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ABSTRACT. The molecular chaperonins are essential proteins involved in protein folding, complex assembly,
and polypeptide translocation. While there is abundant structural information about the machinery and
the mechanistic details of its action are well studied, it is yet unresolved how chaperonins recognize a
large number of structurally unrelated polypeptides in their unfolded or partially folded forms. To determine
the nature of chaperonin-substrate recognition, we have characterized by NMR methods the interactions
of GroEL with synthetic peptides that mimic segments of unfolded proteins. In previous work, we found
using transferred nuclear Overhauser effect (trNOE) analysis that two 13 amino acid peptides bound GroEL
in an amphipathie-helical conformation. By extending the study to a variety of peptides with differing
sequence motifs, we have observed that peptides can adopt conformations otlehétiarwhen bound

to GroEL. Furthermore, peptides of the same composition exhibited significantly different affinities for
GroEL as manifested by the magnitude of trNOEs. Binding to GroEL correlates well with the ability of
the peptide to cluster hydrophobic residues on one face of the peptide, as determined by the retention
time on reversed-phase (RP) HPLC. We conclude that the molecular basis of GroEL-substrate recognition
is the presentation of a hydrophobic surface by an incompletely folded polypeptide and that many backbone
conformations can be accommodated.

Chaperonins comprise a family of proteins that facilitate co) (14), citrate synthaselb, 16, ornithine transcarbamylase
the correct folding, assembly, and targeting of other proteins (OTC) (17), and rhodaneselg), among others. The pro-
in cells (1). They are found ubiquitously in all cell types miscuity of GroEL in interactions with a large number of
and in all organismsl); the best studied family member is  structurally unrelated proteins has been documented, where
GroEL, theEscherichia colichaperonin. GroEL is a highly ~ GroEL is capable of forming stable complexes with at least
abundant protein that is essential for cell viability under half of the E. coli soluble proteins in their unfolded or
normal growth conditions| 3). It is a large homooligomeric  partially folded statesl@), and defective GroE function leads
protein complex composed of 14 identical 60 kDa subunits to the accumulation of a number &f coli proteins including
which are arranged in two stacked heptameric rifg<b). citrate synthasel@).
Functionally, GroEL works in a Mg-ATPand K"-dependent
manner in cooperation with a small co-chaperonin, GroES
(or cpnl0), which is a heptamer of 10 kDa subunits
constituting a GroE chaperonin machin@).(The three-
dimensional crystal structures have been determined recentl
for a GroEL mutant in free5) and nucleotide-bound states

(7) and for wild-type GroEL in a ternary complex with : ; ;

) understand the molecular mechanisms by which chaperonins
GrpES and ADP). The |mpor'§ant rqles of GrokE chaper- function, two central questiorhow chaperonins recognize
onins in ph_a_ge assembly, protein foldl_ng, and_secretlon haVeand bind their substrates and how they modulate the folding
been identified by both genetic and biochemical studges ( process-must be answered. The latter question is the focus

9—13). In vitro, the GroE chaperonin machine has been . . S
. of many studies, the results of which provide important
shown to promote folding and/or assembly of a number of o . )
mechanistic details of the function of each part of the

enzymes, including ribulose bisphosphate carboxylase (Rubls—Chaperonin machinery (for a recent review, see2@f On

the other hand, depending on the substrates studied, the
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The basis of GroEL action is its ability to recognize and
stabilize unfolded or partially folded structures and to release
' them in a cooperative fashion upon binding of the co-

chaperonin GroES and ATP, thus preventing inappropriate
Yntra- and intermolecular interactions that would otherwise
lead to irreversible, nonspecific aggregatidd{22). To
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partially folded states from the native state, but lack sequenceprecipitation. The 1.82.4 M cut was resuspended in Tris-
specificity. Hence, chaperonins must recognize features thatsaline and spun at 2800§@or 120 min. The supernatant
are only present or accessible in incompletely folded stateswas then resuspended in Tris-saline containing 1 mM ATP,
(24). The properties shared by all nonnative states include 5 mM MgCl, and 25 mM KCI, and applied to a6 30 cm
secondary structural elements, exposed hydrophobic patcheSephacryl S400 HR gel-filtration column equilibrated in the
or clusters, incompletely packed side chains, and polypeptidesame buffer. Fractions containing GroEL/GroES complex
chain flexibility. The present study addresses the recognition were collected, diluted 3-fold with distilled water and applied
guestion by examining interactions of the chaperonin GroEL to a 30 mL Q-Sepharose column equilibrated with 20 mM
with a variety of different synthetic peptides which simulate Bis-Tris-HCI and 50 mM KCI, pH 6.0. GroES and GroEL
segments of incompletely folded polypeptides. were eluted with a KCI gradient at0.2 and 0.5 M,
GroEL recognizes nonnative states in protein folding respectively. GroEL was further purified by passing through
pathways to prevent aggregation, which principally results @ 2 mL bed of Cibacron-blue agarose 3GA (Sigma, St. Louis,
from the exposure of hydrophobic surfaces in the early MO). For each preparation, the mola_r extinction coefﬁcient
folding stages. It is likely, therefore, that the interaction Of GroEL at 276 nm was characterized by UV, with the
between GroEL and substrates is primarily hydrophobic in concentration determined by amino acid analysis. The typical
nature. This hypothesis is supported by studies using eitherezze Of GroEL subunit was about 13 000 Mcm™. The
calorimetry or mutagenesis which identified a cluster of Protein was stored at 4C as the ammonium sulfate
hydrophobic residues in the apical domain as implicated in Precipitate, and washed in a Centricon-30 concentrator
substrate binding25, 26. In previous studies, we demon- (Amicon, Beverly, MA) by three rounds of dilution and
strated that two 13-residue peptides bound to GroEL in an concentration with distilled water before an eXperiment.
a-helical conformation, as determined by transferred nuclear GroEL used in thd, measurements was extensively washed
Overhauser effect (trNOE) analysig7 2§. Interestingly,  in sodium phosphate buffer (40 mM, pH 6.0) so that the
these same peptides bind to the coli hsp70 homologue, final NH4* concentration is in the nanomolar range. g
Dnak, in an extended conformatio®d). The question arises ~ Was supplemented to the NMR samples containing ATP with
as to whether aru-helical backbone conformation is a @ concentration ratio of 1:1. GroES was not included in the
necessary condition for recognition by GroEL, and if so, what €xperiments.
features of the-helix determine such binding. The peptides ~ All peptides were synthesized by solid-phase peptide
studied so far are amphipathic when folded incahelical ~ synthesis using a Milligen 9050 peptide synthesizer (Milli-
conformation and, therefore, present a hydrophobic surfacepore, Milford, MA) using continuous flow 9-fluorenyl-
that could be exploited in the binding interaction. However, methoxycarbonyl (Fmoc) amino acid protection chemistry.
for other sequences, nonhelical backbone conformationsCrude peptides were purified by RP-HPLC on a Vydac C18
could also present a hydrophobic aspect. column with an acetonitrile/water gradient containing 0.1%

We have now explored whether the GroEL-binding trifluoroacetic acid. The purity of the peptide was checked

interaction has any preference for helical arrangements o
the polypeptide substrate by studying additional peptides
which have different patterns of hydrophobic and hydrophilic

residues or are derived from nonhelical secondary structures

in native proteins. TrNOE analysis shows that the peptides
may adopt conformations other than@elix when bound

to GroEL, such as an extendgttstrand conformation.
Furthermore, the relative binding affinities of peptides for
GroEL parallel very closely their abilities to cluster hydro-

phobic residues, as reflected by the retention times of the
peptides in reversed-phase high-performance liquid chroma-

tography (RP-HPLC). Thus, we conclude that the binding
of substrates to GroEL is based on surface hydrophobicity,
regardless of backbone conformation.

MATERIALS AND METHODS

GroEL was purified by overexpression in tBecoli strain
C1859 bearing plasmid pOF39 using the improved purifica-
tion procedures described previousi®9). In brief, cell
cultures were grown to late log phase at°87and collected
by centrifugation at £C. All subsequent purification steps
were carried out at 4C except chromatography on Cibacron-
blue columns. The cell pellets were resuspended in Tris-
saline (50 mM Tris-HCI and 125 mM NaCl, pH 7.5)
containing protease inhibitors (101 E-64, 10uM aprotinin,

1 mM PMSF, and 10 mM EGTA) and lysed by sonication.
The lysate was then centrifuged at 3530r 20 min, and

fby analytical RP-HPLC. The identity of the peptide was

verified by mass spectrometry, amino acid analysis, and
sequencing. The peptide concentration was determined by
amino acid analysis.
NMR spectra were recorded on either a Varian VXR-500
or a Bruker AMX2 spectrometer operating at a proton
frequency of 500 MHzT, measurements were performed
with the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
(30) with 64 scans per FID. Two-dimensional (2-D) total
correlation (TOCSY) and nuclear Overhauser effect (NOE-
SY) spectra were acquired in the phase-sensitive mode, with
6000 Hz spectral widths in both dimensions and a total of 2
x 256 free induction decays (FIDs) with 1024 complex
points per FID. The mixing times were 65 ms in the TOCSY
and varied from 50 to 300 ms in NOESY. The 2-D data
were processed using FTNMR on a Sun4/260 workstation
or FELIX (Molecular Simulations, San Diego) on a Silicon
Graphics workstation. In general, Gaussian or sine-bell
apodization functions were used in both dimensions, and a
matrix of 1024 x 1024 real points was formed by zero-
filling. Sequential resonance assignment of the peptide was
accomplished by TOCSY and NOESY. All data were
obtained at 25°C except the assignment measurements,
which were performed at 8C. Proton chemical shifts were
referenced with respect to the methyl protons of 3-(trimeth-
ylsilyl) propionate (TMSP) at 0 ppm included in the samples.
Selection of PeptideSynthetic peptides were utilized as
mimics of segments of incompletely folded polypeptide

the supernatant was fractionated by ammonium sulfate chains in order to understand whether peptide backbone
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Table 1: Experimental Peptides

peptide sequence propensity
Rho2(native) Ac-STKWLAESVRAGK-NH amphipathiax-helix
chirality variants of Rho2
p-Rho2 Ac-STKWLAESVRAGKNH, amphipathic left-handed-helix
L,0D-Rho2 Ac-STKWLAESVRAGK-NH unable to formoi-helix

amphipathic variants of Rh&2
1D
KE

p-strand peptides (native)
Xhat1(C— S¥
CRABP3

Ac-YKALAESLKASK-NH >
Ac-YKLSAEKLSAAK-NH >

YSTATLSLGHHAVP
Ac-SKPHVEIRQDGD

amphipathiax-helix
non-amphipathie-helix

[-strand
f-strand

aSequence held constant with substitutionbedimino acids (underlinedy.Sequence altered with amino acid composition held constamt.

Xhat1(C— S), the bold-face letters indicate residues that were not in the original hemagglutinin sequence: the first residue Tyr was not in the

original 3-strand, and the original Cys was changed to Ser.

conformation or hydrophobic surface is involved in GroEL-

substrate recognition. The peptides tested here provide 5 0F
examples of amino acid sequences that have different§ 20
intrinsic abilities to present a hydrophobic surface and to
adopt a specific secondary structure in an apolar environment §

(31). Among them are some peptides (see Table 1) designed? 0

specifically to examine the following issues: (d}helix
versus nore-helix; (2) amphipathic versus nonamphipathic;
(3) a-helix versuss-strand.

p-Rho2 and.,pD-Rho2 (see Table 1) are “chirality mutants”
of the original rhodanese peptide Rh@Z (2§ in that they

Native peptide All D-variant L,D-variant

£

*C
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[6]mx1

200 220 240

240
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Ficure 1: CD spectra of the native Rho2 peptide and its chirality

bear the same peptide sequence as that of the native Rhofariants in pH 6.1 phosphate buffer (dashed line) and in 20% (v/v)

peptide, but contain amino acid residuespiffiorm. The
D-Rho2 peptide, with all the residuesmaform, can form a
left-handeda-helix that would be isoenergetic to the right-
handed helix of the original Rho2 peptide, whereas.the
Rho2 peptide witlhb-amino acids at alternating positions in
the sequence is not likely to form arhelix at all.

TFE (solid line). In 20% TFE, th®@-Rho2 peptide forms a left-
handedx-helix, while theL,0-Rho2 peptide cannot form anhelix
at all.

aqueous buffer solutions. The CD spectrum of the Rho2
peptide in 20% TFE displays the typical negative double
minima characteristic of a right-handeshelix. By contrast,

The ID peptide was designed to have characteristics similarthe CD spectrum ob-Rho2 has positive intensity but the
to the Rho2 peptide, viz., the ability to adopt an amphiphathic identical double minima shape as its mirror image, demon-

a-helical conformation, but with a simplified amino acid

strating that it forms &eft-handedx-helix in 20% TFEL,D-

composition. The KE peptide has the same amino acid Rho2, however, does not take up @thelical conformation
composition as that of ID but with an altered sequence even in 20% TFE. Its CD spectrum both in aqueous buffer
arrangement which would not yield an amphipathic character and in 20% TFE is similar to that of gramicidin A in

if the peptide adopts aa-helical conformation. Thus, the

methanol, which exists in equilibrium between an unchar-

ID and KE peptides share the same overall hydrophobicity acterized monomeric form and several double-helical species

but differ in amphipathicity or surface hydrophobicity.

consisting ofz-helices 86). The equilibrium is shifted to

Many of the peptides studied have a high intrinsic tendency favor the double-helical species when long-chain alcohol

to take up aro-helical conformation. To examine whether
GroEL is capable of recognizing and bindifestrands, we
selected two peptides, Xhatl(€ S) and CRABP3, whose
sequences correspond/estrands in native influenza virus
hemagglutinin 82) and cellular retinoic acid binding protein
(CRABPI) (33), respectively.

Rho2 Chirality VVariants Bind GroELThe chirality variants
of the Rho2 peptide are not able to form reguight-handed
o-helix. Their interactions with GroEL thus address the
question whether a right-handetthelix is a necessary
structural motif for recognition. Figure 1 shows circular
dichroism (CD) spectra of the Rho2 peptide and its chirality
variants in aqueous buffer and in 20% (v/v) trifluoroethanol
(TFE), a solvent that stabilizes the helical conformation
proportional to the helical propensity of the dissolved
peptides 84, 35. CD spectra of both Rho2 armtRho2
indicate that they adopt largely random conformations in

(hydrophobic) is used instead of methar#)( This similar-
ity is expected given the alternatingp sequences in both
of these peptides.

A wealth of information on liganetmacromolecule inter-
actions can be obtained by NMR methods. Specific protein-
induced line broadening of ligand resonance peaks indicates
differential immobilization, and thus points to the most
important ligand-protein interactions. When the free ligand
and macromolecule-bound ligand are in the fast exchange
regime on the NMR time scale of spifattice relaxation,
trNOEs provide information that reveals the ligand confor-
mation in the bound stat&7, 3§. Many factors contribute
to the magnitudes of the observed trNOEs and line-
broadening effects: affinity, extent of interaction and the
internal motion of the bound peptide, magnetization transfer
pathways between protein and peptide, and anisotropy of
motion 38). Thus, the majority of the line broadening and
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Ficure 2: 2-D trNOE spectra of rhodanese peptide Rho2 and its chirality variasR$102 and.,p-Rho2, in the presenc of GroEL. The
peptide concentration was 7.9 mM with 200 (monomer concentration) GroEL in 40 mM potassium phosphate, pH 6.0, buffer with 10%
D,0 and 0.35 mM TMSP. The mixing time was 100 ms.
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Ficure 3: Comparison of 2-D trNOE spectra of the rhodanese peptides RmeRho2 and Rho2 plus,p-Rho2 in the presence of 3M

GroEL. TrNOEs of the native Rho2 peptide (2.8 mM) are markedly reduced (some examples are pointed by the arrows) by the addition of
an excess amount of thep-Rho2 peptide (10 mM), indicating competition for the same GroEL binding sites. The sample buffer condition
was the same as described in Figure 2. The mixing time was 100 ms.

trNOE data were interpreted only qualitatively in this study. peaks that would be expected in arhelical conformation

In the presence of GroEL, one-dimensional (1-D) NMR (39). Both line broadening and trNOEs suggest that.tbe
spectra showed line broadening for all three peptides, theRho2 peptide binds to GroEL as well as the original and the
original Rho2,0-Rho2, and.,p-Rho2, indicating that they  all p-variant, even though it adopts neithreght-handednor

all bind GroEL. Concomitantly, many trNOE cross-peaks left-handeda-helix. The L,p-Rho2 peptide might adopt
were observed for all three of the peptides in the NOESY another type of helix, such assahelix, which could also
spectra. Figure 2 shows a comparison of the trNOEs for the present hydrophobic residues in a cluster on its surface, but
original Rho2 peptide and its andL,b-variants. The-Rho2 there is insufficient data to specify this conformation. The
peptide, which can form deft-handeda-helix, showed possibility that the original and,p-Rho2 peptides bind
trNOEs almost identical to that of the Rho2 peptide, different sites on GroEL was tested by a competition
suggesting that the peptide adoptseti-handeda-helical experiment. As shown in Figure 3, the trNOEs of the native
conformation in the GroEL-bound state. Note that leig- peptide were dramatically reduced by the addition of an
handeda-helical conformation of the-Rho2 peptide would  excess of the ,p-peptide, indicating that the two peptides
be equally amphipathic in nature as the right-hanaédgbli- compete for the same binding sites on GroEL. We conclude
cal conformation of the original Rho2 peptide. kgs-Rho2, that ana-helix is not an essential motif for GroEL-peptide
the magnitude of the trNOEs are similar to those of the native binding.

and allo-peptides, although the pattern of trNOEs is different.  Disruption of Amphipathic Helical Character Weakens
In particular, there are none of the NMNH(i+1) cross- GroEL Binding.To test the importance of amphipathicity
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Ficure 4: Helical wheel representation of three of the peptides used in this study: Rho2, ID, and KE.
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FicurRe 5: Selected regions of 1-D NMR spectra (a) and 2-D trNOE spectra (b) of the ID and KE peptides alone and with GroEL. The KE
peptide in the presence of GroEL showed reduced line broadening and fewer trNOEs as compared with those of the ID peptide, suggesting
that the amphipathic peptide is capable of binding GroEL with relatively higher affinity than the nonamphipathic one. Samples contained
2.4 mM peptide and 5@M GroEL in 40 mM K-potassium phosphate, pH 6.0, buffer with 10%®@&nd 0.35 mM TMSP. The mixing time

in 2-D NOESY experiments was 150 ms.

in the recognition of peptide substrates by GroEL, we carried supports the hypothesis that the clustering of hydrophobic
out NMR experiments in the presence of GroEL on peptides, residues on one face of the peptide is critical for GroEL-
which when folded as helices, would present varying binding.

amphipathic character. The abilities of the ID and KE  S-Strand Peptide with Alternating Hydrophobic Residues
peptides to form amphipathw-helices are compared using Binds GroEL in an Extended Conformatiofkrom the
helical wheel diagrams in Figure 4; note that the most behavior of theL,pD-Rho2 peptide, we know that it is not
hydrophobic residues and the charged residues are dispersedecessary for peptides to be-helical to bind GroEL,
around the helix in the KE peptide relative to the ID peptide. although many peptides we have examined do adopt
CD spectra of both ID and KE peptides in TFE indicate that a-helices in the GroEL-bound state. Incompletely folded
these peptides have the propensity to faxrhnelical con- states of GroEL protein substrates may also corftastrands,
formations (data not shown). Figure 5a shows the GroEL- and it is of interest to explore whether these features can be
induced line-broadening effect on the peptide resonancebound by GroEL. To assess the ability of GroEL to bind
peaks for the ID and KE peptides. The “nonamphipathic” peptides that tend to formstrand conformation, we have
KE peptide showed significantly less line broadening in the examined two peptides, Xhatl(€ S) and CRABP3. The
presence of GroEL than the “amphipathic” ID peptide. Xhatl (C— S) peptide features alternating hydrophobic and
Furthermore, smaller trNOEs were observed for the KE hydrophilic amino acid residues in the sequence, and displays
peptide as compared with the ID peptide (Figure 5b). These a hydrophobic surface in thé-strand conformation. Both
qualitative measures together show that the “nonamphipathic’ CD and NMR measurements indicate that the peptide alone
KE peptide binds GroEL with lower affinity. This result in solution lacks a strongly favored conformation (data not
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Ficure 6: 2-D NOESY spectra of the Xhatl peptide alone and with GroEL. Interresi@tkiXYINH(i+1) cross-peaks are labeled with
residue numbers. The appearance of matl(@/NH(i+1) and the absence of the NjINH(i+1) trNOE cross-peaks in the spectrum of
the peptide upon addition of GroEL indicate that the peptide adofitsteand conformation in the GroEL-bound state. Sample condition:
2.8 mM peptide and 120M GroEL in 40 mM sodium acetatds, pH 6.0, with 10% RO and 0.35 mM TMSP. The mixing times were 300
ms and 100 ms for the peptide alone and for the peptide with GroEL, respectively.

shown). The addition of GroEL leads to line broadening of peptide conformations, such dbsstrands, turns29), or
the peptide resonance peaks and many strong trNOEs. Theerhaps even-helices, are also found for the GroEL-bound
NH(i)/NH(i+1) NOE connectivities that would indicate an peptides, provided that such a conformational arrangement
o-helical conformation39) are lacking as shown in Figure presents a hydrophobic surface. Evidently, the peptide
6. On the other hand, °Ei(i)/NH(i+1) trNOESs, as labeled backbone conformation is not a molecular basis for GroEL
in Figure 6, are much stronger than the intraresidue NH/ recognition; rather the hydrophobic surface of the amphip-
C*H trNOEs. The presence of stron§HXi)/NH(i+1) NOEs, athic structure is important for GroEL-peptide binding.
combined with the absence of NiffNH(i+1) and charac- GroEL-Peptide Binding Parallels Retention of the Peptides
teristic a-helical medium-range NOEs, strongly indicate a in RP-HPLC.The surface hydrophobicity, a possible GroEL
predominantly$ (extended) conformation for the peptide binding motif, has been determined for all the peptides in
upon binding to GroEL39). The otheiB-peptide CRABP3,  parallel with the NMR observations. RP-HPLC separates
however, showed almost no binding to GroEL, as very little polypeptides primarily by differential surface hydrophobic
line broadening and trNOEs were observed for the peptide interactions. The retention times of the peptides on a C18
in the presence of GroEL (data not shown). We found that stationary phase directly reflect the ability of the peptides
the CRABP3 peptide differs from the Xhat1{€ S) peptide  to present a hydrophobic surfac0(. The retention times
in the surface hydrophobicity. The results with the above of the peptides on a Vydac analytical C18 RP column were
two S-peptides demonstrate (1) the ability of GroEL to measured using an acetonitrile (ACN)/water gradient con-
recognize an extended g#-conformation, and (2) the taining 0.1% trifluoroacetic acid (TFA). We found that the
importance of a hydrophobic surface. peptide retention time on RP-HPLC correlates well with the
In summary, among the almost 20 peptides examined in magnitude of trNOE intensity (Table 2). A peptide that binds
our laboratory by trNOE studies, many but not all show GroEL with higher affinity also has a longer retention time
binding to GroEL. The GroEL-binding peptides often, but on the RP-HPLC. The observed correlation between the
not always, formo-helices in the GroEL-bound state. Other relative peptide-binding affinity for GroEL and the ability
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Table 2: Correlation between Relative TrNOEs and RP-HPLC Retention of Tested Peptides

peptide sequence retention (ACN%) relative trNOEs

P22 tailspike Ac-DYVKFPGIETLL-NH 325 +++
VSV-C Ac-KLIGVLSSLFRPK-NH, 30.7 +++
Rho2-L6 Ac-STKWLLESVRAGK-NH 25.5 +++
AL Ac-YKALSEALKSAK-NH » 24.5 +++
ID Ac-YKALAESLKSAK-NH ; 22.0 +++
Rho2 Ac-STKWLAESVRAGK-NH 21.7 +++
p-Rho2 Ac-STKWLAESVRAGK-NH 20.8 +++
Xhatl YSTATLSLGHHAVP 20.5 +++
Rho2-5P6 Ac-STKWLPAESVRAGK-NKE 20.3 +++
L,0-Rho2 Ac-STKWLAESVRAGK-NH 20.2 +++
KE Ac-YKLSAEKLSAAK-NH ; 18.0 ++
ES24D Ac-KRKEVETKSAGDIVLTGSAA-NH 17.3 ++
ES24G Ac-KRKEVETKSAGGIVLTGSAA-NH 16.8 ++
Rho2-P5 Ac-STKWPAESVRAGK-NH 16.8 ++
“control” GPENRGDSCA 15.6 ++
Rho2-P5G6 Ac-STKWPGESVRAGK-NH 155 ++
CRAPB3 Ac-SKPHVEIRQDGD 12.0 +
KWK KWK 6.5 +

of the peptide to present a hydrophobic surface in an apolarTable 3: T Values of Selected Rho2 Resonances

environment argues that the GroEL-peptide recognition is peptide+ peptide+

hydrophobic in nature. resonance  peptide odly  GroEL? GroEL/Mg-ATPR>
GroEL-Induced Line-Broadening Effects Can Be®&sed L56 230+ 20 73+ 3 93+ 4

by the Addition of ATPWe have taken advantage of the ~ LoN 130+ 10 38+ 1 S4+2

- . . W5Ne 138+ 4 58+ 2 73+ 6
weak affinity of small synthetic peptides for GroEL to Gl 2024 5 103+ 3 118+ 3

observe trNOE and specific line-broadening effects induced  k13¢ 410+ 10 281+ 8 2724 6

by the formation of complexes. However, GroEL is an 80_0 aThe units for theT, values are in msec. Error for each value is
kDa macromolecular complex and has many potential estimated from the uncertainty of the fitted parameter in the nonlinear
surfaces for (weak) peptide binding that may not be fitting algorithm.? The concentration ratio of Mg:ATP was 1:1.
functionally significant. To confirm that our results were due GroES was not included in the experiments.

to peptide binding at the substrate-binding site of GroEL, ) i i )

we took advantage of the modulation of substrate affinity _C-termmal re_5|due (K13), which serves as an internal control
effected by ATP binding41—-43), and measured the spin [N OUr experiments.

spin relaxation time ) of several resonances from the

peptide Rho2 in three different conditions: (1) peptide only, DISCUSSION

(2) peptide and GroEL, and (3) peptide with GroEL/ATP,  We have demonstrated that GroEL binds many synthetic
in a buffer containing 40 mM sodium phosphate at pH 6.0. peptides, which provides a system to mimic the promiscuity
In these experiments, the peptide concentration was 1.5 mM,of GroEL-substrate recognition. By systematically varying
GroEL monomer concentration was o/, and the final the segeunce and the conformational propensity of these
ATP concentration was 4 mM. It has been reported that ATP- peptides, we showed that the most important determinant
binding induces conformational changes in the apical domainfor GroEL-substrate interaction is the presentation of a
of GroEL (44), resulting in decreased substrate bindihi} hydrophobic surface, and the presentation of such surfaces
43), and that in the absence of"Kthe ATP hydrolysis rate  offers the common motif for promiscuous binding: only
is greatly reducetby a factor as large as 10000-fold5j. those peptides with a high tendency to present a hydrophobic
Line widths of NMR resonances are inversly proportional surface demonstrate high affinity for GroEL binding. In an
to T,, so T, measurements represent a different way to efficient assisted-folding reaction cycle, it is essential that
quantify the effects of GroEL on peptides. If the peptide GroEL bind only the unfolded or the partially folded forms
binding to GroEL we observed in the NMR experiments is but not the native state of proteins. The features that
functionally significant, we expect thk relaxation effects  characterize the early folding intermediate such as a molten
to be reversed by the addition of ATP. This is indeed the globule or compact intermediate include a high content of
case (see Table 3): upon addition of GroEL, there was ansecondary structure, few tertiary interactions, and exposed
overall decrease of, values for the peptide resonances; hydrophobic surfaces. Studies on the interactions between
further addition of ATP partially reversed the trend. Signifi- GroEL and a model substrate;lactalbumin &LA), showed
cantly, the effects of GroEL or ATP are not uniform that GroEL does not recognize the classical molten globule,
throughout the peptide: in both cases, the hydrophobic the apoellLA (46), but it binds the less organized forms of
residues experienced more pronounced changes than théhe same state when one or more of the native disulfide bonds
hydrophilic ones. Both observations are consistent with the are reduced47, 48. It is likely that disruption of one or
notion that the peptide is bound in a sided manner at the more of the four native disulfide bonds allows flexibility in
apical domain of GroEL. It is worth noting that, among many the apoellA chain and enables the protein to expose
other factors; is affected by the viscosity of the solution. hydrophobic surfaces for binding. In another study, using
The effect of GroEL addition on the overall viscosity of the tips functionalized with proteins in an atomic force micro-
NMR sample is reflected by the change T of the scope, Vinckier and co-workers showed that hydrophobic
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modifications to the tips increase the attractive force to (2) The crystal structure of GroEL complexed with nucle-
GroEL in an ATP-dependent manndi9}. These results are  otides and GroES indicates that the conformational changes
consistent with our current study, although our conclusion resulting from GroES binding lock the nucleotides in their
derives from using synthetic peptides to mimic substrates. binding pockets and commit the cis cavity (the cavity under
Recent studies using whole proteins as substrates withGroES) for refolding 8, 66). In the absence of GroES, ATP
hydrogen exchange followed by either NMR or mass binding to GroEL induces conformational changes reminis-
spectrometry suggest that GroEL recognizes conformationscent of those observed in the crystal structure, but perhaps
similar to early folding intermediate®(—52). However, it in a dynamic manne#d, 67). The crystal structure of GroEL
is difficult to determine from these studies which residues complexed with nucleotide only suggests that ATP may still
are in contact with GroEL, and in what conformations these be able to diffuse out of its binding pocket in this state.
residues are presented to GroEL. Using small peptides inBinding to GroES therefore coordinates and locks the
conjunction with trNOE analysis, we determined that GroEL conformational changes of GroEL in a cooperative manner.
is capable of binding substrates irhelical as well as  without GroES, release from the binding sites of GroEL may
B-strand conformations. This observation is consistent with not be cooperative, and this could result in the partial reversal
the conclusion derived from the crystal structure of GroEL of the line-broadening effects.
that the central cavity presents a wall of hydrophobic residues
for binding but lacks grooves or pockets that recognize
defined secondary structures 63. This observation is also
supported by reports that GroEL binds the folding intermedi-
ate of an allg-protein 64), and that the binding site of a
mutant form off-lactamase is most likely g-sheet in the
C-terminal region of the proteirbp). Recent studies using
peptides as substrate mimetics have provided an opportunit

to examine the sequence requirement for GroEL binding. . )
Alignment of the peptides that are known to interact with that hsp70s and hsp60s recognize the different strgctural
eatures of unfolded and partially folded polypeptides.

GroEL has led to the conclusion that there are no consensu%Q . o e .
sequence for binding, only an enrichment of hydrophobic esults on the _pe_ptlde b'f‘d'”g specificity of hsp70s point
residues§3, 56, 57. These studies also showed that GroEL to a common b|_nd|ng i hsp?O.. short_(aroune|87 .
exhibits a preference for peptides bearing net positive amino acid residues) sequences enrlcheql in_hydrophobic
charges, indicating an electrostatic component in the GroEL-"€Sidues 13-795). The substrate is bound in an extended
substrate interactions58, 58 that were shown to be ponfornjatlon 28,79 Wlthalong al_lphatlc ,s'd_e che}ln buried
important for some proteins as substraté8, (59-61). In in the single hydrophobic pocket in the binding site, and the
e complex is stabilized by hydrophobic interactions as well

our current work, we showed that there are no backbon
conformation requirements for substrate recognition by @S many backbone NH/CO hydrogen bonds between the

GIoEL, a conclusion that is corroborated by an independent SUbstrate and the chaperofi€)( We demonstrate that GroEL
study using fluorescently labeled peptidég)( Since similar ~ Pinds preferentially to peptides which are capable of present-
conclusions have been drawn from experiments using eitheriNd & hydrophobic surface in a variety of backbone confor-
whole proteins or peptides as substrates, we believe it is aMations, with the side chains on the peptides mediating the
valid approach to use small synthetic peptides to obtain aStabilizing interactions for the complex. This result is
detailed structural description of substrates when bound toconsistent with the ability of hsp60s to recognize folding
GroEL. intermediates, such as a molten globule or a partially
The most difficult aspect of using peptides as substratescollapsed state. Thus, the peptide-binding properties of
is to demonstrate that binding occurs at the central cavity, "'SP70s and GroEL bear a general similarity of hydrophobic
the site that has been shown to be functionally releva@yt ( interaction, but differ in detailed aspects. Interestingly, our
63). Our experiment using ATP to reverse the line-broaden- Preliminary NMR data on the binding of the Xhatl {€S)
ing induced by binding to GroEL produced small but Peptide to the C-terminal peptide-binding domain of BiP,
statistically significant effects and supported the interpretation Which is an hsp70 family member in the endoplasmic
that we were observing such functional interactions. How- reticulum (ER) of eukaryotic cell’{), show that the binding
ever, even in the presence of 80-fold excess of ATP over is likely to be localized to only part of the peptide sequence.
GroEL, the line-broadening effects are not completely However, it seems that the entire peptide sequence partici-
reversed (see Table 3). Part of the broadening probablypates in binding to GroEL. This is consistent with the
comes from the change in viscosity of the sample upon observation that an increase in length over 7 amino acid
addition of GroEL, but other explanations may also contrib- residues does not result in a higher affinity between the
ute. (1) ATP binds to the GroEL double-ring complex with hsp70s and their substrates, while the minimal length of a
positive cooperativity within one ring, but with negative substrate that can be co-purified with GroEL through gel
cooperativity between the two ring$4). This nested filtration is ~60 amino acid residue3§). GroEL has a large
cooperativity sets up GroEL to be intrinsically asymmetric, binding surface for substrate proteins compared to that of
and this asymmetry is an integral part to the two-stroke DnaK (5, 76, and multiple apical domains from the same
folding machinery mechanisn8( 65. The ramification of ring may engage in substrate binding simultaneou®$). (
the negative cooperativity for ATP between the rings is that A systematic comparison of the binding of hsp70s and hsp60s
we might not have saturated all the ATP binding sites in for the same set of model peptides should improve our
GroEL to convert both rings to low affinity simultaneously. current understanding of the general and specific recognition

The hsp70 and hsp60 families of proteins constitute a
network of chaperones to assist folding inside the céi8}. (
In some cases, hsp70s and hsp60s work in concert, and the
substrates are handed off in a vectorial fash&h 70, while
in others, the substrates are shuttled back and forth between
the two families of chaperones, and the assisted folding is
acheived with the hsp70s and their cohorts, DnaJ and GrpE
yhomologues€(8, 71, 72. Itis becoming increasingly apparent
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mechanisms of molecular chaperones in the assisted protein 32.

folding pathways.
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