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In the present study, we have used a non-denaturing
el electrophoresis assay to characterize the specific-
ty of the peptide-induced depolymerization process of
he isolated recombinant C-terminal domain (C30) of
he molecular chaperone BiP, in the presence of spe-
ific synthetic peptides and with the neuropeptide
ubstance P. In the absence of peptidic ligand, C30
elf-associates readily into multiple oligomeric spe-
ies. Upon peptide addition, C30 oligomers convert
nto dimers, then into monomers. Our data indicate
hat the algorithm we previously developed to predict
utative BiP binding sites in any protein sequence is
lso a good indicator as to whether a peptide can effi-
iently induce depolymerization of the C-terminal
eptide binding domain and stimulate the ATPase ac-
ivity of the full-length protein. © 1999 Academic Press

BiP is a molecular chaperone resident of the endo-
lasmic reticulum that belongs to the highly conserved
SP70 family. BiP performs function in protein fold-

ng and assembly [1], calcium homeostasis [2], trans-
ocation of nascent polypeptides [3], and in retargeting
rreversibly misfolded proteins to the cytosol through
he retro-translocation process [4]. BiP carries a weak
TPase activity that is stimulated by the binding of
nfolded polypeptides onto the C-terminal substrate-
inding pocket. It has been shown that BiP binds to
pecific hydrophobic sequences rich in tryptophan,
eucine and phenylalanine exposed in unfolded
olypeptides, but buried in the hydrophobic core of
ative proteins [5, 6]. Recent in vivo studies have
hown that stable interactions with BiP cannot be de-
ected in polypeptides that rapidly adopt a stable na-
ive conformation in vitro [7]. One model stipulates

Abbreviations used: ELISA, enzyme-linked immunosorbent assay;
PLC, high-performance liquid chromatography; HRP, horseradish
eroxidase; HSP70, heat shock protein of 70 kDa; PBS, phosphate
uffered saline; PCR, polymerase chain reaction; SDS-PAGE, so-
ium dodecyl sulfate-polyacrylamide gel electrophoresis.
181
ult of its ability to prevent irreversible aggregation by
inding specifically to these hydrophobic sequences
rior to the protein folding and assembly processes [8].
second model has been proposed in which the func-

ions of BiP and of other HSP70s would be specified by
nteraction with accessory proteins [9–12].

BiP and other HSP70 functions are also regulated
hrough an oligomerization/depolymerization equi-
ibrium [13–18]. In vivo, substrate-free BiP is mostly
ligomeric, as peptide-bound BiP is monomeric [13].
n vitro, ATP-bound HSP70 bind and release sub-
trate with high association-dissociation rates, and
pon ATP hydrolysis, HSP70 proteins are locked in
table complex with their substrates [19]. Mono-
eric BiP species are catalytically more active than

ligomeric BiP [14]. We have recently reported that
ull-length murine BiP is in chemical equilibrium
etween multiple oligomeric and monomeric species
15]. We showed that the C-terminal domain of BiP
as essential for oligomerization and peptide-

nduced depolymerization [15, 18 –19]. To further
nderstand the molecular mechanisms involved in
he regulation of BiP activity, we have expressed in
scherichia coli the isolated C-terminal domain of
iP (C30). The carboxy-terminal fragment used con-

ains the 18 kDa substrate-binding domain followed
y the 10 kDa C-terminal tail, whose function is still
nknown. The complete histidine-tagged carboxy-
erminal domain oligomerizes into multiple oligo-
eric species and depolymerizes upon binding to

pecific short peptides or the neuropeptide Sub-
tance P. Our data indicate that peptides predicted
o have a high affinity for full-length BiP stimulate
fficiently its ATPase activity and induce conversion
f the carboxy terminal oligomers into monomeric
pecies. Our data support a model where accumula-
ion of unfolded polypeptides in stressed cells in-
uces depolymerization and stabilization of BiP mo-
omeric species that can then exert its function as
olecular chaperone.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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lasmids
pC30 and p(His)10-C30. The cDNA encoding the complete
-terminal domain, i.e. C30 (residues 391-636), of murine BiP [20]
as amplified by PCR from the plasmid pSecB115 [14] using the
rimers C19I (59-GGAATTCCATATGGATACAGGTGATCTG GTA-
9) and pET12-2 (39-TCGACTCAACCGACGACGGT-59). The 820 bp
CR product was then cleaved by the restriction enzymes NdeI and
amH1, purified and subcloned in a dephosphorylated pET12a/
deI-BamHI expression vector (Novagen, Inc.) to yield the pC30
ector. Subsequently, the NdeI-BamHI cassettes from pC30 were
ubcloned in the pET19b vector (Novagen, Inc.) digested with the
ame enzymes, in frame with an N-terminal ten histidine tag to yield
(His)10-C30 plasmids. The NdeI-BamHI cassettes were totally se-
uenced using two external primers (T7 primer, Promega and
ET12-2 described above) and two internal primers (P13 59-
CGATAATCAGCCAAC-39; P14, 59-CCGCCTGACACCTGAAG-39).
o mutations were identified. The plasmid p(His)10-BiP, expressing

His)10-BiP, was described previously [11].

rotein Purification

(His)10-C30 and (His)10-BiP were expressed in E. coli BL21(DE3)
ells (Novagen, Inc., Madison, WI), purified by affinity chromatogra-
hy on Talon resin (Clontech, Palo Alto, CA) or Nickel-agarose
Novagen, Inc., Madison, WI) according to the manufacturer’s in-
tructions. Large inactive aggregates were eliminated by ion ex-
hange chromatography on MonoQ (Amersham Pharmacia Biotech,
iscataway, NJ). (His)10-C30 and (His)10-BiP were eluted with a
.05-1 M KCl linear gradient in 20 mM Tris (pH 5 8) buffer. Frac-
ions containing C30 or BiP proteins were pooled and further dia-
yzed against Binding Buffer (20 mM HEPES pH 7, 75 mM KCl, 5

M MgCl2). The content of secondary structure in (His)10-C30 (30
M) was 25.2% a-helix, 64.6% b-sheet, 0.3% turns and 10.9% ran-
om coil as estimated by circular dichroism.

eptides

The tryptophan-containing peptides pp12 (LFWPFEWI), pp28
HWDFAWPW), pp32 (WTWWEWLA), pp37 (FTYGSRWL), and
p52 (YVDRFIGW), as well as the neuropeptide Substance P (RPK-
QQFFGLM), were identified to bind to full-length BiP in previous
tudies [6, 21]. The following peptides were identified to bind to
ull-length FLAG-BiP through the screening of a Trp-less and Met-
ess phage display library (will be described elsewhere) and were
ynthesized: pep-2 (LSVKFLT), pep-3 (LSIFSVT), pep-6 (FASQKFI)
nd pep-7 (FYRYGVI). The peptide pep-5 (AQAGSQS), identified in
he random library and classified as non-reactive, was also synthe-
ized as a negative control. Peptide synthesis and purification were
arried out as described [6].

ESULTS

Peptide binding induces dissociation of recombinant
His)10-C30 oligomers into mostly dimeric and mono-
eric species, in a process that is peptide concentration
ependent. To study the dynamics and mechanisms
f the peptide-induced depolymerization process in the
bsence of interaction with the catalytic ATPase do-
ain, we directly expressed the carboxy-terminal do-
ain of BiP as an isolated Histidine tagged recombi-

ant fragment (His)10-C30 (see Materials and
ethods). When analyzed on size-exclusion chroma-

ography, (His)10-C30 (40 mM) elutes as a broad peak,
182
ies (data not shown). On native electrophoresis gel,
His)10-C30 migrates as a mixture of oligomeric forms
Fig. 1). Concentration dependence experiments indi-
ate that (His)10-C30 monomeric species co-exist with
His)10-C30 oligomers at low concentration (0.8-10
M), while large oligomers become preponderant at 25
M and above, regardless of the method being used to
nalyze the degree oligomerization, i.e. size-exclusion
hromatography, native electrophoresis or cross-
inking with glutaraldehyde followed by SDS-PAGE
data not shown).

Eleven peptides were tested for their ability to in-
uce depolymerization of His10-C30 oligomers (Fig. 1).
he peptides pp28, pp52, pp32, pp12 and pp37 were
reviously identified to bind to full-length BiP with
ariable affinities by screening of a 8-mer phage-
isplay peptide library [6]. In the presence of high
oncentrations of pp28 and pp52, His10-C30 oligomers
end to disappear and monomeric species accumulate.
t the highest concentrations of pp28 and pp52, the
ands corresponding to dimeric species decrease in
ntensity. The peptides pp52, pp32 and pp12 are very
nsoluble, therefore we were not able to use them at
igh concentrations. However, pp32 is able to induce
ignificant accumulation of monomeric species even at
ow concentration. The peptide pp37 is soluble but very
nefficient in promoting dissociation of (His)10-C30 oli-
omers.
The peptides previously identified were eight

esidue-long, most of them containing tryptophan res-
dues, an amino acid incorporated at low frequency in

ost protein sequences [6]. BiP and other HSP70s
xhibit maximal peptide-stimulated ATPase activity
or seven-residue long peptides [5]. The three-
imensional structure of the E. coli homologue DnaK
omplexed with the NR peptide (NRLLLTG) indicates
hat tryptophan is too bulky to fit into the DnaK major
nchor site at the so-called “site 0” position, which
orresponds to residue L4 of the NR peptide [22]. To
urther investigate the preference for tryptophan resi-
ues and the optimum requirement of peptide length
n BiP recognition of unfolded polypeptides, the pep-
ides pep2, pep3, pep6, pep7 were isolated from screen-
ng a tryptophan- and methionine-less 7-mer peptides
hage-display library (see Materials and Methods).
ost of the 7-mer peptides were much more soluble

hat those previously identified allowing their use in
eptide-binding assays at millimolar concentrations.
he peptide pep2 induces depolymerization of the full-

ength BiP [15] and also induces efficient depolymer-
zation of His10-C30 (Fig. 1, panel F). The peptide pep7
s also a very good substrate for His10-C30 (Fig. 1,
anel I). Some activity, as revealed by an increase of
onomeric species, is also evident for high concentra-

ions of pep3 (Fig. 1, panel G). Substance P, an 11
esidue-long neuropeptide described to bind to full-
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ength BiP [21], also induces depolymerization of
is10-C30 oligomers at relatively low concentrations

Fig. 1, panel K). Pep5, a peptide selected as a negative
ontrol (Materials and Methods), does not induce
His)10-C30 depolymerization, even at concentrations
eaching about 8 mM (Fig. 1, panel J). Pep6 is very
nefficient at inducing dissociation of (His)10-C30 oli-
omers (Fig. 1, panel H). The peptides pp28, pp52,
p32, pep2, pep7 and Substance P appear to be the
ost efficient peptides, promoting noticeable (His)10-
30 depolymerization at concentrations below 200 mM,
nd almost complete disappearance of large oligomers
t concentrations close to their solubility limit.
Concentration-dependence experiments were carried

ut using the peptide-induced depolymerization assay
n native electrophoresis with three of the most effi-
ient peptides pp28, pep2 and pep7 (Fig. 2, upper pan-
ls). Monomeric species accumulate with increasing
oncentrations of synthetic peptides. Oligomers almost
ompletely disappear at high concentrations. Dimeric
pecies tend to decrease and almost totally convert into
onomers at high concentrations of pep7. The concen-

ration of monomers was estimated by densitometry of
he Coomassie Blue stained native gel and plotted as a
unction of peptide concentration (Fig. 2, lower panels).
he proportion of monomer remains fairly constant at
igh concentration of peptide, indicating that peptides
re in large excess over the carboxy terminal fragment
nd that an equilibrium has been reached. Apparent

FIG. 1. Specificity of peptide-induced depolymerization of (His)
oncentrations of the following peptides: pp28 (HWDFAWPW), p
FTYGSRWL), pep 2 (LSVKFLT), pep 3 (LSIFSVT), pep 6 (FASQKFI
LM). After 12–16 h incubation at 37°C, 12 ml aliquots of the sampl

lectrophoresis in non-denaturing conditions, the proteins were dete
, monomer.
183
ffinities were determined as the concentration of pep-
ide leading to 50% of the total amount of monomeric
pecies. Apparent affinity of pep 2 for (His)10-C30
onomer estimated from Fig. 2 was found to be equal

o 125 mM, which is in the same range as the Km z pep2
etermined in ATPase stimulation assays of the full-
ength protein [15]. Apparent affinities of pp28 and
ep7 for (His)10-C30 monomer were found to be in the
00–400 mM range. Similar peptide concentration-
ependent experiments were carried out with the other
eptides and reported in Table 1, together with the
pparent affinity determined in peptide-stimulated
TPase assays for the full-length (His)10-BiP. Values
btained for the peptides pp52, pep2 and Substance P
re in the same range by using the two assays. For all
he other peptides, apparent affinity constant deter-
ined in His10-C30 peptide-induced depolymerization

ssay are significantly higher (from three to ten times)
han Km z peptide determined in ATPase assays. This
ay be due to a fast exchange rate of these peptides for

he His10-C30 and a partial dissociation and re-
ligomerization of the fragment that occurs during
lectrophoretic migration.

ISCUSSION

BiP/GRP78 oligomerizes into multiple oligomeric
pecies that interconvert with each other in a
oncentration- and temperature-dependent process

C30. (His)10-C30 (10 mM) was incubated with or without varying
(YVDRFIGW), pp32 (WTWWEWLA), pp12 (LFWPFEWI), pp37

ep 7 (FYRYGVI), pep 5 (AQAGSQS), and Substance P (RPKPQQFF-
ere loaded on a 10% non-denaturing polyacrylamide gel [26]. After
using staining with Coomassie-Blue R-250. O, oligomer, D, dimer,
10-
p52
), p
es w
cted
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15]. Binding of ATP or of a synthetic peptide induces
epolymerization of BiP oligomers and stabilization of
onomeric species [15]. We and others [5–6] have pre-

iously shown that peptides containing hydrophobic
mino acids such as tyrosine, phenylalanine, leucine
nd tryptophan are the most efficient at stimulating
he ATPase activity of BiP. Here we show that the
olyhistidine tagged C-terminal domain of BiP self-
ssociates into multiple oligomeric species and depoly-
erizes into monomeric forms upon peptide binding.
imilar results have been obtained with the C30 frag-
ent expressed without the N-terminal extension of

en Histidine residues. In this study, we choose two
roups of peptides, one group contains tryptophan res-
dues in 8-mer sequences and has already been used in
eptide binding and ATPase stimulation studies with
he full-length BiP protein [6, 14–15], and the other
roup contain seven residue long peptides isolated
rom screening of a tryptophan-less, methionone-less
eptide phage-display library. Except for pp37, pep-
ides that contain tryptophan residues and/or are of
ight residues or more (Substance P), are the most
fficient in stimulating BiP’s ATPase activity and de-
olymerizing (His)-C30 oligomers (Table 1).
We previously developed an algorithm that allows

he identification of putative BiP binding sites in any

FIG. 2. Apparent affinity of pp28, pep 2, and pep7 for (His)1
His)10-C30 (10 mM) was incubated with increasing concentrations o
amples were analyzed by native electrophoresis as described in Fig.
y densitometry scanning of the Coomassie stained gels (AMBIS, In
pparent affinities were estimated as the concentration of peptide t
onomer.
184
rotein sequences [6]. The program is based on exper-
mental findings and calculates a BiP score for seven
esidue-long peptidic sequences. The higher the score,
he more likely the peptide will contain a high affinity
inding site for BiP. BiP scores were calculated for all
eptides tested in this study and reported in Table 1.
he BiP algorithm appears to be also a good indicator

or the ability of a peptidic substrate to induce depoly-
erization of the carboxy-terminal domain of BiP

Table 1). Peptides with high scores ($ 15) promote
epolymerization of the carboxy terminal domain of
iP at relatively low concentrations. Peptides with low
cores (# 25) are inefficient at millimolar concentra-
ions. Intermediates scores have less predictive values:
nly three peptides, e.g. pep7, pp52 and pep2, out of six
ested, efficiently depolymerize (His)10-C30 oligomers
nd stimulate BiP ATPase activity with KM in the 100
M range or below. These findings are in agreement to
hat has been reported for the ability of peptides to
ind to full-length protein and stimulate its ATPase
ctivity [6, 23–25]. This report indicate that the effi-
iency of peptide-induced depolymerization of the
arboxy-terminal domain of BiP correlates with a pep-
ides ability to stimulate BiP ATPase activity, and
hese two properties can be predicted to some extent by
sing the BiP algorithm described previously [6].

30 monomers determined by native electrophoresis. Top panels:
p28 (A), pep2 (C) or pep7 (E). After 12–16 h incubation at 37°C, the
he amount of (His)10-C30 monomers (bottom panels) was estimated
San Diego, CA), and plotted as a function of peptide concentration.
produces 50% of (His)10-C30 monomers. O, oligomer, D, dimer, M,
0-C
f p
1. T
c.,
hat
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Full-length BiP depolymerizes rapidly and totally
nto all monomeric species in the presence of ATP or
non-hydrolyzable analogue, but not in the presence

f ADP, indicating that ATP binding but not its
ydrolysis promotes a change in conformation lead-

ng to the stabilization of the catalytically active
onomeric form [15]. In this study, we show that in

bsence of the catalytic N-terminal domain, all mo-
omeric species cannot be obtained for any of the
eptides tested, even for the most soluble ones. In-
tead, at saturation, an equilibrium was reached,
here dimeric and monomeric species coexist, indi-

ating that the ATPase domain is not essential but
ay play a role in the stabilization of monomeric
iP. Interdomain interactions may also accelerate

he rate of peptide-induced depolymerization in vivo.
ther data supporting these views are: (i) BiP pro-

eolytic carboxy-terminal fragment prepared from all
onomeric BiP readily oligomerizes upon dissocia-

ion from the N-terminal domain [15] and (ii) mono-
erization of the full-length BiP from trimeric/

imeric BiP was achieved within 5 min with ATP at
7°C [15]. However, the rate of peptide-induced de-
olymerization of full-length BiP in absence of ATP
t1/2 . 120 min, ref. 15] or in the absence of physical
ontact with the catalytic domains [t1/2 . 120 min,
.K. data not shown] is very slow. Mutants affected

n the self-association/depolymerization process
ave been isolated (L.K. unpublished). The biochem-

cal characterization of such mutants should unravel
he role of such an equilibrium in the functions of
iP as a molecular chaperone.

Peptide-Dependent ATPase Stimulation of (His)10-BiP

Peptides BiP scores

p28 (HWDFAWPW) 13/132
p32# (WTWWEWLA) 124/22
p12# (LFWPFEWI) 115/113
ubstance P (RPKPQQFFGLM) 23/12/22/17/17
ep 7 (FYRYGVI) 15
p52 (YVDRFIGW) 12/15
p37 (FTYGSRWL) 21/17
ep 2 (LSVKFLT) 23
ep 6 (FASQKFI) 23
ep 3 (LSIFSVT) 29
ep 5 (AQAGSQS) 217

Note. BiP scores, calculated as described [6], represent the ability o
een compiled for seven-residues-long peptides. For longer peptides
ssays were performed as described [15]. Values reported for appar
verage of two or more experiments.
* Real dissociation constant.
a From Blond-Elguindi et al. 1993 [6].
b From Chevalier et al. 1998 [15].
# Indicate very insoluble peptides.
185
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