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GroEL is an essential Escherichia coli molecular chaperon
that uses ATP to facilitate correct folding of a range of proteins
in a cell. Central to the GroEL substrate diversity is how GroEL
recognizes the substrates. The interaction between GroEL and
substrate has been proposed to be largely hydrophobic because
GroEL interacts with proteins in non-native conformations but
not in native forms.Analysis ofGroEL substrate proteins reveals
that one of its main substrates are proteins with �� folding
domains, suggesting that GroEL may stabilize the collapsed ��
core by binding to hydrophobic surfaces that are usually buried
between the� and� elements. In this study, we characterize the
interaction between GroEL and a peptide derived from our pre-
vious selection via a phage display method. NMR studies map
the peptide-binding site to the region containing Helices H and
I, which is consistent with evidence that this region comprises
the primary substrate-binding site. The peptide is largely
unstructured in solution but adopts a helical conformation
when bound to the GroEL apical domain with a moderate affin-
ity (Kd � 17.1 � 2.5 �M). The helical conformation aligns resi-
dues to form an amphipathic structure, and the hydrophobic
side of this amphipathic helix interacts with GroEL as suggested
by fluorescence quenching studies. Together with previous
structural studies on the GroEL-peptide complexes, our work
supports the notion that the amphipathic secondary elements in
the substrate proteinsmay be the structuralmotif recognized by
GroEL.

The bacterial chaperonin GroEL and its co-chaperonin
GroES are essential for cell viability by assisting folding of a
wide range of proteins via an ATP-dependent mechanism
(1–3). Structurally, fourteen 57-kDa GroEL subunits assemble
into two back-to-back stacking heptameric rings, giving rise to
two functionally independent central cavities (4). Each GroEL
subunit folds into three distinctive domains: equatorial domain,
intermediate domain, and apical domain. The equatorial
domains contain theATP-binding sites and providemost of the
intra-ring interactions and all the inter-ring interactions. The

apical domains form the rims of the central cavities and contain
the binding sites for the substrate proteins and GroES. The
intermediate domains link the apical domains and the equato-
rial domains. For the co-chaperonin GroES, seven GroES sub-
units, of 10 kDa each, assemble into a heptamer ring (5, 6). In
forming the GroEL-GroES complex, GroES caps one end of
GroEL, and large structural changes are observed in both
GroEL and GroES (7). In GroEL, the apical domain is rotated
90° along its axis and 60° upwards, and the intermediate domain
is closed down �25° to the equatorial domain. A loop in GroES
(residues 17–33) that is unstructured in the isolated GroES
adopts a �-turn structure and forms contact with the GroEL
apical domain. Compared with the unliganded GroEL, the vol-
ume of the enclosed GroEL-GroES cavity is doubled, and the
surface lining the wall of the GroEL cavity changes from hydro-
phobic to hydrophilic.
A wealth of information derived from both intensive bio-

chemical and structural characterizations has revealed a gen-
eral role of GroEL-GroES in assisting protein folding (see
reviews in Refs. 3, 8, and 9). Briefly, GroEL binds the substrate
proteins in their aggregation-prone non-native states, prevent-
ing them from aggregating. Binding of ATP to the substrate
occupied GroEL ring (cis-ring) presumably induces large con-
formational change in GroEL that promotes binding of GroES
to the cis-ring. As a result of ATP and GroES binding, the sub-
strate protein is displaced into the GroEL central cavity, initi-
ating the folding process. Both hydrolysis of ATP in the cis-ring
and binding of ATP to the substrate unoccupied ring (trans
ring) weaken the GroES-GroEL interaction, and ATP binding
to the trans ring results in the dissociation of GroES from
GroEL, releasing substrate from the central cavity of GroEL.
The released substrate may continue folding into the native
state if in a folding competent state or may rebind to GroEL if it
is still misfolded.
One of themost intriguing aspects of the GroE-assisted fold-

ing is the substrate promiscuity. It has been shown that about
300Escherichia coliproteins can interactwithGroEL, and these
proteins are diverse in terms of both structures and functions
(10). A range of techniques have been applied to investigate this
important yet complex aspect, and salient features regarding
GroEL-substrate interactions have emerged. The apical
domains, on the rim of the GroEL central cavity, contain the
main substrate-binding site (11–13). Structural flexibility,
reflected by both high temperature factors of the apical domain
in the crystal structure of tetradecameric GroEL (14) and con-
formational multiplicity around Helix H and I (15), is proposed
to account for the diverse spectrum ofGroEL substrates.Muta-
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tional studies onGroEL suggest that theGroEL-substrate inter-
actions are largely hydrophobic (16). Structural study on
GroEL-substrate interaction, however, is hindered mainly
because of the multiple conformations of the bound substrate
protein. Very recently, NMR techniques have been used to
directly investigate the bound conformations of the substrate
(17, 18); yet the nature of GroEL-substrate interaction is not
revealed. Peptides may mimic segments of substrate proteins,
and studies of GroEL-peptide interactions have uncovered
detailed intermolecular interactions and provided insights into
principles of substrate recognition by GroEL. The bound pep-
tides may adopt �-helix (19–23), �-hairpin (15), or extended
conformations (24), and despite different conformations, they
all appear to bind to Helix H and I of GroEL. Hydrophobic
interaction dominates the interface between GroEL and pep-
tides in either�-hairpin or extended structures and is proposed
so betweenGroEL and�-helical peptides. These detailed struc-
tural characterizations on GroEL-peptide interactions have
contributed to dissecting the complex nature of the substrate
recognition by GroEL (25).
We previously identified a high affinity peptide (strong bind-

ing peptide (SBP))2 for GroEL using a phage display method
and found that SBP adopts a �-hairpin structure bound to
GroEL (15, 26). To investigate the contribution of the �-turn in
SBP to theGroEL-SBP interaction, we have created various SBP
variants with the intension to disrupt the �-turn structure and
have studied their binding to GroEL. One of the peptides
(termed SBP-W2DP6V), however, adopts a helical conforma-
tion when bound to GroEL by NMR analysis. NMR results also
map the peptide-binding site onGroEL to be a region formedby
Helix H and I. The helical peptide has an amphipathic feature,
and fluorescence studies provide direct evidence that the
hydrophobic face is involved in the interaction with GroEL.
Our structural analysis, combined with previous studies, sug-
gests that GroEL recognizes the amphipathic property in the
secondary structures of the substrate protein and binds prefer-
ably to the hydrophobic side of these structural elements to
stabilize and preserve their structures.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Gene encoding sequence
from 191 to 345 of GroEL (the apical domain) was cloned, via
NdeI/BamHI sites into pET15b (Novagen) to produce fusion
proteins with a His6 tag followed by a thrombin site at the N
terminus of the apical domain. Tetradecameric GroEL was in a
pTrc expression vector. Both the apical domain and tetra-
decameric GroEL were expressed in E. coli BL21(DE3) (Nova-
gen). Cell growth and protein purification followed previously
published procedures (7, 15). To prepare 15N-labeled apical
domain, cells expressing His6-apical domain were grown inM9
medium containing 15NH4Cl (Cambridge Isotope). The His6
tagwas removed by incubating the purified protein (�95%pure
by SDS-PAGE) with biotinylated thrombin (Novagen) at 4 °C
for 24 h, followed by further purification using Streptavidin-
resin (Pierce) and nickel affinity resin (AmershamBiosciences).

The MBP-apical domain fusion construct was produced by
cloning the gene encoding the GroEL apical domain into
pMAL-c2 (New England Biolabs) via BamHI/XbaI sites, result-
ing in the MBP gene being expressed at the N terminus of the
apical domain. The cells were grown in LB medium at 37 °C to
an A600 of 1.0 and induced with 0.4 mM isopropyl �-D-thioga-
lactopyranoside for 5 h. The cells were lysed at 4 °C in 50 mM
sodium phosphate, pH 7.4, 200 mM NaCl, and 1 mM EDTA
using a continuous flow microfluidizer (Microfluidics). The
clear cell lysate was loaded onto anAmylose column (NewEng-
land Biolabs), fractionated further by Fast Q ion exchange col-
umn (Amersham Biosciences) and followed by Superdex 75 gel
filtration chromatography (Amersham Biosciences).
Peptide Synthesis and Purification—All of the peptides were

synthesized by solid phase synthesis using ABI433A (Applied
Biosystems). The fluorescein-labeled peptide was synthesized
with the 5,6-fluorescein (Molecular Probe) attached to the N
terminus of the sequence via a GGG spacer. The peptides were
purified byC18 reversed phase high pressure liquid chromatog-
raphy (Vydac) with an acetonitrile gradient of 0–80% in 0.1%
trifluoroacetic acid and confirmed by mass spectrometry. The
purified peptide was lyophilized and stored at �20 °C.
Fluorescent Polarization Measurements—The measure-

mentswere carried out at 18 °Cusing aBeacon 2000 instrument
(PanVera). The excitation and emission wavelengths for fluo-
rescein were 345 and 495 nm, respectively. Samples with vari-
ous concentrations of the apical domain were prepared in 150
mM NaCl, 50 mM Tris-Cl, pH 8.0, whereas the labeled peptide
remained 1 nM. The samples were incubated for 30min prior to
measurements. Each data point is an average of 10 readings of
the same sample, and the entire experiment was repeated once.
fB, the fraction of the apical domain-bound peptide, is related to
the observed fluorescence polarization signal FP as follows,

fB � �RL�/�L� � �FP � FPmin�/�FPmax � FPmin� (Eq. 1)

whereFPmin andFPmax are the fluorescence polarization signals
of the peptide in isolation and in apical domain-bound form,
respectively; [L] is the total peptide concentration (1 nM), and
[RL] refers to the concentration of the apical domain-peptide
complex, which is related to the equilibrium dissociation con-
stant (Kd) as follows.

�RL� � ��Kd � �L� � �R�� � ��Kd � �L� � �R��2 � 4 � �L��R��

(Eq. 2)

Fluorescence Quenching Experiments—Experiments of fluo-
rescence quenching by acrylamide were carried out at 25 °C
using a PerkinElmer Life Sciences 50B luminescence spectrom-
eter with a temperature controller. The samples were excited at
295 nm, and the emission spectra from 310 to 410 nm were
recorded. The peptide concentration was 20 �M. A stock solu-
tion of freshly prepared 8 M acrylamide in protein buffer was
added in 10-�l aliquots to 2 ml of 20 �M peptide-containing
solutions (peptide alone, and peptide:proteins in 1:1 and 1:5
molar ratios). The fluorescence intensities were corrected for
dilution effect and inner filter effect. Quenching data were fit
into the Stern-Volmer equation F0/F � 1 � Ksv[Q], where F0

2 The abbreviations used are: SBP, strong binding peptide; NOESY, nuclear
Overhauser effect spectroscopy; MBP, maltose-binding protein.
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and F are the fluorescence intensities in the absence and
presence of acrylamide, respectively, and [Q] is the acrylam-
ide concentration. The experiments were repeated using
proteins (the apical domain and GroEL) from different
batches of preparation.
CD Measurements—The measurements were performed on

a Jasco J-715 circular dichroism spectropolarimeter (Jasco)
using quartz cells with path length of 0.1 cm. The peptide (0.15
mM) was in 10 mM sodium phosphate (pH 6.1), and 10 mM
NaCl. TheCD signalswere taken in steps of 0.2 nmand at 25 °C.
NMR Spectroscopy—All NMR experiments were carried out

on a Varian Unity INOVA 500 MHz spectrometer or a Varian
NMR System 600 MHz spectrometer with a 5-mm 1H {13C/
15N} Triple Resonance Cold Probe (Varian). 2,2-Dimethyl-2-
silapentane-5-sulfonic acid was used as chemical shift refer-
ences. 15N-1H spectra were recorded at 30 °C for 2 h on 15N-
labeled apical domain (0.28mM) in the absence and presence of
the peptide (0.56 mM). The data were processed with VNMR
software (Varian, CA) and analyzedwith Sparky (27). Backbone
resonances of the apical domain in heteronuclear single quan-
tumcoherence spectrumwere assigned according toKobayashi
et al. (23). The average changes in chemical shift were calcu-
lated as follows,

	� � ��	H�2 � �0.2	N�2 (Eq. 3)

where	H and	N are the changes of 1H and 15N chemical shift,
respectively.
Two-dimensional total correlation spectroscopy and dou-

ble-quantum filtered correlation spectroscopy experiments
were carried out at 25 °C on the peptide only, whereas NOESY
spectra were recorded on the peptide alone and in the presence
of both MBP-apical domain and tetradecameric GroEL. All of
the two-dimensional experiments used a 3-9-19 Watergate
sequence (28, 29) forwater suppression. All of the homonuclear
two-dimensional spectra were acquired with 16 scans and
sweep widths of 8000 Hz in both dimensions as matrices of
1024 
 320 complex points. The peptide was dissolved in 50
mM potassium phosphate buffer, pH 6.1, at 2 mM concentra-
tion, or into either MBP-apical domain or tetradecameric
GroEL containing solution in the same buffer. The two-dimen-
sional NOESY spectra with mixing times of 30, 60, 90, 120, and
150 ms were acquired to analyze the NOE build-up to avoid
spin-diffusion artifacts, and to assign the peaks intensity to be
strong, medium, or weak. The total correlation spectroscopy
spectrum was acquired with a mixing time of 80 ms. For the
assignment of trNOE, two-dimensional NOESY data with a
150-ms mixing time were recorded with a spectral width of
8000 Hz and 512 complex points.
Structural Refinement—NOE correlations observed in the

NOESY spectra with the 150-ms mixing time were used as dis-
tance constraints. Distance constraints derived from sequential
NOEs or intraresidue NOEs between NH, �-H and �-H were
classified into 2.7, 3.3, and 4.0 Å for strong, medium, and weak
NOEs, respectively. Medium range NOEs were assigned as 4.0
Å if they involved exclusively backbone NH and �-H or 5.0 Å if
they involved side chain protons. No dihedral angle or hydro-
gen-bonding constraints were used. A total of 87 (57 sequential

and 30 medium range) distance constraints were input for
structure determination using the program Discover (30). 50
structures were generated using a distance-geometry/simu-
lated annealing protocol similar to that reported byNilges et al.
(31). Structure quality was analyzed using MOLMOL (32) and
PROCHECK-NMR (33). Atomic co-ordinates for the fifteen
peptides have been deposited in the Biological Magnetic Reso-
nance Bank (accession number 20063).

RESULTS

SBP-derivatized Peptides—SBP was identified as a peptide
with a strong affinity for the apical domain of GroEL from bio-
panning experiments using a phage display peptide library (15).
SBP (SWMTTPWGFLHP) adopts a type I�-hairpin conforma-
tionwhen bound to a groove formed byHelixH and I of GroEL.
Interestingly, most of direct contacts of the peptide withGroEL
are via the C-terminal half of SBP. A shorter peptide (PWG-
FLHP), corresponding to the C-terminal half of SBP, was syn-
thesized but was found to have little affinity to theGroEL apical
domain (data not shown), suggesting that the internal structure
of the peptide (five intrapeptide hydrogen bonds caused by
�-hairpin formation)may play an important role in the binding
of SBP to the apical domain. To examine the role of �-hairpin
structure in binding of SBP to the apical domain, we changed
residue at the i � 1 position in SBP from Pro to residues less
favorable for a type I turn (Gly, Ala, Val, Met, and Ile) and
measured their binding affinities to GroEL with fluorescence
polarization assay. The change to Val (termed peptide SBP-
P6V) appeared to enhance the peptide affinity to the GroEL
apical domain withKd of 3.8� 0.2 �M (supplemental Fig. S1A).
(Kd of SBPwas reported previously (15) andwas re-evaluated to
be 11.5 � 1.7 �M in this study.) We reasoned that peptide SBP-
P6Vmight adopt an extended conformationwhen bound to the
apical domain, thus increasing its interface with the apical
domain and resulting in increase in affinity. Our attempts to
structurally analyze the peptide-apical domain interaction with
SBP-P6V were unsuccessful. We were not able to obtain co-
crystals of either the apical domain-peptide or GroEL-peptide
complexes, and the limited solubility of SBP-P6V made it
unsuitable for NMR experiments. To increase the solubility of
the peptide, Trp2 of SBP-P6V was changed to Asp to create
SBP-W2DP6V, although the change decreased its affinity to
Kd� 17.1� 2.5�M; supplemental Fig. S1A). ProtonNMRspec-
tra (supplemental Fig. S1B) indicate that binding of the peptide
to the apical domain is specific, as the peptide NMR signals in
the amide region become significantly broadened in the pres-
ence of the apical domain.
Peptide-binding Site on the Apical Domain—Because the

chemical shift is highly sensitive to local or global structural
change, 15N-1H correlation NMR spectroscopy (heteronuclear
single quantum coherence) is useful in identifying the ligand
binding site on the host protein. To map the SBP-W2DP6V
binding site on the apical domain, we recorded 15N-1H hetero-
nuclear single quantum coherence spectra of the 15N-labeled
apical domain in the absence andpresence of the peptide. 127 of
133 published backbone resonances of the apical domain alone
(23) were identified, whereas 12 residues (198, 202, 204, 233,
235, 237, 246, 247, 279, 282, 283, and 321) remain unassigned.
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These unassigned residues distribute throughout the protein
sequence. Residueswith altered chemical shifts (of either amide
protons or 15N nuclei; supplemental Fig. S2) either directly
interact with the peptide, or are affected because of the peptide-
induced global structural change in the apical domain. The
effects of SBP-W2DP6V on the chemical shifts of the apical
domain are summarized in Fig. 1A. As shown in Fig. 1B, the
affected residues are clustered in helix H and I, suggesting that
these two helices comprise the binding site for SBP-W2DP6V.
This finding is consistent with previous mutational and struc-
tural studies that have identified that helix H and I and the
groove between them consist of the primary substrate-binding
site (15, 16, 24). The affected residues located outside helix H
and I, as also seen in the SBP-apical domain complex (15), may
reflect the global structural changes in the apical domain
induced by binding of SBP-W2DP6V.
Peptide Conformations in Isolation—The absence of distinct

features for secondary structures in the CD spectrum (supple-
mental Fig. S3) suggest that SBP-W2DP6V in solution is largely
unstructured. InNMR, spin-spin couplings (3JHN�)may be cor-
related with secondary structures. For example, segments with
continuous three or more 3JHN� of less than 6.0 Hz are the
criteria for formation of helical conformation (34). For SBP-
W2DP6V, the 3JHN� coupling constants of nine residues are in
the ranges of 6.3 to 7.7 Hz (supplemental Table S1), suggesting
that the isolated peptide possesses little helical character. A few
crossed peaks are observed in 1H two-dimensional NOESY
spectra (Fig. 2A), indicating that the peptide is largely nonstruc-
tured in solution. Finally, we used chemical shift index to deter-
mine the peptide conformation. In this method, an index (�1,
0, 1) is assigned to each residue if the chemical shift of the
�-proton is smaller, within, or larger than the standard values
given byWishart et al. (35). As shown in supplemental Table S2,
the lack of at least three consecutive “1” values or four “�1”
values, indications for �-strand or helical conformations,
respectively, suggests that the peptide in solution is not struc-
tured. Taken together, SBP-W2DP6V ismainly unstructured in
solution.

Peptide Conformations in the
Bound States—Transfer NOE
experiments are widely used in the
study of protein-ligand interac-
tions to characterize the confor-
mation of bound ligand in a fast
exchange (weak interaction) sys-
tem (36, 37). Basically, in the free
form, the peptide is characterized
by short correlation times and the
NOE signals are minimal, whereas
in the protein-bound form, the
peptide is characterized by long
correlation time of the protein and
the NOE intensities are large. Two
methods were used to maximize
the NOE signals. First, the apical
domain (18 kDa) was expressed as
maltose-binding protein (MBP)
fusion protein (with a total molec-

ular weight of 60 kDa), and trNOE spectra were recorded on
the sample containing both the peptide and MBP-apical
domain. As shown in Fig. 2A, the addition of MBP-apical
domain to SBP-W2DP6V led to many additional cross-peaks
being observed and the strong intensity of the NOE signals,
giving rise to high quality NOESY spectra. NOESY spectra of
SBP-W2DP6V in the presence of MBP (data not shown)
largely resembled those of the isolated SBP-W2DP6V, sug-
gesting that the peptide does not interact with MBP. This
control experiment indicated that the observed trNOE sig-
nals result from specific interactions between the peptide
and the apical domain.
In a second experiment, we recorded NOESY spectra of a

sample of tetradecameric GroEL with SBP-W2DP6V. As
expected the NOE signals are sharper and better resolved (sup-
plemental Fig. S4) than those from the MBP-apical domain-
peptide sample. No additional cross-peakswere observed in the
spectra of GroEL-peptide compared with those of MBP-apical
domain-peptide, suggesting that SBP-W2DP6V only binds to
the apical domain in the tetradecamic GroEL. The NOE con-
nectivity patterns shown in Fig. 2B indicate that SBP-W2DP6V
is helical when bound to the apical domain. Further, the pres-
ence of d�,N (i, i � 2) and d�,N (i, i � 4) NOE signals suggests
that the helix may sample both 310-helical and �-helical con-
formations. To compute theNMR structures of the bound pep-
tide, a total of 87 NOE signals were included in the structure
calculations, leading to an ensemble of 15 structures that had
distance violations smaller than 0.2 Å (the refinement statistics
is summarized in supplemental Table S3). As shown in Fig. 2C,
a well defined helical conformation is observed for residues
Thr4 to Leu10 in all structures and for residues Met3 to His11 in
five of the 15 structures. The helix is somewhat deformed: a
typical �-helix comprises residues Thr5 to His11 preceded by a
partial 310-helix including Thr4 and extending to Met3 in some
cases. This mixed helical content is consistent with the
observed d�,N NOE patterns above. Side chains of residues in
the helical core (Thr5 to Phe9) are converged; in particular,

FIGURE 1. A, summary of changes of the combined chemical shifts (Equation 3) observed for the apical domain
in the absence and presence of SBP-W2DP6V. The lower line denotes the mean (0.022), and the upper line
represents the mean plus one standard deviation (	, 0.028) of data. B, mapping of the residues indicated in A on
the structure of the apical domain. Residues with 	� above the mean are colored in magenta, and those with
	� above the mean plus one standard deviation are in red.
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those of the two aromatic residues
(Trp7 and Phe9) are well ordered
(Fig. 2C).
Binding Surface in Peptide—Ac-

rylamide does not penetrate the
protein matrix because it is polar,
and it does not bind to the protein
in any particular manner. If Trp is
accessible by acrylamide, its fluo-
rescence intensity will be reduced
or quenched. Thus, the extent of
acrylamide accessibility is corre-
lated with how much Trp is
exposed to solvent (38). Because
GroEL does not contain Trp and
Trp7 is the only Trp in the peptide,
we reasoned that if Trp7 was
secreted within the peptide-
GroEL interface, its fluorescence
would be less likely quenched by
acrylamide than an exposed Trp7
that did not participate in the
interaction with GroEL.
Fig. 3A shows acrylamide titra-

tions of Trp fluorescence from SBP-
W2DP6V in the absence and pres-
ence of different concentrations of
apical domain. The Stern-Volmer
quenching constant (KSV) derived
from the slope of F0/F versus
quencher concentration [Q] is
nearly identical for SBP-W2DP6V
in the absence and presence of the
GroEL apical domain (Table 1).
These data suggest that the solvent
accessibility of Trp7 is not affected
by the presence of GroEL apical
domain, i.e. Trp7 is not involved in
direct contact with the apical
domain. As a control, we also car-
ried out the fluorescence quenching
studies using SBP, which contains
two Trp residues (Trp2 and Trp7).
Crystal structure of SBP-apical
domain shows that although Trp2
does not directly interact with the
apical domain and remains largely
solvent-exposed in the SBP-apical
domain complex, Trp7 is mostly
buried within the SBP-protein
interface (15). As expected, KSV val-
ues (Fig. 3B and Table 1) for SBP in
the presence of the apical domain
are significantly lower, reflecting
the decrease of Trp7 solvent acces-
sibility upon complex formation,
than that without the apical
domain. Therefore, the unaltered

FIGURE 2. A, two-dimensional NOESY spectra of SBP-W2DP6V in the absence (left panel) and presence (right
panel) of MBP-apical domain. B, summary of NOE signals for SBP-W2DP6V in the presence of MBP-apical
domain. Line thickness corresponds to the intensity of the NOE cross-peaks. The dashed lines denote NOE
signals that overlap with other resonances. C, overlaying 15 NMR structures of the apical domain bound
SBP-W2DP6V by fitting the backbone of residues 4 –10. Ribbon diagram represents one of the structures.
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KSV of SBP-W2DP6V by the apical domain indicates that Trp7
does not make direct contact with the apical domain in the
SBP-W2DP6V-apical domain complex.
Similar results were observed when tetradecameric GroEL

was used in the place of the apical domain (Fig. 3, C andD, and
Table 1). KSV of SBP is notably decreased in the presence of
GroEL, consistent with the secretion of Trp7 upon complex
formation by crystallographic study (26). KSV of SBP-W2DP6V
is not affected by GroEL, indicating that Trp7 does not contact
with GroEL in the GroEL-peptide complex.

DISCUSSION

GroEL Interface on the Peptide—As shown in Fig. 4, SBP-
W2DP6V is amphipathic. The side chains of the polar residues
(Ser1, Thr4, Thr5, Trp7, and His11) are all on one side of the
helix, whereas those of the hydrophobic residues (Met3, Val6,

Phe9, and Leu10) are on the other
side. Because fluorescence studies
suggest that Trp7 is not involved in
direct contact with the apical
domain, we propose that SBP-
W2DP6Vuses the hydrophobic side
of the helix to interact with the
GroEL apical domain. The hydro-
phobic nature of interaction is sup-
ported by our observation that
binding of SBP-W2DP6V to the
GroEL apical domain was enhanced
by increasing salt (NaCl) concentra-
tion (using fluorescence polariza-
tion; data not shown). So far, GroEL
has been shown to interact with
peptides in �-helical conformations
(19–23); however, the interfaces of
the peptides with GroEL were not
mapped in those studies, and types
of interaction between helical pep-
tides and GroEL were not examined
directly. In this study, we are able to
infer theGroEL interface on the hel-
ical peptide and to derive the nature
of peptide-GroEL interaction.
In supplemental Fig. S5, SBP-

W2DP6V is modeled positioned
over the groove formed between
Helix H and I, where the C terminus
of the peptide situates over the C
termini of both GroEL helices. This

model is consistent with both the structural dynamics in the N
terminus of SBP-W2DP6V (Fig. 2C), and the large chemical
shift perturbations concentrated at the C termini of both heli-
ces, particularly in that of Helix I (Fig. 1B). The model shows
that Val6, Phe9, and Leu10 project their hydrophobic side chains
into the groove of the apical domain. In this model, Trp7 is
exposed; binding of the peptide to the apical domain does not
change the nature of Trp7 environment and its solvent and
acrylamide accessibility from its free form in solution, consist-
ent with the observation that acrylamide has identical effect on
the fluorescence of the peptide in the complex and in the free
form.
Structural Motif Recognition by GroEL—GroEL can interact

with a variety of proteins with diverse sequences in their non-
native states ormolten globular states (39–43). These data sug-
gest that the primary determinant in GroEL substrate recogni-
tion does not lie in the substrate protein sequence identity but
in the structural features associated with the non-native con-
formations of proteins. One of the structural characteristics
common to the non-native states is the exposure of hydropho-
bic patches normally buriedwithin the folded proteins. For pro-
teins with an �� fold, the preferred GroEL substrates (10), mis-
folding is likely to loosen up the tight packing of the ��
assemblies and expose the hydrophobic interface between the
amphipathic �-helices and �-sheets. By binding to these aggre-
gation-prone surfaces, GroEL, in addition to preventing the

FIGURE 3. Quenching of the peptide tryptophan fluorescence monitored at 360 nm by acrylamide. A,
SBP-W2DP6V with and without the apical domain. B, SBP with and without the apical domain. C, SBP-W2DP6V
with and without GroEL. D, SBP with and without GroEL. The peptide concentration was 20 �M. Squares, the
peptide only; circles, peptide:protein � 1:1; triangles, peptide:protein � 1:5. Multiple independent experiments
were carried out. The errors represent discrepancy among different runs and are shown along with the average
values. The lines are linear fitting results of data.

TABLE 1
Acrylamide quenching on Trp fluorescence
The quenching constants (KSV) are in M�1.

SBP-W2DP6V SBP
Peptide only 13.1 13.6
Peptide:apical domain (1:1) 13.0 8.8
Peptide:apical domain (1:5) 13.1 5.7
Peptide only 8.2 9.1
Peptide:GroEL (1:1) 8.1 3.1
Peptide:GroEL (1:5) 8.5 1.1
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nonspecific aggregation, serves as a temporary structural scaf-
fold to maintain the conformations in the substrate that are
otherwise unstable because of its amphipathicity. The sub-
strate, once released from GroEL, may fold directly with these
preserved structural elements to an optimal native arrange-
ment rather than from a polypeptide chain without ordered
secondary structures. Because of the rapid time scale (��s) of
the initial folding event, collapse of a linear polypeptide chain
into native-like secondary structures can easily lead to mis-
folded structures. For example, formation of a hydrophobic/
amphipathic �-sheet is challenging, because assembly of
�-strands into a �-sheet requires residues that are far away in
the sequence to be in close contact, and the�-sheet structure by
itself is not stable. By providing a temporary depot for the
amphipathic secondary structures and preserving them for the
subsequent substrate folding, GroEL reduces the misfolding
probability of the substrate and increases the folding yield of the
substrate. Thus, it is very likely that the molecular basis of
GroEL substrate recognition involves detecting amphipathic
structures and binding to the hydrophobic side.
Miller and co-workers (21) found that an amphipathic helical

peptide binds 10 times stronger to GroEL than a nonamphipathic
version, suggesting that thepresenceof anamphipathic region in a
potential substrate enhances its ability to bind to GroEL. Other
peptides that adopt helical conformations when bound to GroEL

also appear to be amphipathic, although their interfaces with
GroEL were not identified in those studies (19, 20, 22, 23). When
bound to GroEL, SBP forms an amphipathic �-hairpin structure,
with its hydrophobic strand (7WGFLHP12) in direct contact with
the apical domain and the othermainly polar strand (1SWMTT5)
exposed to solvent (15, 26). Interestingly, by adopting a�-turn, the
GroES mobile loop partitions into an amphipathic structure,
where the hydrophobic region (25IVL27) becomes sequestered by
direct contact with GroEL and the hydrophilic section
(17EVTKSA22) is largely exposed (7). Therefore, these structural
analyses along with our work here suggest that amphipathicity of
secondary structures plays an important role in substrate recogni-
tion by GroEL.
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