a function at an unknown location
along the secretory pathway that is unrelated to
protein translocation. Indeed, in some data bases,
Sec62 is listed as a putative non-selective cation
channel. Therefore, Sec62 may act as a calcium
channel, e.g. in the plasma membrane in prostate
tumor cells, and may cause or at least contribute to a
proliferative advantage for the cancer cells.

In summary, a Sec62-Sec63 imbalance is likely to
contribute to the development of human malignancies
by leading to the translocation of the uncomplexed
Sec62 to a putative cellular location along the
secretory pathway. Therefore, the overexpression of
SEC62 or the loss of Sec63 function may be associated
with a proliferative advantage in cancer cells.

Perspectives

One of the open questions in this area of research is
related to the mechanism of ATP transport into the
ER. The recent identification of the first ER mem-
brane-resident ADP/ATP carrier (ER-ANT1) in the
plant Arabidopsis thaliana, represents a major break-
through [137]. However, this carrier does not appear
to have an ortholog in either yeast or mammals.
Previous work in mammals implicated the mitochon-
drial outer membrane protein porin (VDAC1) as an
ATP carrier in the sarcoplasmic reticulum [138]. In
analogy to the situation in yeast, the Golgi membrane
protein Mcd4 (also termed PIG-N) was proposed to
provide the ER with ATP [139].

Another more or less unexplored area is related to the
regulatory mechanisms that may be associated with
the various interaction partners of BiP. It is currently
clear that some components are not present in every
cell type (e.g. PERK). This indicates developmental
regulation of gene expression, at least in certain cases.
In addition, there are various miRNAs listed in
databases that may potentially be directed against
some of the proteins that were discussed here; thus,
this may potentially constitute another layer of
regulatory mechanisms in gene expression. Further-
more, some proteins have already been described as
substrates of various cytosolic kinases; also, various
kinases have been found to be associated with the ER
[140]. Thus the various processes that were discussed
are also expected to be targets of allosteric regulatory
mechanisms.

Furthermore, we note that there are many more
medical aspects of BiP and its interaction partners
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than could possibly have been discussed here (for a
recent review see [141]).
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