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The interactions of groEL with five N-dansyl peptides were investigated by means of a fluorescence
binding assay. The peptides studied (Bamph: Brpnit: Aamph: Anphits Nampn) Were designed and synthesised as
systematic variants of each other in terms of their patterns of charge and hydrophobicity. Fluorescence
data were analysed using a fluorescence modified, y-reciprocal linearised form of the Benesi—-Hildebrand
equation which was derived from first principles and verified by theoretical simulations. Under optimal
conditions, apparent dissociation constants, Ky, were obtained in the um range. At physiologically relevant
ionic strengths, only two peptides (basic amphiphilic B,,,, and neutral amphiphilic N,,,,) interacted with
groEL whilst a third peptide (acidic amphiphilic A,,,,) was able to interact but only at very high ionic
strength (> 1 mol kg™*). Thermodynamic (van't Hoff) analysis of the tightest binder, basic amphiphilic
Bampn PEPtide, revealed endothermic binding and a large positive entropy, AS°,,4, consistent with a mixed
binding mode involving both hydrophobic and electrostatic interactions. At physiologically relevant ionic
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strengths, positively charged amino acid residues appear to augment hydrophobic binding interactions
with groEL by electrostatic attraction whilst negatively charged amino acid residues oppose short-range
hydrophobic interactions with electrostatic repulsion. In conclusion, whilst a principal means of
interaction between groEL and a peptide or partially folded protein substrate is certainly hydrophobic,
electrostatic effects can modulate or even overwhelm this interaction.

Introduction

Molecular chaperones, according to definition, are proteins
whose function is to mediate the folding/refolding of other pro-
teins without becoming part of the final folded structure. Many
were first identified as heat shock proteins but most are now
known to be constitutively expressed as well. Of all the known
molecular chaperones, perhaps the best characterised are the
Escherichia coli (E. coli) molecular chaperone chaperonin 60
(Cpn60; groEL) and its co-molecular chaperone co-chaperonin
10 (Cpnl0; groES). Both groEL and groES have been exten-
sively characterised by electron microscopy' and the X-ray
crystal structures of both groEL* and groES® are now avail-
able. As a result, it is now well established that groEL is a homo-
oligomer comprising 14 subunits (each 57 259 Da) arranged in
two stacked rings of seven subunits each, whilst groES consists
of seven subunits (each 10 368 Da) arranged in a single ring.
There have been many recent investigations into the way in
which groEL and groES mediate protein folding/refolding.
These usually involve in vitro refolding studies in which a wide
variety of different unfolded ‘substrate’ proteins are refolded in
the presence and absence of molecular chaperone and various
cofactors, most especially ATP. Unfortunately, the require-
ments for successful chaperone-assisted refolding appear to
vary substantially from one model substrate protein to the next.
Moreover, there also appear to be differences in the extent to
which the molecular chaperones groEL and groES influence the
kinetics of protein refolding depending upon the nature of the
unfolded protein substrate and also the refolding conditions.
Where refolding rates have been measured, the rate determining
rate constants of the productive refolding pathway have been
found to be either unchanged, compared to the spontaneous
refolding process,®’ slightly increased® or even substantially
reduced.® In spite of these variations, two general models of
groEL and groES assisted refolding of proteins have been
advanced. In the first,° groEL and groES are proposed to pro-
mote unfolding of misfolded proteins which may then attempt

to fold/refold correctly and in the second,! the interior cavity of
groEL is considered to provide a controlled environment for
refolding of the ‘substrate’ protein at infinite dilution. Doubt-
less, further research will determine which of these two models
most closely describes chaperone-assisted refolding, although
the most recent studies reported do not appear to be resolving
the issue.’**®

Perhaps one of the few readily identifiable, unifying prin-
ciples of chaperone-assisted folding/refolding of proteins is that
an interaction between a partially folded protein substrate and
groEL is pivotal to the success of the whole process. This inter-
action appears to be controlled in extent and strength by
changes induced in the quaternary structure of groEL through
the binding of ATP and groES,?**** although how this inter-
action is brought about and what promotes it is still the subject
of some debate. This paper describes some of our recent work
directed towards understanding this crucial molecular recogni-
tion phenomenon.

Experimental

Materials

All chemicals used were of analytical grade or better and were
obtained from Sigma Chemical Co, Poole, Dorset, UK. De-
ionised distilled MilliQ water was used throughout.

GroEL was purified from a recombinant strain of E. coli
according to previously published methods.®* After extensive
dialysis at 4 °C against 50 mm TRIS-CI [tris(hydroxymethyl)-
methylammonium chloride] buffer (pH 7.6 at ambient temper-
ature) (M =mol dm~), containing 2 mm 2-mercaptoethanol,
groEL was concentrated (10 ml, Amicon stirred cell) over a 100
kDa YM100 membrane to approximately 150 um (homo-
oligomer concentration). GroEL concentrations in stock solu-
tions were determined by quantitative amino acid analysis.

The basic amphiphilic peptide (B,p,n) With an N-terminal 5-
dimethylamino-1-naphthalenesulfonyl [dansyl (Dn)] group (see
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Fig. 2) and the undansylated basic amphiphilic peptide (NH,-
PLYKKIIKKLLES-OH) were gifts of Roche Products Ltd.,
Welwyn Garden City, Herts., UK. The other N-dansyl peptides
[basic hydrophilic peptide (By,y), acidic amphiphilic peptide
(Aampn), acidic hydrophilic peptide (Ap,i), and neutral amphi-
philic peptide (N,mpn); see Fig. 2] were supplied by Genosys
Inc., Cambridge, UK. Concentrated stocks of each N-dansyl
peptide were prepared in dimethylsulfoxide and stored in ali-
quots at —70°C. N-Dansyl peptide concentrations were
judged spectrophotometrically using an extinction coefficient,
€330, OF 4500 dm?® mol~* cm™ originally measured for dansyl-
glycine. Concentrations of the undansylated basic amphi-
philic peptide were determined spectrophotometrically using
a tyrosine extinction coefficient, ,, of 1280 dm*® mol™
Cmfl.lS

Simulations were performed on a Power Macintosh 6100/60
using the Markov 4.0.3 Kinetics Simulator software package
(Ralph Sutherland, Scientific Software, 1994). UV-VIS absorp-
tion measurements were made on a Pharmacia LKB Ultrospec
I11 at room temperature. Fluorescence assays were performed
on a Shimadzu RF 5001PC spectrofluorophotometer, fitted
with a thermostatted cuvette holder, using monochromator
band-widths of 5 nm.

Fluorescence assay
All fluorescence assays were carried out in an assay buffer
of 50 mm TRIS-CI, containing 2 mm 2-mercaptoethanol, which
was adjusted to pH 7.6 at the desired assay temperature. For
each peptide, a stock solution (100 pm) in assay buffer was made
up after which an aliquot was transferred to a fluorescence
cuvette (10 mm pathlength) where it was diluted to a final con-
centration of 3 puM in assay buffer (1 ml). After 10 min thermal
equilibration using a water bath set at the desired assay tem-
perature, the peptide solution in the cuvette was titrated with
groEL from a homo-oligomer concentration of 10 nm up to 3 um
(typically in 18 stages). After each stage of addition, the solu-
tion in the cuvette was mixed thoroughly, thermally equili-
brated for 2 min (as above) and then the fluorescence emission
spectrum recorded at 450-600 nm, using an excitation wave-
length of 350 nm. Longer equilibration times did not affect the
results. Each aliquot addition of groEL was made from one of
three stock solutions of the homo-oligomer (i.e. 15, 75 or 154 um
homo-oligomer concentration in assay buffer), using a 10 pl
syringe (Hamilton), so as to keep the aliquots small. For each
assay, an identical control experiment was always performed in
the absence of peptide so as to evaluate the contribution of
groEL alone to the fluorescence spectrum. This contribution
was subtracted from the corresponding spectrum recorded in
the presence of peptide prior to processing of the data. For
binding assays performed at increasing ionic strength, a stock
solution of ammonium sulfate or magnesium chloride (each 4
M) in assay buffer was made up after which appropriate aliquots
were added to the fluorescence cuvette. Binding assays per-
formed with proteins other than groEL were carried out in a
similar way. Human serum albumin (HSA) concentrations were
determined using an A, of 5.3 and a molecular mass of
69 000 Da.’®

Fluorescence emission intensities at 500 nm, corrected for
groEL background, were tabulated and the emission intensity
of free peptide at 500 nm (i.e. in the absence of groEL) was
subtracted in order to give the fluorescence intensity enhance-
ment, Algy,, due to interaction of the given peptide with groEL
at each individual groEL concentration. Algy, data were then
analysed using a model for binding in which a given peptide was
assumed to be able to interact with an unspecified number of
independent binding sites on the groEL homo-oligomer. This
model was used to derive expression (1), a fluorescence modifi-
cation of the Benesi—-Hildebrand eqn. (1)" where [P], is the

[PLIGl/Als = 1K A® + [G]/AP ()
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total peptide concentration, [G], the total groEL concentration,
Algy, the fluorescence intensity enhancement at 500 nm, K,
the apparent association constant and A® a term deriving
from fluorescence quantum yield enhancement upon peptide
binding to groEL. The origins of these terms and the theor-
etical basis of the model are discussed in the following
section.

Theory

The interaction of groEL with a protein is likely to be an
extremely complex phenomenon. In order to probe this inter-
action we chose to use short peptide chains, rather than large
proteins, enabling us to assume reasonably that each peptide
interacts with only one potential binding site on the groEL
macromolecule. There are probably still a range of binding sites
on groEL with potentially different affinities for each peptide.
Nevertheless, we chose to devise a simple model binding
scheme, based on a number of simplifying assumptions, with
which to analyse binding data. The first assumption, already
alluded to, was that each peptide molecule (P) is able to bind to
only one groEL molecule (G) at any one time and that each
groEL molecule may bind up to n peptide molecules in n dis-
crete, independent binding sites.

The chosen fluorescence binding assay (see below) depends
on the measurement of spectral changes occurring when a
fluorescent peptide moves from an aqueous, highly polar and
unconstrained environment to a different, possibly less polar,
possibly more constrained environment upon association with
groEL. There may well be slight polarity and rigidity differ-
ences between binding sites, but in steady state studies such as
these, the contribution of such effects to the overall shift is
likely to be minimal. These considerations lead to the second
assumption that spectroscopic differences between sites are not
resolvable at the assay resolution (i.e. the n peptide binding
sites are essentially spectroscopically indistinguishable one from
another). Significant spectroscopic differences are likely to be
associated with differences in affinities for different sites, and
tests for this are described and the results discussed below. The
third assumption was that trimolecular and higher order pro-
cesses contribute negligibly to the overall binding scheme which
may then be expressed as a simple series of binding equilibria,
(Scheme 1), where the stepwise binding constant, K,; for a

P+ G P—G Ka1

P + PG P,—G Ka2

P + Pr1—G P,—G Kan
Scheme 1

general step i (i is an integer between 1 and n) may be given in
the form K, ; = [P—Gl/([P][P;-1-G]).

The following derivation is based upon the treatments of
Benesi and Hildebrand'” and Connors.'® The interaction of P
with any single binding site G’ may be described by a micro-
scopic association constant «,, eqn. (2).

K, = ([P-G'V([PI[G']) &)

If a fourth assumption is made that each individual binding
site (G') has approximately equal affinity for peptide (i.e. the
distribution of affinities is narrow), then K,; and x, may be
related by expression (3): noting especially that K, ; = n«,. This

Kai=[n — (I = Dlrfi (©)

assumption does not prevent peptides of different hydrophilicity



accessing different types of binding sites but it does restrict the
access of peptides to only a narrow distribution of types. In
order to derive an equation to analyse fluorescence data, an
expression for [P-G'] is required. The extent of binding () of
peptide to groEL is defined, somewhat unconventionally, as the
fraction of total P bound to G which can be written as eqn. (4),

1 =[P-G'JI[P) 4)

where [P]; corresponds to the total concentration of peptide
both unbound and bound to groEL. This definition is required
because groEL, with its many binding sites, was titrated against
a fixed concentration of fluorescent peptide. We may write egn.
(5). By combining expressions (2), (4) and (5), the extent of

[Pl=[P] + [P-G] ®)
binding (y) may be rewritten as eqn. (6). Expressions (4) and
1 =rk[G'N(L + 1,[G']) (6)
(6) may now be combined and solved for [P-G'], egn. (7).
[P-G']= [Ple[G'N(1 + 1, [G']) U]

We now consider the fluorescence emission from a solution
of N-dansyl peptide and groEL. If a fifth assumption is made
that groEL neither absorbs significantly at the excitation wave-
length nor fluoresces significantly (valid for our experimental
assay), then the fluorescence intensity at a given emission wave-
length, I, is described by eqn. (8), where 1, is the intensity of

I = Dl AP (C)]

excitation light within the depth Al of solution imaged by the
fluorimeter, and ¢, and @, are respectively the extinction coef-
ficient (at the excitation wavelength) and the fluorescence quan-
tum vyield (at the given emission wavelength) ¥ of the peptidyl
dansyl group. Both ¢, and @, are averaged over all environments
and will therefore vary with y. I, can be regarded as constant
(and contributions due to reabsorption of fluorescence neg-
ligible) when the optical density of the groEL/peptide solution,
measured at excitation and emission wavelengths, is maintained
below approximately 0.05 throughout an experiment. Expres-
sion (8) may therefore be simplified to eqgn. (9), where @, = ¢,

Ic = @ I[P], 9)

and | =1, Al In the absence of groEL, expression (9) becomes
eqgn. (10), where @, = ®.¢, (g and @, being the extinction co-

I = D I[P, (10)

efficient and fluorescence quantum yield of the peptidyl dansyl
group free in solution). In the presence of groEL, expression (9)
may be expanded, using the additional relationship @, =
DOy g6 g (ep.g and @p_g. being the extinction coefficient and
fluorescence quantum yield of the peptidyl dansyl group bound
to groEL), to egn. (11).

I = @l [P] + @, o |[P-G'] =
¢Pl[P]t + {¢P—G’ - QP}I [P_G’] (11)

Note now that @, and @&, o are independent of y. The
change in fluorescence intensity on peptide binding to groEL,
Alg, is now simply the difference between expressions (11) and

T Though a quantum yield measurement conventionally applies to the
total integrated emission, it is possible to regard a species as having a
guantum yield for emission at a particular wavelength. In this work, @,
is the product of the total fluorescence quantum yield and the fraction
of the emission envelope imaged at the chosen emission wavelength.

(10), eqgn. (12), where A® = {®,_5 — P}, which can now be
Al = AP[P-G'] (12)

regarded as the enhancement of the dansylpeptide fluorescence
guantum yield on binding. Combining expression (7) with (12),
yields egn. (13). We cannot determine [G'] from experimental

Alg = AD[Pluc,[G'T/(1 + 1 [G']) (13)

fluorescence data. However, by making the approximation that
the concentration of peptide-free groEL binding sites, [G'], is a
product of the total number of binding sites n and the total
concentration of groEL, [G],, then binding parameters may
then be extracted using the following y-reciprocal linearisation,
eqgn. (14). By plotting the left hand side of egn. (14) against [G],,

PUCL_ 1 e a0) + [GLAG a4

E

a constant ni, may be obtained from the ratio of slope and
intercept. This constant, which is equivalent to K, ,, represents
an apparent association constant which we denote K, in the
remainder of the paper. The reciprocal is the apparent dissoci-
ation constant which we denote K,. By substituting K, for nx«,
and defining the fluorescence emission wavelength to be 500
nm, expression (1) (see above) results.

Theoretical simulations

Simulations were performed to test the validity of the approxi-
mation [G']=n[G],. Separate simulations were performed
assuming a total number of n =4, 10 and 15 independent, equal
affinity peptide binding sites. A series of n single peptide bind-
ing equilibria were then assumed with equilibrium association
constants K,; (i= 1-n). The simulator requires rate constants
rather than equilibrium constants. Therefore, the ratio of
forward to reverse rate constants, K,; was calculated using
expression (3) and nx,=1.6 pm ' (apparent Ky=0.625 um,
corresponding closely to experimentally determined
values) and magnitudes of forward and reverse rate constants
were determined by setting the larger value to the largest
numerical value which the simulator will accept. For all the
simulations, initial peptide and groEL concentrations were
entered and the endpoint established when species concentra-
tions were changing by at most 0.01% every 10 iterations.
Values of Alg were then calculated from eqn. (13) assuming A®@
to be 70 pm ! (similar to experimentally determined values)
and using equilibrium values of [G'] obtained from the simula-
tor. Fig. 1 shows the results of the n=10 simulation plotted
using a y-reciprocal form of expression (13) (the ‘exact’
solution) and expression (14) (the ‘experimental’ solution). The
linearity of the ‘exact’ data set confirms that expression (13)
correctly describes the proposed binding model. The ‘experi-
mental’ solution is essentially indistinguishable from the ‘exact’
solution for n[G], > [P],. For lower values of [G],, the plot
departs from linearity as the approximation that [G']=
n[G]; breaks down. However, Fig. 1 demonstrates that the
‘experimental’ solution may still be used to derive measured
binding parameters provided that sufficient fluorescence data
is acquired (i.e. >70% of saturation®®). In that event, linear
regression analysis of the ‘experimental’ solution (neglecting
data points deviating significantly from linearity at low [G])
will give binding parameters within 20% of the actual values,
with the error falling as n increases. The results of other simu-
lations, where n =4 or 15 and where [P], was varied, gave very
similar plots to those shown in Fig. 1.

Simulations were also performed to investigate how far
departures from the model could take place before distortions
became manifest in the data analysis. We found that cooper-
ative binding gave a very similar shaped reciprocal plot to the
independent site model described above, including the curv-
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Fig. 1 Simulated fluorescence assay. Simulated binding assay, for the
case where [P];=3 pum and n =10, generated using the Markov 4.0.3
Kinetics Simulator as described in the text. Simulated fluorescence data
are plotted using a y-reciprocal linearisation of expression (13) (A)
(where [G] corresponds to [G']) or expression (14) (@) (where [G]
corresponds to [G],) incorporating the approximation [G'] =n[G].
The first mentioned plot (A) has been multiplied by 1/n so that the
abcissae scales are comparable.

ature observed at low groEL concentrations (see Fig. 1). How-
ever, cooperativity was found to be reflected in a value of K,
which was higher than that obtained from the independent site
model and which was no longer equal to K,,. For instance,
when K ; was assumed to increase by a factor of 20 over the
independent site value, in an n=4 simulation, K, increased
to 1.01 from 0.4 pm~* although K, ; was the same in both cases.
Cooperativity was detectable in a plot of Alg against [G];. In the
independent site case, this plot was a rectangular hyperbola
(slightly distorted by the approximation [G'] = n[G],), while in
the cooperative case it was sigmoidal at very low groEL concen-
trations. Connors*® points out that the curve only becomes
sigmoidal given a certain level of cooperativity (i.e. when
2K,, > K, a sigmoidal curve is guaranteed for all n, but other
conditions are sufficient where n > 2) and that for weaker coop-
erativity the isotherm simply departs from the rectangular
hyperbola. Rigorous analysis of models with a range of differ-
ent affinity sites was beyond the Markov simulator, but simple
simulations performed where site affinities were substantially
different (tenfold) were able to show that reciprocal plots ceased
to be linear. Connors®® also describes how the curvature
of reciprocal plots may be a signature for multiple affinity
equilibria. In conclusion, these simulations indicated that
y-reciprocal linearisation data analysis of fluorescence binding
data would not necessarily characterise departures (in the form
of small cooperativity effects and small distributions in micro-
scopic binding constants, K, ;) from the independent site, equal
affinity model described above. Other graphical tests would
therefore be required to test more rigorously for departures
from the model (see Discussion section).

Results

Peptide Sequences

The interaction of five different peptides with groEL was
investigated. The sequence alignment of these five peptides
(Fig. 2) illustrates the relative dispositions of charged and
hydrophobic amino acid residues. Thus, the basic amphiphilic
(Bampn) Peptide alternated pairs of positively charged lysine (K)
residues with hydrophobic isoleucine (1) and leucine (L) resi-
dues, the acidic amphiphilic (A, peptide pairs of negatively
charged glutamate (E) residues with hydrophobic (I and L)
residues and the neutral amphiphilic (N,.») peptide pairs of
neutral glutamine (Q) residues with hydrophobic (I and L)
residues. In the event that any of these three sequences were to
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Fig. 2 Sequence summary of five N-dansylpeptides. Single letter
amino acid code has been used throughout to denote amino acid resi-
dues. The abbreviations are: proline, P; leucine, L; tyrosine, Y; lysine,
K; isoleucine, I; glutamic acid, E; serine, S; glutamine, Q; asparagine,
N. Each peptide has an N-terminal 5-dimethylamino-1-naphthalene-
sulfonyl [Dansyl (Dn)] group acting as an environment sensitive
fluorophore.

Hydrophobic residue

@ Charged residue

Fig. 3 Helical wheel diagram of the B,,, peptide

adopt an a-helical conformation, then an amphiphilic a-helix
would result as shown by the helical wheel diagram (Fig. 3) of
the B,pn Peptide. By contrast, the basic hydrophilic (By,;) and
acidic hydrophilic (Ay,;)) peptides alternated positively charged
lysine (K) residues or negatively charged glutamate (E) residues
respectively with polar neutral asparagine (N) or glutamine (Q)
residues. All the peptides were charged with a dansyl group to
act as a fluorescent reporter.

Fluorescence binding assays

Typically, assays were carried out with the following results.
Excitation of the N-dansyl peptides in free solution at 350 nm
resulted in a weak fluorescence emission maximum at ca.
540 nm. Upon titration with groEL, the binding interaction was
characterised by a blue shift in the emission maximum towards
500 nm and an increase in fluorescence intensity which tended
towards saturation with increasing groEL concentration [Fig.
4(a)]. In the absence of interaction, as observed when dansyl-
glycine was titrated with groEL (see below), no such blue shift
and fluorescence intensity increase was observed. The extent of
the binding interaction was assessed by plotting the fluor-
escence intensity enhancement at 500 nm, Algy,, corrected for
groEL background, against groEL concentration [Fig. 4(b)]
and then transposing this data into a linear form [Fig. 4(c)]
using expression (1). From this transposition, the apparent
association constant, K,, was determined by dividing the plot
gradient by the intercept. Typically, final groEL concentrations
were not increased above 3 pm (total absorbance at 350
nm < 0.07 AU) to prevent fluorescence reabsorption and inner-
filter effects. Therefore, apparent association constants below
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Fig. 4 Fluorimetric binding assay—groEL vs. fixed concentration of
B.mph Peptide. (a) The Figure shows the increase in fluorescence inten-
sity and blue-shift observed when a solution of the fluorescent N-dansy!l
Bampn PEPtide (3 pm), at 20 °C in a buffer of 50 mm TRIS-CI (pH 7.6)
containing 2 mm 2-mercaptoethanol, was titrated with groEL. GroEL
concentrations were increased stepwise from 10 to 3000 nm (homo-
oligomer concentration). A series of representative fluorescence spectra
are shown. Fluorescence excitation was performed at 350 nm, with exci-
tation and emission band widths of 5 nm. The contribution of groEL to
the observed spectra has been subtracted in each case; (b) Binding iso-
therm. In order to analyse the fluorescence data for binding inform-
ation, the increase in fluorescence intensity at 500 nm, Als,,, was plotted
as a function of groEL concentration. The binding isotherm shown was
plotted from the data shown in Fig 4(a) and the best-fit line is a simple
hyperbolic function; (c) Derivation of K, and K. Fluorescence binding
isotherms were linearised with expression (1) to give plots from which
dissociation constants (K,) could be calculated as the ratio of intercept
to gradient. The plot shown was obtained by processing the data shown
in 4(b). Data were fitted by least-squares analysis with simple weighting.

10° M~ (corresponding to apparent dissociation constants K, of
above 10 pum) could not be measured.

Table 1 shows a series of groEL binding data, expressed as Ky
values, obtained at 20 °C with all five peptides in the standard
50 mm TRIS-CI, pH 7.6, 2 mm 2-mercaptoethanol assay buffer.
Binding interactions were examined not only with groEL but

(a)

Ki/um

I/mol kgt
8 (b)
6
=
= 47
N (o]
2 4
0 T T T T T T
0 2 4 6
I/mol kg~!

Fig. 5 Effect of ionic strength on K. (a) Binding assays were per-
formed at 20 °C in 50 mm TRIS-CI (pH 7.6), 2 mm 2-mercaptoethanol.
For each peptide (Fig. 2) separate fluorimetric binding assays were con-
ducted at the indicated ionic strengths, I, defined by increasing concen-
trations of (NH,),SO,. The variation in K, of the B, (), Aampn (O),
Nampn (A) and By, (A) peptides was plotted as a function of | as
shown. Error margins were derived from the standard errors of the
linearised binding isotherm plots (Fig. 4) and are shown where these are
larger than the point size. The best-fit lines through the data are spline
functions. (b) Salt effects on K. Comparison of the effect of (NH,),SO,
(O) or MgCl, (@) on the variation of K, with ionic strength as meas-
ured for the B, peptide.

also with human serum albumin (HSA), lysozyme and DNase.
In the latter instances, all three proteins could be titrated to
higher concentrations than groEL before absorption became
excessive, therefore K, values up to 50 um were measurable. Also
included in Table 1 are results of control experiments per-
formed with dansylglycine in place of the N-dansyl peptides.

The effect of ammonium sulfate, (NH,),SO,, ionic strength
on the interaction of all five N-dansyl peptides with groEL was
investigated and is summarised in Fig. 5(a) where the binding
interaction, measured in terms of Ky, is plotted as a function of
ionic strength, |. For comparison, the effect of magnesium
chloride, MgCl,, ionic strength on the interaction of the B,,
peptide with groEL was also investigated as shown in Fig. 5(b).
In the cases of both salts, molarity concentrations (mol dm~3)
were converted to molalities (mol kg™), using experimentally
derived calibration curves, to enable calculation of the ionic
strength, 1.

Finally, the effect of temperature on the binding of the N-
dansyl peptides to groEL was investigated. The results obtained
[over the temperature range 10-42 °C (i.e. 283-315 K)] are
shown in the form of van’t Hoff plots (Fig. 6) where K, are used
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Table1l Apparentdissociation constants, K, for peptide—protein binding. Peptide—protein dissociation constants, K, (i), were determined at 20 °C
in 50 mM TRIS-CI (pH 7.6), 2 mM 2-mercaptoethanol, by the standard fluorimetric binding assay (Fig. 4) described in the text. Peptide sequences are

given in Fig. 2.
Bamph Aamph Ahphll Bhphll Namph Dn'Gly

groEL 0.54 +0.01 a a 3.44+0.13 3.57+0.19 a
(0.83 £ 0.02)?

HSA 31.6+0.8 3.83+0.2 29.0+0.3 b 29.9+5.1 35+0.3
(10.0  0.5)? [2.2]°

Lysozyme b b b b b

Dnase b b b b b b

2 Not measurable (Ky > 10 um). ® Not measurable (K, > 50 pm). © Ref. 16. ¢ Assay performed in the presence of 1 m (NH,),SO,

Table2 Thermodynamic parameters for peptide/groEL interaction. Binding assays were performed over a range of temperatures with each peptide
in 50 mm TRIS-CI (pH 7.6), 2 mm 2-mercaptoethanol (in the optional presence of 1 m (NH,),SO, as indicated). At each temperature a standard
fluorimetric binding assay was performed to determine K,. Thermodynamic data were obtained by van’t Hoff analysis [Fig. 6(a)] of each complete set

of temperature-dependent K, values. Peptide sequences are given in Fig. 2.

Bamph Aampha Ahphil Bhphilb Namph
AH®,;,o/kJ mol 67.5+7.9 55+28 ¢ 50.2 +£9.3 048 +5.7
ASngld K™t mol ™ 351 + 27 134+9 c 269 + 31 107 +20
AG(37°C)ypgkI mol™t  —413+115  —362+62 ¢ -332+133 —329%85

2 Assays performed in the presence of 1 m (NH,),SO,. ° Temperature: 3042 °C. © Not measurable (K, > 10 um).

Table 3 Thermodynamic parameters for interaction of B, peptide with groEL at increasing ionic strength. Binding assays were performed over a
range of temperatures in 50 mm TRIS-CI (pH 7.6), 2 mm 2-mercaptoethanol and in the presence of three different concentrations of (NH,),SO,
corresponding to three different ionic strengths as shown in the Table. At each temperature a standard fluorimetric binding assay was performed to
determine K,. The complete set of temperature-dependent K, values, for a given ionic strength, were processed by van't Hoff analysis [Fig. 6(b)] to
provide the thermodynamic data described in the Table. Data for binding at zero ionic strength are taken from Table 2 and shown for comparison.

lonic strength

0 0.19 1.16 3.22
AH®,,o/kJ mol 67.5+7.9 144+58 15.7+3.7 82+28
AS® gl Kt mol ™ 351+ 27 156 + 19 159 + 12 150 + 9

AG(37 °C)yina/kd mol —413+115 —34.0+83 —33.7+53 —38.2+4.0

in place of K, values as a measure of binding ability. Assays
were performed either in the absence of added salt or in the
presence of (NH,),SO, to make up the ionic strength. Thermo-
dynamic parameters were then derived using eqgns. (15) and
(16), where AH®;.4 is the standard enthalpy for peptide binding

In K, = —AH%;,o/RT + AS®;.«/R (15)

AG(T)ping = AH ging — TAS ing (16)
(under the conditions of pH, ionic strength, ambient pressure
and fixed peptide concentration used in the binding assays),
AS°.q the standard entropy, AG(T),.s the temperature
dependent free energy change of binding and R the molar gas
constant (8.314 J mol™* K™). Tables 2 and 3 summarise the
thermodynamic data calculated from the van’t Hoff plots.
Owing to the extremely weak binding behaviour of the Ay,
peptide it proved impossible to determine any thermodynamic
parameters for the binding of this peptide with groEL.

Discussion
The theoretical basis underpining the fluorescence binding
assay described above is that when a fluorophore attached to
a ligand experiences a change of environment as a result of
ligand binding, then this is accompanied by a change in fluor-
escence quantum yield and emission maximum.'®*® Therefore,
it was anticipated that changes in the fluorescence behaviour
of the N-dansyl group attached to the five peptide sequences,
shown in Fig. 2, would allow information on the interaction of
the peptides with groEL to be established. The five peptide
sequences investigated were designed on the basis of experi-
mental data, published when these investigations began, which
established the importance of hydrophobic amino acids as well
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as the possibility that basic amphiphilic a-helices may be crucial
recognition elements.?® The first sequence synthesised was the
Bampn PEptide which was designed as a potential amphiphilic
a-helix forming peptide (Fig. 3). The remaining four peptides
were designed and synthesised as systematic variants in the pat-
tern of charge and hydrophobicity relative to the B,,,, peptide.

A major problem was encountered immediately a fluor-
escence binding assay between the B, peptide and groEL was
attempted. When peptide was titrated against a fixed homo-
oligomer concentration of groEL (100 nwm) a fluorescent inten-
sity enhancement and a blue shift were observed suggesting that
peptide binding was occurring (results not shown). However,
even at a peptide concentration of 12.5 um (peptide:homo-
oligomer mol ratio of 125:1) there appeared no sign of fluor-
escence saturation. This is almost certainly due to the high
stoichiometry of peptide binding to groEL. However, this
presented problems since at higher peptide concentrations
self-association induced fluorescence enhancement started to
become significant and the solution absorbance at the excit-
ation wavelength was already exceeding 0.05 AU beyond which
reabsorption and inner filter effects could not be ignored (see
Results section). Therefore, in order to bring about fluorescence
saturation under conditions where peptide self-association and
reabsorption/inner filter effects could be ignored, we chose to
maintain the peptide concentration constant (at 3 um) whilst
titrating with groEL instead. In this case, fluorescence satur-
ation could indeed be achieved [Figs. 4(a) and 4(b)] and fluor-
escence data obtained proved amenable to analysis using
expression (1) giving a linear plot [Fig. 4(c)] from which an
apparent association (K,) and dissociation (K ) constant could
be derived using linear regression analysis with simple weight-
ing. In order to obtain accurate determinations of K, and K,
groEL titrations were always made to a point where at least
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Fig. 6 Effect of temperature on K, (a) For the B,y (@), Aumpn (A),
Nampn (O) and By, (A) peptides (Fig. 2), separate fluorimetric binding
assays were performed in 50 mm TRIS-ClI (pH 7.6), 2 mm 2-
mercaptoethanol, at the indicated temperatures. The variation of K,
with temperature was represented as van’t Hoff plots to enable thermo-
dynamic parameters to be deduced (Table 2). Error margins are shown
where these are larger than the point size. The error in each point was
used to weight the linear fit explicitly; (b) Effect of ionic strength and
temperature on the K, of B, Three separate sets of fluorimetric
binding assays were carried out at the indicated temperatures with the
Bampn PEPtide in 50 mm TRIS-CI (pH 7.6), 2 mM 2-mercaptoethanol, in
the presence of 0.0625 m (@), 0.375 m (V) or 1 m (NH,),SO, (H). The
variation of K, with temperature was represented as before. Data
obtained in the absence of (NH,),SO, (O) were taken from Fig. 6(a).

70% fluorescence saturation was achieved since this is known to
be a necessary prerequisite to confirm that a curve is a rect-
angular hyperbola.®® The illustrated linear plot [Fig. 4(c)] shows
a slight deviation from linearity at low groEL concentrations
{not fully resolved in [Fig. 4(c)]} which was found to be a
common feature of such plots. Theoretical simulations using
expression (14), from which (1) derives, had shown (Fig. 1) very
similar deviations which arose from a breakdown in the
approximation [G'] = n[G], (i.e. that the concentration of avail-
able groEL binding sites, [G], is a product of the total number
of binding sites n and the total concentration of groEL, [G],)
under conditions where n[G]; <[P];. Presumably, the same
explanation holds true for observed deviations from linearity in
the experimental data. Fortunately, our theoretical simulations
demonstrated (Fig. 1) that non-linear deviations at low [G];
could be neglected, in fitting the data by linear regression an-
alysis, without introducing significant error into calculations
of the binding parameters. The importance of the y-reciprocal

linearisation then becomes clear since a double reciprocal form
of expression (1),*" involving 1/[G],, would place undue weight
on the least reliable data points during regression analysis.

It is useful to emphasise what the assay was achieving,
especially since the titrations were performed in a necessarily
unconventional way. Saturation in this assay was occurring not
when the capacity of groEL for a given peptide was reached,
but when the concentration of groEL was such that there was
no unbound peptide remaining in the medium. Statistically (for
any case where the number of peptide binding sites n > 1) this
means that any given groEL molecule had at most one bound
peptide and therefore the binding isotherm reflected the inter-
action of this one peptide with groEL. The apparent associ-
ation constant, K,, (which characterises this interaction) was
found to correlate mathematically (see Theory section) with the
first equilibrium constant, K, ,, for the interaction of peptide
with groEL. This correlation breaks down when binding co-
operativity and multiple affinity equilibria exist (as described in
the Theory section). Therefore as recommended by Connors,*®
a series of graphical tests were carried out with raw binding
data so as to check the validity of the binding model and also,
therefore, the correlation between K, and K, ;. This was espe-
cially important since theoretical simulations had indicated
that small departures from the independent site, equal affinity
binding model would not necessarily be apparent using
the y-reciprocal linearisation analysis (described above) of the
fluorescence binding data.

The question of cooperativity was addressed by examining
Algy, vs. [G], binding isotherms of the type shown [Fig. 4(b)].
Through the use of data simulations (see Theory section), such
isotherms were found to adopt the form of a rectangular
hyperbola in the absence of cooperative binding but acquire
sigmoidal character at low groEL concentrations, [G],, provided
cooperative binding was strong enough. Detection of weaker
cooperativity was more difficult, particularly since the assump-
tion [G'] = n[G], appeared to cause a slight departure from the
rectangular hyperbola at low [G], anyway. In any event, raw
binding data taken from the interaction of peptides (Fig. 2)
with groEL were fitted with rectangular hyperbola functions
and the residuals examined for systematic variations indicative
of cooperativity. In each case, sufficiently low concentrations of
groEL were used to enable sigmoidal behaviour to be detected
if present. Cooperativity was not observed in any of these plots
implying that it must be either weak or absent. This suggests
that even if cooperative binding were present but undetectable
in the Algy, vs. [G]; plot, the distortions it introduced to the
calculated values of K, were within experimental error. It
should be noted that values for n could not be extracted from
rectangular hyperbolic function fits since the assay titrates to
excess groEL; ‘saturation’ therefore does not reflect the capacity
of the protein for the peptide [N.B. rearrangement of expression
(1) shows that the hyperbolic form of the isotherm yields P.A®
and K,, but not n explicitly].

The question of the existence of multiple affinity equilibria
was addressed using the matrix graphical treatment of Coleman
et al.?* This treatment is used to identify the number of species
in a mixture contributing to a given set of spectrophotometric
data. In the case of our fluorescent peptides, if approximately
equal affinity equilibria exist, then only two species should con-
tribute to the data set, i.e. peptide free in solution and spectro-
scopically unique peptide bound to any one of the groEL bind-
ing sites. When we tested for two contributing species to the
observed fluorescence spectra of the B,.,, peptide, restricting
the stoichiometry so that the total concentration of fluorescent
species remained constant, the resulting plots (using data cover-
ing the full range of groEL concentrations) were linear and
passed through the origin (r>0.992 over 21 points; median
intercept=0.1+ 0.7 over 10 data sets tested) (results not
shown) thereby providing good evidence for only two contribut-
ing species. Similar results were obtained with data acquired
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using the other peptides. Hence, distortions introduced by
potential multiple affinity equilibria were considered to be
small. This was further emphasised by the observation that
determinations of values of K, were independent of the wave-
length used. For instance, K, values determined for the B,
peptide were independent of analysis wavelength (to within
experimental error) over the range 500-580 nm, and the same
value (again within experimental error) was obtained when the
analysis was conducted using the total integrated fluorescence
over the range 500-580 or 450-580 nm. This was also true
of the other peptides too thereby providing evidence for the
spectroscopic and thermodynamic uniformity of the groEL-
binding sites occupied by individual bound peptides. Given this
broad agreement between theory and experiment, we suggest
that deviations from the assumptions made to derive expression
(1) are sufficiently small to enable K,, determined by experi-
ment, to be equated to K, in expression (14) within the limits
of experimental error. Therefore both binding data and derived
thermodynamic parameters are representative of the first bind-
ing equilibrium in which peptide interacts with groEL.

Initially, the interactions of all five N-dansyl peptides,
dansylglycine and dansylamide with groEL and three control
proteins (i.e. HSA, DNase and lysozyme) were investigated
(Table 1) to demonstrate that the assay procedure would pro-
vide physically meaningful information. Of the four proteins,
only HSA showed a measurable affinity for dansylglycine whilst
the other three, including groEL, did not. GroEL was also
found not to interact with dansylamide. These results indicated
that the N-dansyl group fluorophore was not itself interacting
significantly with groEL and that the observed interactions of
the N-dansyl peptides with groEL were driven by the peptide
sequences alone. In contrast, the strength of the interaction
between HSA and dansylglycine suggested that the observed
interactions of HSA with the N-dansyl peptides were probably
caused by interaction of fluorophore with the protein. Gratify-
ingly, the observed dissociation constant, Ky, of dansylglycine
from HSA (for which n is known to be 1) was found to agree
reasonably well with a published value® (Table 1) providing
some evidence for the quantitative accuracy of our assay pro-
cedure. Of the four proteins studied, groEL was found to be
unique in its ability to interact with the peptide sequence of the
N-dansyl peptides, which is perhaps not surprising in view of
its recognised function as a general molecular chaperone.
Attempts were made to carry out competition experiments in
which binding constants of N-dansyl peptides were measured in
the presence of unlabelled B,,,, peptide. In this way, we hoped
to determine whether or not the various peptides were interact-
ing with the same binding sites. The results were however
somewhat disappointing. Generally speaking, increases in K
values, consistent with same site competition, were not found
to exceed the experimental error of the K, values even at
unlabelled B, peptide/N-dansyl peptide mol ratios of 100:1
(higher concentrations of competitor peptide were not tried
owing to the likelihood of significant peptide self-association
effects). This suggests that the number of groEL peptide bind-
ing sites, n, must be too large for there to be significant direct
binding competition at any one binding site. Therefore, we can-
not say definitively whether or not all four groEL-interacting
peptides (i.e. Bymph, Aamphs Nampn and Bypy) are binding at the
same type of sites on groEL. However, in the case of all four
peptides, the dansyl group fluorescence maxima, A, at the
‘saturation’ point of the binding isotherms, were found to be
within the spectrometer bandwidth (5 nm) of each other and
therefore independent of the identity of the peptide. Since these
maxima are a result of the polarity and rigidity of the local
environment in which the dansyl chromophore is placed, then
all the peptide binding site environments must at least be
broadly similar.

Having established the utility of the assay system to investi-
gate the interaction of peptides with groEL, the effects of ionic
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strength (Fig. 5) and temperature (Fig. 6) on the interaction of
the five N-dansyl peptides with groEL were systematically ana-
lysed in order to define the forces involved and their relative
importance to groEL peptide/protein molecular recognition. It
is conceivable that ionic strength changes may alter peptide
binding modes owing to the fact that salts are known to
enhance the exposure of hydrophobic surfaces in groEL.?
However, the fluorescence maxima, 4., at the ‘saturation’
point of the binding isotherms, were found to be within the
spectrometer bandwidth (5 nm) of each other and therefore
independent of ionic strength, suggesting that peptide binding
modes were not significantly changing. The polar, acidic
sequence A, was unable to interact with groEL under any
conditions (Table 1, Figs. 5 and 6). By contrast, the amphi-
philic, acidic sequence A,,,,was able to interact significantly
but only after the ionic strength had exceeded 1.0 mol kg™
[Table 1, Fig. 5(a)], at which point there was a measurable K,
which steadily decreased with increasing ionic strength. At 1 m
(NH,),SO,, the interaction between the A, peptide and
groEL was very slightly dependent on temperature over the
range 10-42 °C (i.e. 283-315 K) as shown by the van't Hoff plot
[Fig. 6(a)] and positive values of both standard enthalpy and
entropy of binding (AH®;,q and AS°,;,4 respectively) were cal-
culated (Table 2). Quite clearly, the presence of negative charge
inhibited interaction with groEL, presumably because of elec-
trostatic repulsion between groEL and the peptides probably
owing to the fact that groEL itself is negatively charged (pl
4.5) at neutral pH. At high ionic strength (>1.0 mol kg™?), the
electrostatic repulsion appears to have been minimised so that
the A,on Peptide was able to bind. The involvement of hydro-
phobic interactions is suggested by the increase in binding affin-
ity with increasing ionic strength [Fig. 5(a)], together with the
small unfavourable enthalpy change and the large, positive
entropy of binding (Table 2) which are consistent with the
release of water of hydration from the binding interface; one
characteristic of the hydrophobic effect.®* Further evidence for
hydrophobic interactions was obtained by fitting the A,,,, pep-
tide van’t Hoff plot [Fig. 6(a)] to a truncated form of the inte-
grated van’t Hoff eqn. (17).%° There are sufficient data points to

InK,=a+b(l/T)+cInT @17

suggest a slight positive curvature in the data set which could be
fitted using eqgn. (17) with the result that a AC, ;.4 value of
approx. —1 kJ K™* mol~* was derived using eqgn. (18).

AC, nina=RC (18)

It would be inappropriate to attach too much significance to
the magnitude. However, a negative sign of AC, ;.4 is known
to be indicative of hydrophobic interaction® and this value is
therefore consistent with the other pieces of evidence.

The N,non peptide behaved similarly to the A,.,, peptide
although the N, peptide was able to interact with groEL at
much lower ionic strengths, presumably owing to the absence of
negatively charged side chains in the sequence [Fig. 5(a)]. In
common with the A,.,, peptide, the K, of interaction was
found to decrease steadily with increasing ionic strength.
Moreover, both the van’t Hoff plot [Fig. 6(a)] and the thermo-
dynamic parameters AH®; 4 and AS°,.q associated with the
Nampn PEPtide at low ionic strength (Table 2) are similar to those
of the A,,,,n peptide measured at high ionic strength. Therefore,
the interactive behaviour of the N,.,, peptide at low ionic
strength is probably similar to that described previously for the
A.mpn PEpLide at high ionic strength.

The interactive behaviour of the By, and B,y peptides is
more complex than that of the other three. The By, peptide
was found to interact significantly under conditions of low
ionic strength (Table 1) but as soon as the ionic strength was
increased above 0.02 mol kg™?, this interaction became too



weak to measure [Fig. 5(a)]. The van’t Hoff plot [Fig. 6(a)] was
only linear over the narrow temperature range 30-42 °C (i.e.
303-315 K). Values of both AH®;,q and AS®;,4 were calculated
from this linear region (Table 2) but it is difficult to attach too
much significance to these results. Nevertheless, the sensitivity
of the interaction between the B, peptide and groEL to ionic
strength does suggest that attractive electrostatic forces domin-
ate the interaction which is corroborated by the calculated large
positive values of AH®;, and AS°;4 (Table 2) consistent with a
binding process in which extensive water of hydration is
released from solvent cages surrounding charged groups.

The B,,,n peptide was found to interact significantly with
groEL over the complete range of ionic strength [Fig. 5(a)] but
the K4 was observed to vary in a complex fashion which was
found to be qualitatively similar when MgCl, was exchanged for
(NH,),SO, [Fig. 5(b)]. At low ionic strength, the interaction
with groEL was very temperature dependent and from the
linear van’t Hoff plot [Fig. 6(a)] large positive values of AH,;4
and AS°;.q were calculated (Table 2). These thermodynamic
parameters (Table 2) are similar to those of the By, peptide,
and are consistent with an interaction with groEL based almost
exclusively on electrostatic attraction. However, as ionic
strength is increased the observed fall in the large positive value
of AHC,;q (Table 3), the reduced temperature dependency of K,
[Fig. 6(b)] and the gradual decrease in K, with increasing ionic
strength (above an ionic strength of 1.0 mol kg™?) [Fig. 5(a)],
indicate that the forces of electrostatic interaction are being
superceded by hydrophobic interactions, similar to those which
govern the association of N, and A, peptides with groEL.
Nevertheless, since both AH;q and AS°;.4 (Tables 2 and 3)
remain larger positive values than those for either the N,
or A,n.n Peptide, then an electrostatic interaction probably
persists even at high ionic strength. Certainly, the B,,,, peptide
van’'t Hoff plots [Fig. 6(b)] show sufficient linearity over the
fixed temperature range (283-315 K) to suggest that AC, g
is almost zero. Therefore, the negative contribution to AC, g,
resulting from hydrophobic interactions,®® is probably being
supplemented by a positive contribution from electrostatic
interactions resulting from dehydration of the protein interface
and release of electro-stricted water.*” Attempts were made to
fit the B,,n peptide van't Hoff plots [Fig. 6(b)] with the inte-
grated van’t Hoff equation (17).2® Although the data sets are
not sufficient for accurate quantitative fitting, small, negative
values of AC, ying (@pprox. —0.3 kJ K™* mol™") were derived
using egn. (18) which appear to be consistent with the above
interpretation.

Conclusions

To what extent may these results be generalised to understand
the processes of molecular recognition and binding of unfolded
substrate proteins by groEL? It would be premature to derive
sweeping generalisations about groEL molecular recognition
on the basis of these studies with five different but related
peptides, especially since the peptides were designed with an
amphiphilic a-helix motif in mind and it is now known that
peptide/protein interaction with groEL does not rest exclusively
on such a motif.”® However, it is well known that groEL will
promiscuously associate with many different unfolded protein
substrates,®® underlining the fact that recognition of an
unfolded protein by groEL is almost certainly not a phenom-
enon determined by specific amino acid sequences. Rather
groEL is most probably making use of general structural fea-
tures common to all unfolded proteins in order to bind so many
different substrates. The five peptides studied here (Fig. 2) were
designed and synthesised as systematic variants of each other in
terms of their patterns of charge and hydrophobicity and could
therefore be regarded as peptide mimics of a range of unfolded
protein substrates. Certainly, under the optimal appropriate
conditions, the apparent dissociation constants determined for

the interaction of these peptides with groEL (Table 1, Figs. 5
and 6) are within two orders of magnitude of dissociation con-
stants determined for the interaction of unfolded proteins with
groEL.*** This does not seem unreasonable in view of the fact
that unfolded proteins presumably interact with groEL through
several physically different sites and binding should be at least
additive. Therefore, accepting that the five N-dansyl peptides
used in our studies have some credibility as peptide mimics
of larger unfolded proteins, then some new conclusions can
be drawn about the general forces, and therefore the general
structural characteristics, needed to bring about association
between groEL and a substrate protein.

The importance of hydrophobic interactions for promoting
the binding of unfolded or partially unfolded protein substrates
to groEL is established **? and strongly supported by the X-ray
crystal structure of groEL which shows a high density of
hydrophobic residues on the inside surface of the flexible apical
domain, facing the central channel,* where substrate protein
is known to bind.®> However, the concurrent importance and
relevance of electrostatic interactions is less well established.
In the work reported above, of the five peptides studied only
the amphiphilic Ny, and B, Peptides were able to associate
with groEL to a measurable extent at physiologically relevant
ionic strengths (i.e. approx. 0.15 mol kg™)* whilst the
exclusively polar or anionic peptides Ay i, Bponi and A,y pawere
unable to interact. Moreover, the thermodynamic parameters
measured (Tables 2 and 3) for the interaction of N,.,, and
Bampn Peptides suggest that their binding interactions, at
physiologically relevant ionic strengths, involved primarily
hydrophobic interactions. However, the B,.,, peptide, which
interacted the most strongly, appeared to benefit from supple-
mentary electrostatic interactions. These results suggest that
positively charged amino acid residues can be helpful in aug-
menting binding to groEL through the provision of attractive
electrostatic interactions. Furthermore, our studies with the
A.mpn PEPtide demonstrate that negatively charged amino acid
residues can completely overwhelm short-range hydrophobic
interactions at physiologically relevant ionic strengths, with
binding only possible if the ionic strength is high enough to
attenuate the electrostatic repulsion to groEL. Hence our data
support the notion that whilst a principal means of interaction
between groEL and substrate is certainly hydrophobic, electro-
static effects can modulate or overwhelm this interaction.
Itzhaki et al.®* have very recently published evidence, from
studies on the refolding of chymotrypsin inhibitor 2 (CI-2)
mutants in the presence of groEL, which provides direct sup-
port for all of these conclusions. Additional support is also
provided by observations made with other groEL-interacting
proteins and peptides.®

Some studies have suggested that an early folding intermedi-
ate of a protein substrate is optimal for recognition and binding
by groEL®%* which could correspond to a molten globule
state®>*” although late folding intermediates are reported to
be recognised and bound as well.*® Where bound states of
substrate proteins have been directly characterised, they appear
to vary from molten globule® to a more native-like state in
character.”’ In any event, our results suggest that within the
structure of a partially folded protein substrate, amino acid
residue sequences (or three-dimensional arrays) combining
hydrophobic residues with either positively charged and/or
polar neutral residues should interact with groEL whilst
sequences (or arrays) which are exclusively polar or negatively
charged will not. If we attempt to discriminate generally
between factors which may promote recognition of substrate by
groEL and factors which govern the strength of substrate bind-
ing to groEL, then we would propose that negatively charged
amino acid residues are primary features of a partially folded
substrate protein which act to discourage recognition whilst
positively charged residues promote recognition, as well as con-
tributing to binding strength through favourable electrostatic
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interactions. The role of positively charged amino acid residues
might then be to guide the substrate towards the apical domain
binding site by electrostatic attraction, before hydrophobic
interactions can take effect, in analogy to the way positively
charged mitochondrial signal sequence peptides are thought
to be recognised and interact with negatively charged mito-
chondrial membranes.**

In summary, the results described in this paper suggest that
although hydrophobic interactions are central to the inter-
action between groEL and substrate proteins, electrostatic
interactions are also important and can contribute to the
strength of interaction as well as assisting in the recognition of
unfolded protein substrates.
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