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ABSTRACT: The interactions of GroEL with six dansyl peptides were investigated by means of our previously
established fluorescence binding assay [Hutchinson, J. P., Oldham, T. C., El-Thaher, T. S. H., and Miller,
A. D. (1997)J. Chem. Soc., Perkin Trans. 2,279-288]. Three peptides (AMPH series) were constructed
with a hierarchy ofR-helix-forming propensities and amphiphilic characteristics. The remaining three
peptides (NON-AMPH series) were prepared with a reordered amino acid sequence designed to form
peptides of differing non-amphiphilicR-helix-forming propensity. Of these six peptides, two (AMPH+

and NON-AMPH+) wereN-capped with an S-formR-helix-inducing template (Ro 47-1615, Hoffmann-
La Roche), two (AMPH- and NON-AMPH-) wereN-capped with an R-form non-inducing template (Ro
47-1614, Hoffmann-La Roche), and two (AMPHR and NON-AMPHR) were withoutN-cap modification.
This paper describes how the known strength of interaction of an unfolded protein substrate with the
molecular chaperone GroEL (Kd micromolar to nanomolar) may be emulated with a single peptide
(AMPH+) (apparentKd 5 nM) which has a high propensity to form an amphiphilicR-helical structure in
solution. Secondary structure forming propensity is not, in and of itself, an important contributor to the
strength of interaction with GroEL. However, secondary structure forming propensity coupled with
amphiphilicity may be sufficient to account for most, if not all, of the interaction strength between GroEL
and an unfolded peptide or protein substrate.

Molecular chaperones, according to definition, are proteins
whose function is to mediate the folding/refolding of other
proteins without becoming part of the final folded structure.
Of all the known molecular chaperones, perhaps the best
characterized are theEscherichia coli(E. coli) molecular
chaperone chaperonin 60 (Cpn60;1 GroEL) and its co-
molecular chaperone co-chaperonin 10 (Cpn10; GroES) (1-
19). As a result, it is now well established that GroEL is a
dynamic homo-oligomer comprising 14 subunits (each
57 259 Da; total molecular mass 801 626 Da) arranged in
two stacked rings of 7 subunits each, while GroES consists
of 7 subunits (each 10 368 Da; total molecular mass 72 576
Da) arranged in a single ring. Both GroEL and GroES have
been extensively characterized by electron microscopy (2-
11), and the X-ray crystal structures of GroEL (12, 13),
GroES (14), and a ternary complex between GroEL, GroES,

and ADP (15) are also available. The cycle of interactions
between GroEL, GroES, ATP, and an unfolded protein
leading to assisted folding of the substrate is still a matter
of some debate, but a consensus now appears to be emerging
(15-19).

One of our principal research interests has been to
understand the basis of the molecular recognition and binding
of an unfolded protein substrate by GroEL. The association
of substrates with GroEL is somewhat paradoxical in being
both tight but at the same time promiscuous (20, 21), which
underlines the fact that molecular recognition and binding
of an unfolded substrate protein by GroEL is almost certainly
not a phenomenon determined by specific amino acid
sequences but rather one determined by more general
structural features common to all unfolded protein substrates.
In our previous work concerning substrate recognition and
binding, we developed a fluorescence binding assay to
observe and characterize the interaction of fiveN-dansyl
peptides with GroEL (1). Our conclusions from this inves-
tigation were that general forces (in particular, hydrophobic
interactions supplemented by electrostatic interactions) were
the primary source of binding energy between GroEL and a
substrate protein irrespective of whether the substrate protein
was recognized and initially bound in the form of a random
coil, a molten globule state, a late folding intermediate, or
indeed a misfolded protein (22-36). Our results also
suggested that within the structure of an unfolded or partially
folded substrate protein, amino acid residue sequences
combining hydrophobic residues with either polar neutral
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and/or cationic residues would interact with GroEL under
conditions of physiological salt strength, while sequences
which were either exclusively polar or negatively charged
would not. These conclusions have been supported by the
results of others who have been variously investigating the
interaction of single amino acids (37), peptides (38-43),
protein fragments (40, 44-46), and entire proteins (27, 29,
31, 44, 46-50) with GroEL. The importance of hydrophobic
interactions to binding between GroEL and substrate proteins
has been further supported by observations (39, 51) which
suggest that unfolded substrate proteins associate with sets
of hydrophobic amino acid residues in GroEL, which are
clustered in high density on the inside surface of the apical
domains of each GroEL subunit (12, 13, 15).

Secondary structural elements (such asR-helices or
â-sheets) would offer convenient, reasonably flexible three-
dimensional scaffolds by means of which amino acid residue
sequences, combining hydrophobic residues with either polar
neutral and/or cationic residues, could interact with corre-
sponding sets of amino acid residues in GroEL. The potential
importance of secondary structure in molecular recognition
and binding was originally suggested by observations made
several years ago that GroEL can induceR-helical conforma-
tions in short peptides (41, 42). These observations led to
the proposal thatR-helices could be a motif for GroEL
molecular recognition. Latter, some evidence to show that
R-helices andâ-sheet structures may play a role in GroEL
molecular recognition has also been advanced (38, 45, 52,
53). By contrast, other research groups have suggested that
secondary structural elements may not be so important to
the processes of molecular recognition and binding (27, 31,
54). Without doubt, the issues concerning the potential
involvement of secondary structure in molecular recognition
and binding processes may be further complicated by the
dynamic nature of the interaction between GroEL and a
substrate protein once initial molecular recognition and
binding have taken place. A number of research groups have
looked at the conformations of structurally well-characterized
substrate proteins bound to GroEL and have made several
widely different conclusions depending upon the nature of
the substrate protein and the binding conditions involved (25,
30-36, 55-57).

In this paper we shall describe the results of experiments
performed using a set of six well-defined, 14-mer peptides
designed to evaluate the relative importance of secondary
structure forming propensity and amphiphilicity in the
process of molecular recognition and binding of substrates
by GroEL. What made this peptide approach attractive to
us was the fact that 14-mer peptides would normally be too
short to adopt a stable fold without assistance. Therefore,
we considered that our peptides would be able to act as
mimetics for unfolded substrate proteins while circumventing
the complication of kinetic competition between substrate
protein folding and binding to GroEL. Also, complications
introduced by the dynamic nature of GroEL-substrate
protein interactions would be reduced when studying the
interaction of peptides, as opposed to proteins, with GroEL.
Alternatively, we could be more sure of being able to focus
upon the processes of initial molecular recognition and
binding without undue added complications. Using our six
peptides, we come to the main conclusion that peptide
subdomains of a protein substrate which have a propensity

to form polar neutral and/or cationic amphiphilic secondary
structures would be capable of mediating the majority, if
not the whole, of the molecular recognition and binding
between a substrate protein and GroEL. Our studies suggest
that secondary structure forming propensity coupled with
amphiphilicity should be considered an optimal motif in a
peptide or substrate protein for initial molecular recognition
followed by binding of a substrate protein by GroEL.

MATERIALS AND METHODS

Materials.All chemicals used were of analytical grade or
better and were obtained from Sigma Chemical Co., Dorset,
U.K. Pig heart mMDH (as an ammonium sulfate suspension)
was obtained from Boehringer-Mannheim, U.K. Deionized
distilled MilliQ water was used throughout. UV-visible
absorption measurements were made on an Amersham
Pharmacia Biotech Ultrospec III at ambient temperature.
Circular dichroism spectra were obtained on a Jasco J-720
spectropolarimeter fitted with a thermostated cuvette holder.
Fluorescence assays were performed on a Shimadzu RF
5001PC spectrofluorophotometer, fitted with a thermostated
cuvette holder, using monochromator bandwidths of 5 or 10
nm. Non-linear regression analysis of all data sets was
performed using Grafit version 3.0, Erithacus Software Ltd.,
Staines, U.K.

Preparation of Homogeneous GroEL and GroES.All
GroEL and GroES concentrations refer to the homo-oligomer
concentrations. GroEL was initially purified from a recom-
binant strain ofE. coli according to previously published
methods (58). Following this, GroEL was further purified
in the following manner (59). In brief, after elution from
Q-Sepharose, GroEL-containing fractions were combined and
dialyzed against 20 mM Tris-HCl, pH 7.6, containing 1 mM
â-ME and 5 mM MgCl2 (buffer B). This GroEL-containing
solution (10 mL, approximately 10 mg/mL of protein) was
then supplemented with 5 mM KCl and 2 mM ATP and
dialyzed for a further 1 h atambient temperature against 20
mM Tris-HCl, pH 7.6, containing l mMâ-ME, 5 mM MgCl2,
5 mM KCl, and 2 mM ATP (buffer A). GroEL was then
loaded at flow rate of 1.5 mL/min onto a column of Reactive
Red 120 agarose (type 3000-CL) (2.6× 30 cm) which had
been preequilibrated with buffer A. After 30 min had elapsed
following loading, the column was washed with buffer A
(200 mL) and then eluted with a linear gradient (400 mL)
of 0-100% buffer B at a flow rate of 1.5 mL/min. Elution
was monitored at 280 nm and fractions (15 mL) were
collected on ice. Fractions containing essentially tryptophan-
free GroEL were combined, concentrated (Amicon N2-
pressure concentrator, 100K membrane, Filtron), and dia-
lyzed against 50 mM Tris-HCl, pH 7.6, containing 2 mM
DTT and stored for short periods at 4°C. For longer term
storage, GroEL solutions were supplemented with glycerol
(50% v/v) and stored either at-20 °C without freezing or
at -50 °C following rapid freezing in liquid nitrogen.

GroES was also initially purified from a recombinant strain
of E. coli according to previously published methods (58).
Following this, GroES was further purified in the following
manner. After elution from Q-Sepharose, GroES-containing
fractions were combined and dialyzed against 50 mM Tris-
HCl, pH 8.5, containing 0.75 M (NH4)2SO4 and 2 mM EDTA
(buffer C) at 4°C. Aliquots (2 mL, approximately 7.5 mg/
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mL of protein) were then loaded at a flow rate of 1.5 mL/
min onto a column of high-performance Phenyl-Sepharose
(2.6× 12 cm) which had been previously equilibrated with
buffer C at ambient temperature. The column was then eluted
with a linear gradient (120 mL) of 0-100% 50 mM Tris-
HCl, pH 8.5, containing 2 mM EDTA (buffer D) using a
flow rate of 3 mL/min. Elution was monitored at 280 nm
and fractions (2 mL) were collected on ice. GroES-containing
fractions (50-70% buffer D) were identified by SDS-PAGE
and then combined and concentrated (Amicon N2-pressure
concentrator, 30K membrane, Filtron) to a minimum volume
(1 mL) before dialysis against buffer B at 4°C. This GroES-
containing solution was then loaded at a flow rate of 1 mL/
min onto a column of Reactive Red 120 agarose (type 3000-
CL) (1.0 × 15 cm) which had been pre-equilibrated at
ambient temperature with buffer B. The column was then
eluted isocratically with buffer B using a flow rate of 1 mL/
min. Elution was monitored at 280 nm and fractions (1 mL)
were collected on ice. Fractions containing GroES were
identified by SDS-PAGE and then combined, concentrated
(Amicon N2-pressure concentrator, 30K membrane, Filtron),
and dialyzed against 50 mM Tris-HCl, pH 7.6, containing 2
mM DTT and stored as described for the GroEL protein.
The Reactive Red columns were regenerated by washing with
deionized water in order to release tryptophan-containing
impurities.

After preparation, the concentrations of GroEL and GroES
in the stored stock solutions were determined by quantitative
amino acid analysis. The ability of homogeneous GroEL and
GroES to function as molecular chaperones was then
compared with standard gel filtration/ion-exchange prepared
GroEL and GroES using our mitochondrial malate dehy-
drogenase folding assay system (23, 58).

Peptide Preparation. The six dansyl peptides used in this
study were prepared as follows. An AMPH precursor peptide
was synthesized by Peptide Products Ltd., Wiltshire, U.K.
A NON-AMPH precursor peptide was synthesized and
supplied on the resin by Affinity Research Products Ltd.,
Devon, U.K. The AMPH precursor peptide was sup-
plied with the sequenceN-ALYK (Fmoc)K(Fmoc)IIK (Fmoc)K(Fmoc)-
LLESK(Dansyl)-C and the NON-AMPH precursor peptide
with the sequenceN-A(Fmoc)LY(tBu)K(Boc)IK (Boc)K(Boc)IK (Boc)-
LLE(t-Bu)S(t-Bu)K(Mtt)-resin.

The AMPH+ peptide was prepared as follows. The S-form
R-helix-inducing template (Ro 47-1615, Hoffmann-La Roche)
(11 mg) (Figure 2) was activated by treatment with dicy-
clohexylcarbodiimide (DCC) (1 mol equiv, 69µL of a 352
mM solution in dimethylformamide), hydroxybenzotriazole
(HOBt) (32 mg, 10 mol equiv), and diisopropylethylamine
(0.1 mol equiv, 4µL of a 10% v/v solution in dimethylfor-
mamide). After 1 h atambient temperature, dichloromethane
(100 µL) was added followed, after a further 1 h, by the
AMPH precursor peptide (71 mg) in dimethylformamide (3
mL) containing diisopropylethylamine (10 mol equiv). The
mixture was sonicated for 2 min at 40°C to dissolve the
precursor peptide and then stirred at ambient temperature
for 18 h. After evaporation to dryness, the residue was shaken
with piperidine (20% v/v) in dimethylformamide (4 mL) for
2 h at ambient temperature and then evaporated to dryness.
Crude AMPH+ peptide was dissolved with sonication in
aqueous TFA (0.1% v/v), containing acetonitrile (20% v/v),
and then eluted using the same water-solvent mixture

through a P2 Bio-Gel column (2× 22 cm), attached to an
FPLC system (Amersham Pharmacia Biotech, U.K), at a flow
rate of 1 mL/min. Elution was monitored at 280 nm, and
peptide-containing fractions were then combined and freeze-
dried. Finally, AMPH+ was purified to homogeneity by
preparative reversed-phase chromatography using a PepRPC
HR10/10 column attached to a FPLC system (Amersham
Pharmacia Biotech, U.K). The column was equilibrated with
aqueous TFA (0.1% v/v), containing acetonitrile (10% v/v),
and peptide was then eluted at a flow rate of 2 mL/min with
a 10-100% linear gradient (80 mL) of acetonitrile, contain-
ing TFA (0.1% v/v). Elution was monitored at 280 nm and
peak fractions were collected, combined, and freeze-dried.
Peptide identity was confirmed by fast atom bombardment
mass spectrometry. The AMPH- peptide was prepared using
the R-form non-inducing template (Ro 47-1614, Hoffmann-
La Roche) in a manner identical to that of the AMPH+

peptide. The AMPHR peptide was obtained as an uncoupled
byproduct of the above series of reactions after elution of
either crude AMPH+ or AMPH- peptides through the
reversed-phase chromatography column.

NON-AMPH+, NON-AMPH-, and NON-AMPHR pep-
tides were prepared from the resin-attached NON-AMPH
precursor peptide by the following sequence of deprotection
and chemical coupling steps. Initially, the resin (140 mg)
was incubated for 1 h with shaking at ambient temperature
in dimethylformamide (10 mL), containing TFA (1% v/v),
washed with dichloromethane (1 mL aliquots), and dried in
vacuo. Removal of the Mtt-protecting group was monitored
by the ninhydrin test (Applied Biosystems Ltd.). Usually a
second cycle of deprotection was required to ensure complete
removal of the Mtt-protecting group. After this, the resin
was repeatedly washed with dimethylformamide (1 mL
aliquots), suspended in dimethylformamide (2 mL), contain-
ing dansyl chloride (10 mol equiv) and diisopropylethylamine
(10 mol equiv), and then incubated for 1 h with shaking at
ambient temperature at which point dansylation of the
C-terminal lysine residue was complete. Next, the resin was
freed of residual reagents by repeated washing with di-
methylformamide (1 mL aliquots) until all coloration was
removed, then further washed with dichloromethane (1 mL
aliquots), and dried in vacuo. Resin could be stored at this
stage in anhydrous conditions at-20 °C. NON-AMPH+

peptide was prepared in the following way. The stored resin
was resuspended in dimethylformamide (10 mL), containing
piperidine (25% v/v), and incubated for 1 h with shaking to
remove theN-terminal Fmoc-protecting group from the resin-
bound dansylated peptide. Following this, the resin was
repeatedly washed with dimethylformamide (1 mL aliquots)
and then dichloromethane (1 mL aliquots) and dried in vacuo.
Next, the resin was resuspended in dimethylformamide (1
mL), containing the S-form template (Ro 47-1615) (4.6 mg,
1 mol equiv) (Figure 2), HOBt (14.5 mg, 10 mol equiv),
and DCC (107µL of a 1 M solution in 1-methyl-2-
pyrrolidinone, 10 mol equiv). The mixture was incubated at
ambient temperature for 24 h with shaking. The resin was
subjected to repeated washes with dimethylformamide (1 mL
aliquots) and then dichloromethane (1 mL aliquots) and
finally dried in vacuo. Peptide was liberated from the resin
and fully deprotected by resuspending the above resin in 95%
aqueous TFA and incubating for 2 h with shaking at ambient
temperature. Free peptide was separated from the solid phase
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by filtration through a small pad of glass wool and finally
precipitated in ice-cold methyltert-butyl ether (40 mL). The
precipitate was recovered by centrifugation (2500g) and the
pellet washed repeatedly with ice-cold methyltert-butyl ether
to remove residual reagents. Crude NON-AMPH+ peptide
was resuspended in aqueous TFA (0.1% v/v), and acetoni-
trile, containing TFA (0.1% v/v), was added until the peptide
dissolved. After freeze-drying, crude NON-AMPH+ was then
redissolved in aqueous TFA (0.1% v/v) and purified to
homogeneity by preparative reversed-phase chromatography
using the PepRPC HR10/10 column as above. The column
was equilibrated with aqueous TFA (0.1% v/v), and peptide
was then eluted at a flow rate of 2 mL/min with a 0-100%
linear gradient (80 mL) of acetonitrile, containing TFA (0.1%
v/v). Elution was monitored at 280 nm, and peak fractions
were collected manually and freeze-dried. Peptide identity
was confirmed by fast atom bombardment mass spectrom-
etry. The NON-AMPH- peptide was prepared in a way
almost identical to that of the NON-AMPH+ peptide except
that the R-form template (Ro 47-1614) was used in place of
the S-form template (Ro 47-1615) (Figure 2). The NON-
AMPHR peptide was prepared similarly except that the
template addition step was not performed. Furthermore, an
undansylated version of this peptide was prepared in which
the dansyl group addition step was not carried out. Analytical
reversed-phase chromatography was performed on a C-18
Vydac column (4.6 mm× 15 cm) attached to a Gilson HPLC
apparatus. Elution was monitored at 226 nm. Peptides were
eluted at a flow rate of 1 mL/min with a 0-100% linear
gradient of acetonitrile, containing TFA (0.1% v/v), and
found to be essentially homogeneous (>95%).

Concentrated stocks of all sixC-dansyl peptides were
prepared in dimethyl sulfoxide and stored in aliquots at-20
°C. C-Dansyl peptide concentrations were determined spec-
trophotometrically in 6 M guanidinium chloride, pH 7.0,
using an extinction coefficient,ε330, of 4100 M-1 cm-1

originally measured for dansylglycine (60). Concentrations
of undansylated peptides were determined by weight.

Circular Dichroism Spectroscopy. Solutions (approxi-
mately 200µM) of all six peptides were prepared in 20 or
50 mM Tris-HCl buffer, pH 7.6 (at ambient temperature),
at 20°C. The stock solutions were then diluted 5-fold, 25-
fold, and 100-fold with deionized water, and peptide spectra
were recorded in the far-UV and near-UV regions after 18
h of equilibration at 20°C in the dark. Far-UV spectra were
acquired at 20°C using 0.02, 0.1, 0.5, and 2.0 cm path-
length quartz cells for the stock solutions and the dilutions,
respectively. Near-UV spectra were measured using the 0.5
cm path-length quartz cell. A total of four scans were
averaged to obtain each spectrum, after which the appropriate
buffer background was subtracted.

Aggregation Assays. In a first set of aggregation assays,
stock solutions of all six peptides in 50 mM Tris-HCl buffer,
pH 7.6, at 20°C, containing 2 mM DTT (assay buffer), were
diluted in the same buffer to a final concentration of 3.0 or
0.5 µM. Dansyl group fluorescence emission intensities at
500 nm were monitored using a spectrofluorometer over a
period of 24 h at 20°C. The excitation wavelength was 350
nm. Readings were made at 2 min intervals, and the
excitation shutter was closed between readings in order to
minimize photobleaching of the dansyl group. Excitation and
emission bandwidths were set at 5 nm. In a second set of

aggregation assays, stock solutions of all six peptides in assay
buffer were diluted to concentrations ranging from 10 nM
to 2 µM in the same buffer. Solutions were then incubated
at 20°C for 18 h in the dark before the fluorescence emission
intensity was measured at 500 nm on excitation at 350 nm.
Excitation and emission bandwidths were 10 nm.

Fluorescence Binding Assays. Prior to use in binding
studies, GroEL solutions were extensively dialyzed at 4°C
against 50 mM Tris-HCI buffer, pH 7.6, containing 2 mM
DTT (assay buffer), and concentrated in 100 kDa cut-off
Centricon concentrators (Amicon, MA) to approximately
50-75 µM. NON-AMPH+, NON-AMPH-, and NON-
AMPHR peptides were each diluted to a concentration of
1.0 µM and equilibrated for 18 h at 20°C in the dark prior
to use. In the case of these peptides, the titrations were
performed using single peptide solutions as described previ-
ously (1). Peptide solutions (1.0µM) were titrated with
GroEL from 6 nM to 2µM. At each addition, the dansyl
fluorescence emission spectrum was recorded between 450
and 600 nm, using an excitation wavelength of 350 nm and
excitation/emission bandwidths of 10 nm. In the case of the
AMPH+, AMPH-, and AMPHR peptides, individual solution
aliquots, each containing peptide at a fixed concentration (0.5
µM), were equilibrated with different concentrations of
GroEL in the range from 6 nM to 2µM. After 18 h at 20°C
in the dark, individual fluorescence emission intensities at
500 nm were measured using an excitation wavelength of
350 nm and excitation/emission bandwidths of 10 nm.

Fluorescence emission intensities at 500 nm, corrected for
GroEL background, were tabulated, and the emission inten-
sity of free peptide at 500 nm (i.e., in the absence of GroEL)
was subtracted in order to give the fluorescence intensity
enhancement,∆I500, due to interaction of the given peptide
with GroEL at each individual GroEL concentration.∆I500

data were then analyzed as a function of the GroEL
concentration using a model for binding in which a given
peptide was assumed to be able to interact with an unspeci-
fied number of independent binding sites on the GroEL
homo-oligomer. This model was used previously (1) to derive
the expression:

where [P]t is the total peptide concentration, [G]t the total
GroEL concentration,∆I500 the fluorescence intensity en-
hancement at 500 nm,Ka the apparent association constant,
and ∆Φ a term deriving from fluorescence quantum yield
enhancement upon peptide binding to GroEL. The origins
of these terms, the theoretical basis, and a validation of the
binding model have been described previously (1, 61).

In one instance, a reversed binding experiment was
performed in which a solution of GroEL (10 nM) in assay
buffer was titrated with NON-AMPHR peptide from 10 nM
to 50 µM. The fluorescence emission intensity from a
separate set of protein-free control titrations was recorded
in parallel to determine the contribution to the observed
fluorescence emission intensity of the peptide alone.

GroES Competition Experiments. GroES in assay buffer
was concentrated in 30 kDa cut-off Centricon concentrators
(Amicon, MA) to approximately 100µM prior to use. Bamph

(1), NON-AMPH+, NON-AMPH-, and NON-AMPHR pep-
tides (1µM) were then each separately pre-incubated with

∆I500 ) (∆Φ[P]t[G]tKa)/(1 + [G]tKa) (1)
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GroEL for several minutes at 20°C in assay buffer. GroEL
concentrations were fixed near theKd value of the peptide-
GroEL interaction (i.e., 75 nM for NON-AMPH+ and NON-
AMPH- peptides; 200 nM for NON-AMPHR and Bamph

peptides). GroES was then titrated from 10 nM to 2.0µM
in small aliquots. A second set of experiments was performed
in the presence of 125 mM MgCl2. In this case, GroEL
concentrations were 0.5µM throughout. GroES was titrated
from 50 nM to 10µM (maximum allowed before significant
inner-filter effects were suspected). Finally, a third set of
experiments was conducted with the addition of 10 mM KCl
and 8 mM ATP (125 mM MgCl2). This concentration of
ATP was sufficient to maintain the ATPase activity at a
saturating rate throughout the titration experiment. In the case
of all three sets of experiments, changes in fluorescence
emission intensity at 500 nm,∆I500, were observed as a
function of the GroES concentration. Emission intensities
were corrected for GroEL and GroES background.

Peptide Competition Experiments.NON-AMPHR (1 µM)
was pre-incubated with GroEL (0.5µM) for several minutes
at 20 °C in assay buffer. This mixture was subsequently

titrated with undansylated NON-AMPHR peptide from a
concentration of 10 nM to 100µM. The change in fluores-
cence emission intensity at 500 nm,∆I500, was measured as
a function of the undansylated NON-AMPHR peptide con-
centration. Emission intensities were corrected for peptide
and GroEL background.

RESULTS

GroEL and GroES Purification and Functional Charac-
terization. Over the past few years, there has been great
concern expressed over the purity of GroEL and GroES used
in various mechanistic studies, most especially concerning
the presence of tryptophan-containing impurities in samples
of both proteins (47, 62-65). For this reason we developed
purification procedures which would ensure the absence of
these tryptophan-containing impurities. Accordingly, GroEL
was prepared using a standard gel filtration/ion-exchange
procedure (58) and then further purified by elution through
a Reactive Red dye binding column. Clark et al. (47) were
the first to describe the use of this dye binding column in
their purification of the GroEL protein. However, we found

FIGURE 1: (a) Fluorescence emission spectra of GroEL. Ion-exchange purified GroEL (GroELstd) (0) and Reactive Red purified GroEL
(GroELRR) (O), both at 0.5µM, are shown. Reference spectra ofN-acetyltryptophanamide (2) and L-tyrosine (1) are also illustrated.
Protein and amino acid spectra were obtained after 1 h incubation in 6 M guanidinium chloride, pH 7.0, and 30 mMâ-mercaptoethanol in
50 mM Tris-HCl, pH 7.6, and corrected for guanidinium chloride buffer background. Such spectra were used to calculate the tryptophan
content (measured at 354 nm) of GroEL according to calibration curves derived from the fluorescence emission intensities of standard
solutions ofN-acetyltryptophanamide (1-20 µM) (89). Excitation wavelengths for all spectra shown were 280 nm; excitation and emission
band widths were 5 nm. (b) Fluorescence emission spectra of GroES. Ion-exchange purified GroES (GroESstd) (0) and Reactive Red
purified GroES (GroESRR) (O), both at 5.0µM, are shown.N-Acetyltryptophanamide (2) and L-tyrosine (1) reference spectra are also
illustrated. The tryptophan content was assessed as in (a). (c) Overloaded silver-stained 15% SDS-polyacrylamide gel showing molecular
weight markers (lane A), GroESstd (2.5µM) (lane B), and GroESRR (2.5µM) (lane C). (d) Refolding of mitochondrial malate dehydrogenase
(mMDH) spontaneously (0), with the assistance of GroELstd and GroESstd (O) and with the assistance of GroELRR and GroESRR (b). The
error bars give the deviation from the mean of two independent experiments. Assays were performed according to previously published
protocols (23, 58).
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it necessary to adapt their procedure by introducing ATP
into the elution buffer in order to release GroEL-associated
peptide/protein impurities into the buffer for separation. In
our hands without this added ATP, significant GroEL-
associated impurities remained which could be observed as
supernumerary bands on SDS-polyacrylamide gels. Com-
bined and concentrated GroEL-containing fractions from the
Reactive Red column were analyzed by fluorescence spec-
troscopy (Figure 1a) and found to possess a minimal
tryptophan content (<0.05 mol of tryptophan/mol of GroEL
oligomer). The homogeneity of this GroEL preparation was
further demonstrated by amino acid analysis and SDS-
polyacrylamide gel electrophoresis (using overloaded silver-
stained gels). The results of these two analyses have been
presented elsewhere (59).

GroES was initially prepared using the same gel filtration/
ion-exchange procedure used in the preparation of GroEL
(58), but two additional column elution steps then proved
necessary to remove as much of the tryptophan-containing
impurities as possible. In the first step, GroES was bound to
and eluted from a hydrophobic interaction (HIC) column
using a procedure adapted from Burston et al. (66), yielding
GroES which showed the presence of residual tryptophan
fluorescence. In the second step, purification was ac-
complished by elution through a Reactive Red dye binding
column in the absence of ATP, after which the GroES
containing fractions were combined and concentrated. The
resulting stock solution was analyzed by fluorescence
spectroscopy (Figure 1b) and found to possess minimal
tryptophan content (<0.07 mol of tryptophan/mol of GroES
oligomer). SDS-polyacrylamide gel electrophoresis analysis

(using overloaded silver-stained gels, Figure 1c) revealed
GroES to be essentially homogeneous. Gratifyingly, GroEL
and GroES prepared according to the above procedures were
found to be fully functional as molecular chaperone and co-
chaperone, respectively, in our standard mitochondrial malate
dehydrogenase refolding assay system (23, 58) (Figure 1d).

Peptide Sequences.The interactions of six different
peptides with GroEL were investigated. The six peptides
studied may be divided into two main series of peptides:
those containing the amphiphilic AMPH amino acid residue
sequence (Figure 2) (i.e., AMPH+, AMPH-, and AMPHR)
and those containing the non-amphiphilic NON-AMPH
amino acid residue sequence (Figure 2) (i.e., NON-AMPH+,
NON-AMPH-, and NON-AMPHR). The AMPH series
peptide sequence was derived directly from the basic
amphiphilic (Bamph) peptide used in our previous GroEL-
peptide binding studies (Figure 2) (1), the sequence of which
corresponds to the 13C-terminalR-helical residues of human
platelet factor 4 precursor (67). The AMPH series sequence
was designed to have alternating pairs of positively charged
lysine (K) residues with hydrophobic isoleucine (I) and
leucine (L) residues which would dispose to form an
amphiphilicR-helix in the event that anR-helical conforma-
tion were adopted in solution by this peptide sequence. The
helical wheel and ribbon structures of the AMPH series
peptide sequence should serve to illustrate this design
principle (panels a and b of Figure 3, respectively). The
ability of AMPH+ and AMPH- to formR-helices in solution
was controlled by the incorporation of anN-cap template,
namely an S-formR-helix-inducing template (Ro 47-1615)
in the case of AMPH+ and an R-form non-inducing template

FIGURE 2: Illustration of the sequences of the AMPH and NON-AMPH series peptides used in the work described in this paper. The Bamph
peptide sequence is included for comparison (1). Also included are the structures of the S-formR-helix-inducing template (Ro 47-1615)
and the R-form non-inducing template (Ro 47-1614) developed by Hoffmann-La Roche (68).
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(Ro 47-1614) in the case of AMPH- (Figure 2). The S-form
template was originally designed by Abrecht et al. (68) of
Hoffmann-La Roche AG (Switzerland) to adopt a low-energy
conformation which mimics the first turn of anR-helix,
placing four CdO hydrogen bond acceptors in a parallel
arrangement ideal to complement the first four N-H
hydrogen bond donor groups belonging to the first four
peptide bonds of an attached peptide comprised of natural
L-(S)-amino acid residues. Normally, peptides are not thought
to formR-helical structures with ease in solution unless these
first four peptide bonds are complemented by intramolecular
hydrogen bond formation. This is because the energy released
from formation of these hydrogen bonds is thought to be
required to overcome the entropic barrier toR-helix forma-
tion. The corresponding R-form template was designed as a
control template whose three stereocenters are in the opposite
configuration to the S-form template and should therefore
be unable to nucleateR-helical secondary structure in an
attached peptide composed ofL-(S)-amino acid residues (68).
In the case of the AMPHR peptide, noN-terminal modifica-
tion was carried out.

The non-amphiphilic NON-AMPH series peptides were
prepared to provide a direct comparison with the amphiphilic
AMPH series peptides. The NON-AMPH series peptide
sequence is a reordered version of the AMPH sequence and
was therefore intended to form a non-amphiphilicR-helix
in the event that anR-helical conformation were adopted in
solution. This design principle is illustrated by the corre-
sponding helical wheel and ribbon structure diagrams (panels
c and d of Figure 3, respectively). In the case of the NON-
AMPH+ and NON-AMPH- peptides, the ability of either to
form R-helical conformations in solution was controlled by
attached S-form and R-formN-cap templates, respectively
(Figure 2). All six AMPH and NON-AMPH series peptides
were labeled with a 5-(dimethylamino)-1-naphthalenesul-
fonyl [dansyl (Dn)] group attached to the Nε-atom of the
C-terminal lysine residue to act as a fluorescent reporter of
binding interactions with GroEL. Before use, all peptide
structures were verified by fast atom bombardment mass
spectrometry, and homogeneity was verified by analytical
reversed-phase chromatography.

FIGURE 3: Helical wheel diagrams of AMPH (a) and NON-AMPH (c) series peptides together with computer-generated images ofR-helical
structures of AMPH (b) and NON-AMPH (d). The helical conformation was modeled from the peptide sequences using Quanta version 97
(Molecular Simulations), and the images were constructed from these coordinates using WebLab version 3.1 (Molecular Simulations).
Hydrophobic residues are marked in green, and polar/charged residues are shown in red.
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Circular Dichroism Spectroscopy of Peptides.Circular
dichroism (CD) spectroscopy of all six peptides was per-
formed in order to determine secondary structure forming
propensity in solution before GroEL binding experiments
were carried out. The secondary structure forming propensity
of all three AMPH series peptides (i.e., AMPH+, AMPH-,
and AMPHR) was much as anticipated. The AMPH+ peptide
showed a clear propensity to formR-helical structures in
solution (Figure 4a). By contrast, the AMPH- peptide
exhibited considerably lessR-helical character in solution,
while the untemplated AMPHR peptide appeared to be
completely unstructured (Figure 4a). A similar hierarchy of
behavior was observed with the three NON-AMPH series
peptides. NON-AMPH+ showed significantR-helical char-
acter in solution but mixed with unstructured conformations,
while both the NON-AMPH- and NON-AMPHR peptides
were completely unstructured (Figure 4b). Peptides with a
propensity to form amphiphilic helices may readily form

helical bundles or aggregates in solution. The formation of
such bundles may even potentiate helix formation by
stabilizing helical conformations through interpeptide inter-
actions (69-71). Such features have been exploited previ-
ously in the de novo design of proteins (69). This stabilization
of helical conformations through helical bundle formation
of amphiphilic peptides may explain why the AMPH+

peptide exhibited more helical character in solution than its
non-amphiphilic NON-AMPH+ counterpart. Nevertheless, as
far as we were able to determine by CD spectroscopy, the
relative R-helix-forming propensities of both the AMPH+

and NON-AMPH+ peptides were maintained qualitatively
even at the lowest concentrations analyzed (1-2 µM), where
aggregation effects appeared to be minimal (see below).

Aggregation Assays.Two aggregation assays were per-
formed. In the first, stock solutions of each peptide were
diluted to 3 and 0.5µM, and time-dependent changes in
fluorescence emission intensity were monitored. In each case,
the time required for complete relaxation of fluorescence
emission intensity after dilution was of the order of 6-10
h, a result that was attributed to slow aggregate dissociation
after dilution (results not shown). This information was used
to design a second aggregation experiment in which stock
solutions of each peptide were diluted to concentrations
ranging from 10 nM to 2µM and the fluorescence emission
intensity was monitored after 18 h incubation at 20°C
(Figure 5). All three AMPH series peptides appeared to show
similar fluorescence emission behavior up to a concentration
of 0.5µM. Thereafter, AMPH+, and to a much lesser extent
AMPH-, showed a more enhanced fluorescence emission
intensity with increasing concentration. We presumed that
this enhanced fluorescence emission intensity was caused
by concentration-dependent aggregation of these peptides.
This seemed reasonable to us since AMPH+, and to a lesser
extent AMPH-, had been demonstrated previously by CD
spectroscopy (Figure 4) to have propensities to form am-
phiphilic R-helical structures in solution, which would
themselves be likely to aggregate above a certain critical
concentration into self-stabilizing structures (see above).
Therefore, subsequent fluorescence binding assays were
performed using a fixed peptide concentration of 0.5µM, at
which concentration the tendency to aggregation of the
peptides was presumed to be minimal. As might be expected,
all three NON-AMPH series peptides appeared to show
similar fluorescence emission behavior up to a higher
concentration of 1.0µM. Thereafter, the NON-AMPH+

peptide showed some divergence in fluorescence behavior.
Therefore, NON-AMPH peptide fluorescence binding assays
were performed using a fixed peptide concentration of 1.0
µM. The apparently lower tendency of NON-AMPH+ to self-
associate as compared to AMPH+ is consistent with the
observed trends in secondary structure forming propensity
(Figure 4).

Fluorescence Binding Assays.The analysis of peptide
binding to GroEL was performed using our own fluorescent
peptide binding assay (1). In brief, excitation of theC-dansyl
peptides in free solution at 350 nm typically resulted in a
weak fluorescence emission maximum near 540 nm. Upon
interaction with increasing amounts of GroEL, the peptide
fluorescence was characterized by a blue-shift in the emission
maximum toward 500 nm and an increase in fluorescence

FIGURE 4: Far-UV circular dichroism spectra of AMPH and NON-
AMPH series peptides. (a) Spectra of AMPH+ (s) (52 µM),
AMPH- (- -) (39 µM), and AMPHR (- - -) (120 µM) were
recorded in 50 mM Tris-HCl, pH 7.6, at 20°C following 18 h
incubation at 20°C. Spectra were recorded in a 0.02 cm path-
length cell and are the result of four acquisitions which were
baseline corrected. Spectra were normalized to a concentration of
52µM. (b) Spectra of NON-AMPH+ (s) (198µM), NON-AMPH-

(- -) (176µM), and NON-AMPHR (- - -) (193µM) were recorded
in 20 mM Tris-HCl, pH 7.6, at 20°C following 18 h incubation at
20 °C. Spectra were recorded as in (a) and normalized to a
concentration of 198µM.
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intensity which tended toward saturation with increasing
GroEL concentration (Figure 6a). In the absence of interac-
tion no such blue-shift and fluorescence intensity increase
were observed (1). The strength of binding interaction was
assessed by plotting the fluorescence intensity enhancement
at 500 nm,∆I500, corrected for GroEL background, against
the GroEL concentration. Binding parameters were obtained
by a two-parameter fit of the data to expression 1 with∆Φ
andKa as variables (Figure 6b).

Table 1 shows a series of GroEL binding data expressed
as apparent dissociation constants (Kd ) 1/Ka) obtained at
20 °C for all six peptides in standard buffer, 50 mM Tris-
HCl, pH 7.6, and 2 mM DTT (assay buffer). Temperature-
dependent free energy changes of binding at 20°C, ∆G(T)bind,
were obtained using the equation:

whereKa is the apparent association constant andR is the
molar gas constant (8.314 J mol-1 K-1). Both the AMPHR

and NON-AMPHR peptides were found to bind to GroEL
with affinities very similar to the parent Bamphpeptide, under
similar binding conditions (1). By contrast, the AMPH- and
NON-AMPH- peptides bound to GroEL approximately 4-

and 3-fold more tightly than the respective untemplated
peptides (AMPHR and NON-AMPHR). Interestingly, the
helical NON-AMPH+ peptide bound to GroEL with an
affinity similar to that of its nonhelical variant NON-AMPH-.
By contrast, the helical AMPH+ peptide was observed to
bind to GroEL with an affinity almost two orders of
magnitude greater than that of the corresponding untemplated
peptide AMPHR and approximately one order of magnitude
greater than that of the other templated peptides (Table 1).

FIGURE 5: Fluorescence emission intensities of AMPH and NON-
AMPH series peptides as a function of the peptide concentration.
(a) Emission intensities of AMPH+ (O), AMPH- (4), and AMPHR

(0) peptides were measured at the given concentrations in assay
buffer after 18 h incubation at 20°C. Fluorescence emission
intensities were measured at 500 nm on excitation at 350 nm. (b)
Emission intensities of NON-AMPH+ (O), NON-AMPH- (4), and
NON-AMPHR (0) peptides were measured in the same way as for
(a).

∆G(T)bind ) -RT ln Ka (2)

FIGURE 6: Peptide GroEL binding assay. (a) Representative
sequence of dansyl group fluorescence emission spectra following
the titration at 20°C of a fixed concentration of NON-AMPH+
peptide (1µM) with GroEL (from 6 nM to approximately 2µM)
in assay buffer. Excitation was performed at 350 nm. (b) AMPH
series peptide binding isotherms were generated by plotting the
corrected change in fluorescence intensity at 500 nm,∆I500, against
the GroEL concentration for AMPH+ (O), AMPH- (4), and
AMPHR (0) peptides (all peptides were 0.5µM). Lines through
the data are a two-parameter fit to eq 1 to yield the apparent
association constants,Ka.

Table 1: Apparent Dissociation Constants for Peptide-GroEL
Interaction at 20°Ca

peptide Kd at 20°C (µM) ∆G°bind at 20°C (kJ mol-1)

AMPH+ 0.005( 0.001 -46.6( 0.5
AMPH- 0.051( 0.008 -41.0( 0.4
AMPHR 0.196( 0.033 -37.7( 0.4

NON-AMPH+ 0.062( 0.002 -40.4( 0.1
NON-AMPH- 0.083( 0.003 -39.7( 0.1
NON-AMPHR 0.215( 0.007 -37.5( 0.1

a Dissociation constantsKd (µM) were determined in assay buffer
(50 mM Tris-HCl, pH 7.6, 2 mM DTT).Kd values were calculated
according to eq 1; errors were derived from the standard errors of the
fit of the binding isotherms.
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The effect of magnesium chloride (MgCl2) ionic strength
on the interaction of the NON-AMPH+, NON-AMPH-, and
NON-AMPHR peptides with GroEL was investigated and is
summarized in Figure 7 where the binding interaction,
measured in terms ofKd, is plotted as a function of the
concentration of MgCl2. Finally, the effect of temperature
on the binding of the NON-AMPH+, NON-AMPH-, and
NON-AMPHR peptides with GroEL was investigated. The
results obtained [over the temperature range 10 to 42°C (i.e.,
283 to 315 K)] are shown in the form of van’t Hoff plots
(Figure 8). Thermodynamic parameters were derived from
these plots using a truncated form of the integrated van’t
Hoff equation (3) and eqs 4-6 (72):

where∆Cp bind is the change in specific heat capacity for
peptide binding (under the conditions of pH, ionic strength,
ambient pressure, and fixed peptide concentration used in
the binding assays), while∆H(T)bind and ∆S(T)bind are the
temperature-dependent enthalpy change and entropy change
of peptide binding, respectively. The calculated parameters
for all three peptides are summarized in Table 2. In the
absence of GroEL, the fluorescence emission properties of
all three NON-AMPH series peptides were found not to be
affected by temperature (over the range 283 to 315 K) (results
not shown). Therefore, we are confident that the observed
and calculated thermodynamic data (Figure 8, Table 2)
accurately reflect the nature of the interactions between the
peptides and GroEL.

GroES and Peptide Competition Experiments.In order to
provide additional validation for our peptide-GroEL binding
experiments, the association between GroEL and the NON-
AMPH series peptides and Bamph was investigated in the

presence of GroES. Given the fact that the polypeptide
binding regions of GroEL are well-known to double up as
GroES binding sites (15, 39, 51), we intended to perform
competition experiments to establish whether or not GroES
could compete directly with the peptides for binding to
GroEL. Prior to these studies, however, we were interested
to see whether the peptides and GroES would interact with
each other and performed binding experiments with GroES
in place of GroEL. We were able to establish that the
fluorescence emission intensities of the dansyl peptides were
essentially independent of the concentration of GroES. This
result would suggest, although not prove, that there was no
significant interaction taking place between the peptides and
GroES (results not shown). Following this, GroEL binding
competition experiments were carried out in which individual
mixtures of each peptide with GroEL were titrated with
GroES and the change in fluorescence emission at 500 nm
was observed as a function of the GroES concentration. There
was a clear decline in fluorescence emission intensity of all
peptides with increasing GroES concentration (Figure 9a),
which suggested that the availability of peptide binding sites
was being reduced in the presence of GroES. This process
was promoted in the presence of a physiological concentra-
tion of salt (MgCl2) (Figure 9b), probably as a result of salt
screening of the electrostatic repulsion between the two acidic
proteins GroEL and GroES (73), allowing them to associate
more readily and deprive the peptides of their binding sites.
This effect was substantially enhanced in the presence of
MgCl2, KCl, and ATP (Figure 9c), where the affinity between
GroEL and GroES is known to be especially tight (reported
Kd values between 16 and 26 nM) (74-77). These conditions
may even lead to the formation of symmetrical “football”-
shaped complexes in which all potential peptide binding sites
would be occupied by GroES (4, 5, 74, 78). ATP binding to
GroEL and the resulting conformational changes in GroEL
may also weaken GroEL-peptide interactions, particularly
at high concentrations of nucleotide when all ATP binding
sites are occupied (7, 10, 11, 79-81).

FIGURE 7: Effect of magnesium chloride on the apparent dissocia-
tion constants for the interaction between NON-AMPH+ (O), NON-
AMPH- (4), or NON-AMPHR (0) with GroEL. Each point
represents the result of an individual peptide-GroEL titration
experiment, as described in the legend to Figure 6, and was
performed at the indicated concentrations of MgCl2. Error margins
were derived from the standard errors of the fit of the binding
curves. The lines through the data were generated with a spline
function.

ln Ka ) a + b(1/T) + c ln T (3)

∆Cp bind ) Rc (4)

∆H(T)bind ) R(cT - b) (5)

∆S(T)bind ) [∆H(T)bind - ∆G(T)bind]/T (6)

FIGURE 8: Van’t Hoff plots to show the effect of temperature on
the apparent association constants,Ka, for the interaction between
the NON-AMPH+ (O), NON-AMPH- (4), or NON-AMPHR (0)
peptides with GroEL. Each point represents the result of an
individual peptide-GroEL titration experiment performed at the
indicated temperature as described in the legend to Figure 6. Error
margins were derived from the standard errors of the fit of the
binding isotherms. Lines through the data show a three-parameter
fit to eq 3 from which the thermodynamic parameters given in Table
2 were derived.
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A second set of competition experiments was carried out
in which the interaction of GroEL and NON-AMPHR, the
least aggregation-prone peptide (see above), was measured
in the presence of undansylated NON-AMPHR in an attempt
to ascertain whether peptide binding to GroEL was specific.
A 50% complex formation inhibition was achieved at a ratio
of labeled:unlabeled peptide≈ 1:1, consistent with same-
site competition (Figure 10).

DISCUSSION

In our previous work concerning the molecular recognition
of peptides and proteins by GroEL, we established some
principles of molecular recognition which govern the as-
sociation of GroEL with peptides (1). These principles
defined the optimal features of a peptide’s amino acid
primary sequence which are needed to promote association
with GroEL, as well as those features which discourage
binding. The work described in this paper represents our
attempts to build upon our previous work in order to
understand the importance of substrate secondary structure
in the recognition and binding of peptides, and by extrapola-
tion substrate proteins, to GroEL. Unfolded/non-native
substrate proteins commonly possess exposed secondary
structural elements; therefore, an investigation into the GroEL
interaction of a set of peptides, some with secondary structure
forming propensities, was expected to allow us to draw
conclusions about the interaction of unfolded substrate
proteins with GroEL as well. Our approach was to start from
the peptide which had been found to bind to GroEL most
tightly in our previous work, namely, anN-dansyl basic
amphiphilic peptide (Bamph) (Figure 2). We then constructed
six systematic variants of this peptide, the AMPH and NON-
AMPH series peptides, which possessed a hierarchy of
R-helix-forming propensities and amphiphilic characteristics
(Figures 2 and 3). By studying the interaction of all six
peptides with GroEL, we hoped that their relative strengths
of interaction with GroEL would allow us to draw conclu-
sions as to the relative importance of secondary structure
and amphiphilicity in the process of molecular recognition
and binding by GroEL. Prior to performing any binding
studies, the secondary structure forming propensities of all
six peptides were examined by CD spectroscopy and
confirmed the expected hierarchy ofR-helix-forming pro-
pensities with the AMPH+ and NON-AMPH+ peptides
displaying strong helical features (Figure 4). On the basis
of aggregation experiments (Figure 5), peptide-GroEL
binding studies were then performed by titrating a fixed
concentration of each peptide (0.5µM in the case of AMPH
series peptides and 1.0µM in the case of NON-AMPH series
peptides) with GroEL until the fluorescence emission
intensity of each peptide reached saturation (Figure 6). Upon

processing the fluorescence binding data, significant differ-
ences in the strengths of interaction of the amphiphilic and
non-amphiphilic peptides with GroEL were observed (Figure
2, Table 1). Most importantly, the AMPH+ peptide, pos-
sessing the highest amphiphilicR-helix-forming propensity
of the peptides, was found to bind to GroEL with much
enhanced affinity when compared to the similarlyR-helical
non-amphiphilic NON-AMPH+ counterpart. In interpreting
this important difference, we considered that the association
of AMPH+ with GroEL was probably being promoted by
the amphiphilic character of theR-helical secondary structure
of this peptide. This suggestion was substantiated by the
observation that both the NON-AMPH+ and NON-AMPH-

peptides bound with similar affinity to GroEL even though
the former possessedR-helical character in solution while
the latter apparently did not. This indicated that non-
amphiphilic secondary structure forming propensity was not
contributing to the strength of binding with GroEL.

Following these binding studies, experiments were per-
formed to characterize the nature of the binding interactions
between the six peptides and GroEL. In our previous work,
the parent Bamph peptide had been found to bind to GroEL
through a combination of hydrophobic and electrostatic
interactions (1). Therefore, we expected that the six peptide
variants of Bamphwould bind to GroEL in a similar manner.
In performing the binding studies described above, we
observed consistently that interactions between the NON-
AMPH series peptides and GroEL reached equilibrium within
the mixing time of the experiment, while interactions between
the AMPH series peptides (especially AMPH+) and GroEL
appeared to reach equilibrium more slowly [equilibration
times of several hours were sometimes required (see Materi-
als and Methods)]. As a result, we decided to focus our
investigations on the NON-AMPH series peptides. The effect
of MgCl2 on the interaction of all three NON-AMPH peptides
with GroEL was examined (Figure 7). The sensitivity to ionic
strength displayed by all peptides suggested that binding was
partly mediated through electrostatic interactions of the
cationic peptides with the acidic GroEL protein (73), which
were progressively weakened by increasing ionic strength
causing binding affinities to lower. Following this, the
increasing strength of hydrophobic interactions at higher ionic
strengths allowed binding affinities to progressively increase
again. Therefore, at first sight, the NON-AMPH series
peptides appeared to be binding to GroEL by a combination
of hydrophobic and electrostatic interactions similar to those
of the parent Bamph peptide (1).

This suggestion was further reinforced by studies on the
effect of temperature on the interaction of the NON-AMPH
peptides with GroEL (Table 2, Figure 8). All three van’t
Hoff plots showed negative curvatures and correspondingly

Table 2: Thermodynamic Parameters for the NON-AMPH Series Peptide-GroEL Interactionsa

parameters at 20°C parameters at 37°C

peptide
∆Cp bind

(kJ mol-1 K-1)
∆H(T)bind

(kJ mol-1)
∆S(T)bind

(J mol-1 K-1)
∆H(T)bind

(kJ mol-1)
∆S(T)bind

(J mol-1 K-1)

NON-AMPH+ -4.54( 0.01 19.86( 2.3 202.0( 8.4 -33.06( 2.3 26.4( 8.3
NON-AMPH- -2.99( 0.01 14.04( 2.7 183.5( 8.8 -38.68( 2.7 7.9( 8.8
NON-AMPHR -0.81( 0.01 24.95( 1.7 212.8( 6.1 13.18( 1.7 173.4( 6.0

a Binding assays were performed over a range of temperatures in assay buffer. Thermodynamic parameters were obtained by van’t Hoff analysis
(Figure 8) of each set of temperature dependentKa values.
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negative values of∆Cp bind, indicative of hydrophobic
interactions (82). Nevertheless, the relatively low value of
∆Cp bind (approximately-0.8 kJ mol-1 K-1) measured for
the interaction of the untemplated NON-AMPHR peptide with
GroEL was taken as evidence for a mode of binding in which
hydrophobic interactions, which make negative contributions
to ∆Cp bind, are roughly balanced by positive contributions
to ∆Cp bind from electrostatic interactions, leading to the
dehydration of the protein interface and the release of electro-

restricted water (83, 84). Similar values of∆Cp bind between
-1.8 and-0.2 kJ mol-1 K-1 have been reported for the
interaction of GroEL with the moderately hydrophilic,
denatured proteinsR-casein (85) and pepsin (86), respec-
tively. By contrast, the values of∆Cp bind measured for the
interaction of the templated peptides NON-AMPH+ and
NON-AMPH- were similar to values of-3.6 and-4.19 kJ
mol-1 K-1 reported for the interaction of the hydrophobic
molten globule and reduced states ofR-lactalbumin (29, 86)
and denatured subtilisin with GroEL (85), respectively. It
can be concluded, therefore, that, in the case of the binding
of the templated peptides to GroEL, hydrophobic interactions
appeared to be dominating over electrostatic interactions.
This difference in the nature of the binding interaction
between the templated and untemplated peptides appeared
to point toward a contribution from the templates. Enhanced
hydrophobic binding through a contribution by the templates
would also offer an explanation as to why the templated
peptides NON-AMPH+ and NON-AMPH- bound to GroEL
considerably tighter than the untemplated NON-AMPHR

peptide (Table 1). By extrapolation, the same argument
would explain the increased affinity of AMPH- when
compared to the untemplated AMPHR peptide (Table 1).
Given the similarities in the amino acid composition between
the NON-AMPH and AMPH series peptides, it would seem
reasonable to conclude that the AMPH peptides were binding
to GroEL by a similar combination of hydrophobic and
electrostatic interactions. This allows us to suggest an
explanation for the especially high affinity of GroEL for the
amphiphilic helical AMPH+ peptide. An amphiphilic
AMPH+ helix would be able to present an organized but
flexible three-dimensional array or cluster of hydrophobic
residues on one face of the helix and cationic/polar neutral
hydrophilic side chains on the other face (Figure 3). When
interacting with GroEL, hydrophobic and electrostatic in-
teractions would be promoted with corresponding arrays or
clusters of residues at the polypeptide binding sites in GroEL.
These binding sites are located at the inside surface of the
apical domains of each GroEL subunit and are known to
consist of sets of hydrophobic amino acid residues (12, 13,
15). Therefore, we would suggest that AMPH+, displaying

FIGURE 9: GroES competition experiments. Shown are percentage
changes in fluorescence emission intensity at 500 nm of Bamphand
NON-AMPH series peptide-GroEL mixtures as a function of the
concentration of added GroES. Bamph, NON-AMPH+, NON-
AMPH-, and NON-AMPHR peptides (1µM) were each separately
pre-incubated with GroEL for several minutes at 20°C before the
addition of GroES. (a) Results obtained in assay buffer with Bamph
(b) (0.2 µM GroEL), NON-AMPHR (0) (0.2 µM GroEL), NON-
AMPH- (4) (75 nM GroEL), and NON-AMPH+ (O) (75 nM
GroEL). (b) Results obtained using the same buffer as in (a) but
containing 125 mM MgCl2; the same symbols for peptides apply
as in (a); GroEL concentrations were 0.5µM with all mixtures. (c)
Results obtained using the same buffer as in (b) but also containing
10 mM KCl and 8 mM ATP; the same symbols for peptides apply
as in (a); GroEL concentrations were 0.5µM in all mixtures.

FIGURE 10: Peptide competition experiment. Shown are percentage
changes in fluorescence emission intensity at 500 nm ofC-dansyl
NON-AMPHR peptide-GroEL mixtures as a function of the
concentration of added undansylated NON-AMPHR. Measurements
were made in assay buffer.C-Dansyl NON-AMPHR (1 µM) was
incubated with GroEL (0.5µM) for several minutes at 20°C before
each addition of undansylated NON-AMPHR.
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a combination of secondary structure forming propensity
coupled with amphiphilicity, was most probably interacting
with GroEL via the cluster of hydrophobic amino acid side
chains presented on one face of the AMPH+ helix, although
electrostatic interactions would also still be possible, too.
Drawing from our equilibrium binding data, we are unable
to investigate the possibility that initial recognition of
peptides may be followed by conformational changes in both
GroEL and its substrate which additionally drive the binding
interaction. However, given the strong affinity of GroEL for
the AMPH+ peptide, the secondary structural characteristics
of this peptide, and the structural nature of the GroEL peptide
binding sites, we would suggest that few structural adjust-
ments would be necessary to optimize the free energy of
association between GroEL and the AMPH+ peptide. Such
suggestions as these would all be very much in keeping with
the observations of Brazil et al. (38), Hlodan et al. (45), and
others (40, 52, 53), not to mention the original pioneering
work of Landry and Gierasch (41, 42).

Finally, an attempt was made to determine the approximate
number of peptide binding sites on GroEL. According to
our previously described model for peptide binding to GroEL,
which was used to derive expression 1, the apparent
association constant,Ka, was related to the individual
association constants of one peptide with one individual
GroEL binding site,κa according to the expression:

wheren corresponds to the total number of peptide binding
sites available on GroEL. In order to determinen, it was
necessary to perform a peptide-GroEL binding study in
which a fixed concentration of GroEL was titrated with
C-dansyl peptide until the fluorescence emission intensity
enhancement reached saturation. Due to the high number of
peptide binding sites on GroEL, this required the titration
with high concentrations of peptide, an experiment that could
only be performed with NON-AMPHR, which in contrast to
the other peptides was found not to aggregate strongly.
Therefore, a very low fixed concentration of GroEL (10 nM)
was titrated with NON-AMPHR until the fluorescence
emission intensity of the system appeared to be saturating.
Data corresponding to the change in fluorescence emission
intensity at 500 nm,∆I500, were then analyzed using
expression 8, which is a variant of expression 1:

Approximately 80% saturation of the fluorescence signal was
achieved with this titration, allowing for a good fit of the
experimental data to eq 8. The value ofκd derived from this
reversed titration of experiment was 16.28( 0.88 µM as
compared to the apparent dissociation constant value (Kd)
of 0.21( 0.01µM, determined by the more usual procedure
of titrating peptide with GroEL (effective concentration of
binding sitesn[G]t) (Table 1). According to expression 7,
the number of individual peptide binding sites on the GroEL
oligomer was estimated at 77( 9. This result should be
viewed with a little caution since the titration of a very low
fixed concentration of GroEL with NON-AMPHR peptide
resulted in a relatively small fluorescence intensity enhance-
ment. This approach was necessary in order to maintain the

concentration of peptide binding sites on GroEL below the
value of the dissociation constant. Otherwise, deviations from
the binding model, based on the assumption that the
concentration of free ligand equals the concentration of total
ligand in the system (1), would be expected.

The reported apparent dissociation constant,Kd, for the
interaction of the AMPH+ peptide with GroEL (Table 1) is
of the same order of magnitude as reported dissociation
constants of proteins and peptides from GroEL (nanomolar
region) under very similar conditions (23, 40, 55, 87, 88)
and even tighter than some reported dissociation constants
(micromolar region) involving other GroEL-protein interac-
tions (29, 54, 85, 86). This is remarkable given the fact that
it has been suggested that there is a minimum threshold
length of 55-65 amino acid residues necessary in a given
protein in order for there to be a stable interaction between
the substrate and GroEL (45). However, it is important to
note that, according to the way in which the apparent
dissociation constant,Kd, had to be measured in the above
experiments, the actual dissociation constant,κd, for the
interaction of AMPH+ with any one, individual GroEL
binding site may be up to 2 orders of magnitude larger (κd

0.39 µM) than the reportedKd, owing to the large number
of peptide binding sites estimated on GroEL (77( 9).
Moreover, the estimation ofκd assumes that the interaction
of a peptide with any one binding site is independent of all
other such interactions. If positive cooperativity were oc-
curring, as would be expected when an unfolded protein
substrate comes into close proximity with GroEL, values for
the dissociation constants of each peptide binding event
would reduce rapidly. Therefore, we would propose that
when an unfolded protein substrate is recognized by GroEL,
tight binding should be possible through the cooperative
interaction of GroEL with peptide subdomains in the
substrate, particularly if these have a propensity to form polar
neutral and/or cationic amphiphilic secondary structures (such
as R-helices orâ-sheets). In other words, these peptide
subdomains of a protein substrate should be sufficient to
mediate the majority of the interaction of a substrate protein
with GroEL. Secondary structure forming propensity coupled
with amphiphilicity in peptide subdomains of proteins should
therefore be considered optimal motifs for molecular rec-
ognition and binding of substrate peptides or proteins by
GroEL.
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