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Role of Denatured-State Properties in Chaperonin Action Probed by
Single-Molecule Spectroscopy
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Everett A. Lipman,2 and Benjamin Schuler1,*
1Department of Biochemistry, University of Zurich, Zurich, Switzerland; and 2Department of Physics, University of California, Santa Barbara,
Santa Barbara, CA
ABSTRACT The bacterial chaperonin GroEL/GroES assists folding of a broad spectrum of denatured and misfolded proteins.
Here, we explore the limits of this remarkable promiscuity by mapping two denatured proteins with very different conformational
properties, rhodanese and cyclophilin A, during binding and encapsulation by GroEL/GroES with single-molecule spectroscopy,
microfluidic mixing, and ensemble kinetics. We find that both proteins bind to GroEL with high affinity in a reaction involving sub-
stantial conformational adaptation. However, whereas the compact denatured state of rhodanese is encapsulated efficiently
upon addition of GroES and ATP, the more expanded and unstructured denatured cyclophilin A is not encapsulated but is
expelled into solution. The origin of this surprising disparity is the weaker interactions of cyclophilin A with a transiently formed
GroEL-GroES complex, which may serve as a crucial checkpoint for substrate discrimination.
INTRODUCTION
The cellular machinery of molecular chaperones (1–4),
quality control systems (3), and components that translocate
and degrade proteins reflects the importance of protein ho-
meostasis in the cell. To control protein folding, misfolding,
and aggregation, these cellular factors can exert forces that
will affect the conformation and dynamics of proteins (4,5).
However, the complexity and promiscuity (6–8) of this ma-
chinery often complicate detailed mechanistic investiga-
tions of the underlying physical principles. For example, it
has been suggested that the confinement of proteins inside
a cavity, as formed by the heptameric rings of GroEL and
GroES (1–4,9), can stabilize proteins (10,11) and accelerate
protein folding reactions (12–16). However, results from
experiments and simulation also show that this accelerating
effect can be countered by interactions of the substrate with
the GroEL-GroES cavity wall (12,17–20). To delineate
these contributions we need to better understand the effect
of GroEL on the conformation and dynamics of denatured
proteins. Here, we compare two proteins with very different
denatured-state properties, a destabilized variant of human
cyclophilin A (CypA) (21–23) and bovine rhodanese
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(Rho) (24) (Fig. 1 a) (25,26). Both proteins are known to
bind to GroEL in vitro (23,24,27,28) and are identified as
GroEL-binding-competent based on a sequence comparison
with 284 GroEL substrates identified in Escherichia coli
(Fig. 1, b and c) (6,7,26). Although human CypA and bovine
Rho have very similar mean net charge and hydrophobicity
(Fig. 1 b), the two proteins differ substantially in their
length; bovine Rho (296 amino acids (aa)) is almost twice
as large as human CypA (167 aa). Of most importance, how-
ever, previous experiments indicate that their GroEL-bound
states are very different: whereas CypA bound to GroEL
was shown to exhibit substantial dynamics with a lack of
stable secondary structure (23,29), recent NMR experiments
indicate that 85% of the amino acids in Rho are immobile in
complex with GroEL (30). Thus, the two proteins represent
different parts of the broad substrate spectrum of the promis-
cuous GroEL/ES chaperone (Fig. 1 c). To investigate the
conformational properties and dynamics of both proteins
along the encapsulation pathway, we employ a combina-
tion of single-molecule Förster resonance energy transfer
(smFRET), microfluidic mixing, fluorescence correlation
spectroscopy, and ensemble kinetic experiments.
MATERIALS AND METHODS

Single-molecule fluorescence spectroscopy

Measurements were performed at 22�C in 50 mM TrisHCl, 10 mMMgCl2,

5 mM KCl, 100 mM 2-mercaptoethanol, 0.001% Tween 20, pH 7.5, using

either a custom-built confocal microscope, as described previously (17),

or a Micro Time 200 confocal microscope equipped with a HydraHarp

400 counting module (Picoquant, Berlin, Germany). The donor dye was

excited with a diode laser at 485 nm (dual mode: continuous wave and
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FIGURE 1 Structure and sequence characteristics of Rho and CypA. (a)

Structure of cyclophilin (CypA; Protein Data Bank (PDB) 1OCA) and

rhodanese (Rho; PDB 1RHS), with a surface representation of GroEL in

its ADP state (PDB 1XCK). For clarity, four subunits of each ring have

been removed. The substrate-binding region in the apical domains is shown

in yellow. The size of the structures is not to scale. (b) Mean net charge

versus mean hydrophobicity for 50,000 amino acid sequences drawn

from the natural abundance of amino acids (35) (contours), for 284 identi-

fied GroEL substrates (gray circles) (6,7,18), CypA (green circle), Rho

(blue circle), and the last 17 amino acids of the C-terminal tail of GroEL

(red circle). (c) Sequence length distribution of 284 identified GroEL

substrates (6). Dashed lines indicate the lengths of CypA (green) and

Rho (blue). (d) Scaling of the number of GroEL binding motifs (18)

PXHHH (Nc ¼ 5) and PXHHHXP (Nc ¼ 7) (P, polar amino acid; H, hydro-

phobic amino acid; X, any amino acid) with the protein length for 284 iden-

tified GroEL substrates from E. coli (6,7,18). The solid line is a fit according

to y ¼ ax þ y0 and indicates the average of the sequence length distribution

of GroEL binding motifs. CypA (green) and Rho (blue) are close to this

average. To see this figure in color, go online.
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pulsed; LDH-D-C-485, PicoQuant) at an average power of 200 mW.

smFRET efficiency histograms were acquired in samples with a protein

concentration of ~20–50 pM, with the laser in continuous-wave mode;

photon counts were recorded at a resolution of 16 ps by the counting elec-

tronics (time resolution was thus limited by the timing jitter of the detec-

tors). For dual-color excitation, the acceptor was excited in addition to the

donor with picosecond pulses at a wavelength range selected by a z582/15

(Chroma, Bellows Falls, VT) band-pass filter and a pulse frequency of

20 MHz (Optical Supercontinuum Systems SCF450-4-20MHz, Fianium,

Southampton, United Kingdom). Successive photons detected in either

channel and separated by <100 ms were combined in one burst. A burst

was retained as a significant event if the total number of counts exceeded

50 for free CypA or CypA-SR1 complexes or 25 for experiments using the

microfluidic mixing device. For Rho-SR1 complexes or denatured Rho, a

threshold of 20 for Rho-SR1 was used. Identified bursts were corrected for

background, differences in quantum yields of donor and acceptor, the

different collection efficiencies in the detection channels, cross talk, and

direct acceptor excitation, as described previously (31). In addition, bursts

during which acceptor photobleaching was likely to have occurred were

discarded (27).

The quantum yields of the attached fluorophores are substantially low-

ered in all denatured Rho variants at 0.4 M guanidinium chloride (GdmCl),

indicative of photoinduced electron transfer (PET) between exposed aro-
Biophysical Journal 107(12) 2891–2902
matic amino acids and the attached fluorophores (17). However, PET

affects hEi only via quenching of the acceptor fluorophore, and the

observed transfer efficiencies are thus lower bounds for the true values

(32). Static quenching (PET) of the donor fluorophore does not affect the

transfer efficiencies, because neither the donor nor the acceptor emits pho-

tons in this case. In general, uncertainties in observed transfer efficiencies

of ~0.03 were estimated from the variations in the experimentally deter-

mined correction factor, which takes into account differences in detection

efficiencies and quantum yields of the two fluorophores (31) over a period

of 3 years.
Microfluidic mixing experiments

For rapid mixing experiments, microfluidic mixers fabricated by replica

molding in polydimethylsiloxane were used as described previously

(17,33). For experiments using the microfluidic device, the Tween 20 con-

centration was increased to 0.01% to prevent surface adhesion of the pro-

teins. The transfer efficiency histograms for denatured CypA and Rho at

0.4 M GdmCl were obtained by mixing denatured protein in 4 M GdmCl

with buffer at a flow rate of 0.8 mm/s by placing the confocal volume at

position 100 mm (125 ms) downstream of the mixing region. The applied

pressures were 10.4 kPa (1.5 psi) in the two buffer channels and 6.8 kPa

(1 psi) in the sample channel. The kinetics of CypA dissociation from

GroEL-SR1 on mixing with ATP and GroES were obtained at a flow rate

of 1.2 mm/s with a pressure of 2 psi in all channels.

For detection of the GroES-ATP-mediated release of the SR1-bound

CypA variants, the binary CypA-SR1 complex was mixed at a ratio of

1:5.7 with 2.4 mM ATP and varying concentrations of GroES, resulting

in final concentrations of 0.5 mM, 1 mM, 1.6 mM, and 3 mM GroES, and

2 mM ATP. The experiments were performed at pressures of 13.8 kPa

(2.0 psi) applied to all channels, resulting in a mean velocity of 1.2 mm/s

that was used to convert distances to times, as described by Pfeil et al.

(33). The calculated velocities were checked by analyzing the donor-

acceptor fluorescence intensity cross-correlation functions and the obtained

rate constants k1 and k2 were corrected for variations in the flow between

the different microfluidic chips used for the experiments. To determine

the transfer efficiency histogram at t ¼ 0, the binary CypA-SR1 complex

was measured in the observation channel of the mixing device without

ATP and GroES in the buffer channels.
Two-focus fluorescence correlation
spectroscopy

Two-focus fluorescence correlation spectroscopy (2f-FCS) measurements

(34) were performed at 22�C on a Micro Time 200 confocal microscope

(PicoQuant) equipped with a differential interference contrast prism. The

donor dye was excited alternatively with two orthogonally polarized diode

lasers at 483 nm (LDH-D-C-485, PicoQuant) at a repetition rate of 20 MHz

and a laser power of 30 mW each. The distance between the two foci was

determined as described previously (35).

Binding isotherms of denatured CypA or carbamidomethylated rhoda-

nese (CAM-Rho) were obtained at a substrate concentration of 0.725 nM

for CAM-Rho58 labeled with AlexaFluor 488 and AlexaFluor 594 or

0.125 nM for CypA-V2C-A488, respectively. Before measurement, the

samples were incubated at 22�C for 2 h (CypA-SR1) and 12 h (CypA-

SR1þATPgS, Rho-SR1, and RhoSR1-ATPgS). The change in the Stokes

radii on addition of GroEL-SR1 were fitted according to

RH ¼ DRH

2P0

�
P0 þ ½SR1�0 þ KD

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
P0 þ KD þ ½SR1�0

�2 � 4P0½SR1�0
q �

þ RH0:

(1)
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Here, DRH is the change in RH between free and completely bound sub-

strate, P0 is the total concentration of CypA and Rho, [SR1]0 is the total

concentration of GroEL-SR1 and RH0 is the Stokes radius in the absence

of chaperone.
GroEL-SR1 binding kinetics of CypA and Rho
using stopped-flow mixing

The nonlinear dependence of the pseudo-first-order binding rate constant

(k) on GroEL-SR1 concentration was described by a kinetic model

including the fast formation of a transient encounter complex using

k ¼ kmax½SR1�
K þ ½SR1�; (2)

where kmax is the rate constant for the rate-limiting conformational adapta-

tion to the GroEL-SR1 surface and K is the dissociation constant for the

encounter complex. The temperature dependence of K is given by

K ¼ exp

�
DHeq � TDSeq

RT

�
; (3)

where DHeq is the enthalpy change and DSeq is the entropy change on for-

mation of the encounter complex relative to free substrate and free GroEL-

SR1, R is the ideal gas constant, and T is the temperature. The temperature

dependence of kmax is given by
kmax ¼ k0 exp

"
� DHz

0 þ DCzðT � T0Þ � T
�
DSz0 þ DCz lnðT=T0Þ

�
RT

#
; (4)
with DH0
z and DS0

z being the change in activation enthalpy and entropy

at T0 ¼ 298 K and DCz being the change in heat capacity between the

encounter complex and the top of the adaptation barrier. The preexponential

factor k0 was given by

k0ðTÞ ¼ t�1
0

hðT0Þ
hðTÞ (5-1)

with � �

hðTÞ ¼ h0 exp

B

RðT � qÞ ; (5-2)

with t0
�1 ¼ 106 s�1 as estimated from the ns-FCS measurements (t0 ¼

1 ms) and T0 ¼ 298 K (see the Supporting Material). Under the assumption

that internal friction does not dominate the reaction (36), the temperature

dependence of water viscosity was taken into account using the empirical

equation (Eq. 5-2) with h0 ¼ 2.4152 10�5 Pa s, B ¼ 4.7428 kJ mol�1,

and q ¼ 139.86 K (37).
Chemical modification of CypA (K28C) labeled
with AlexaFluor 488

For cross-linking with Ru3þ (38), 2 mM of the CypA variant K28C-A488

was incubated with 1 mM tris-bipyridylruthenium chloride (Ru(bpy)3Cl2)

and 20 mM ammonium persulfate in 40 mL of 50% methanol/water. The

sample was illuminated for 2–4 s by a continuous-wave laser at 488 nm
with a power of 12 mW. Immediately after illumination, the reaction

was quenched by the addition of dithiotreitol to a final concentration of

50 mM. To suppress aggregation, GdmCl was also added to a final concen-

tration of 3 M. The modification of the amino groups of 20 mM of the

K28C-A488 variant with 2 mM LC-SPDP (succinimidyl 6-[30-(2-pyridyldi-
thio)-propionamido] hexonate) was performed for 4 h in 50 mM sodium

phosphate, pH 7.0, and 6 M GdmCl at 25�C. The reaction was stopped

by the addition of TrisHCl-buffer (pH 7) with a final concentration of

50 mM. Without further purification, the reaction mixtures were diluted

to a concentration of 1 nM in 50 mM TrisHCl, 10 mM MgCl2, and

5 mM KCl, pH 7.5, with varying concentrations of GdmCl to obtain the

Stokes radii of the two chemically modified CypA-variants. The complexes

of the chemically modified CypA variants with GroEl-SR1 were purified

with analytical size-exclusion chromatography before measurement.
Calculation of the entropy cost of confinement

The partition function for a Gaussian chain confined inside a cylinder (10)

with height h and diameter d is

ZChain ¼ pr2h

�
32

p2

�" X
k¼ 1;2;3:::

1

x2k
exp

�
� x2k lpNb

3r2

�#

�
" X

k¼ 1;3;5:::

1

k2
exp

�
� p2k2lpNb

3h2

�#
:

(6)
Here, r is the radius of the confining cylinder, h is the height of the cylinder,

lp is the persistence length of the confined chain, N is the number of bonds

in the chain, b is the bond length, in our case the distance between two suc-

cessive Ca-atoms (0.38 nm), and xk are the roots of J0(x), the Bessel func-

tion of the first kind of order zero (x1 ¼ 2.4, x2 ¼ 5.52, x3 ¼ 8.65,.) (10).

The term pr2h in Eq. 6 accounts for the translational degrees of freedom of

the chain. The free energy of the chain (in kBT) inside a cylinder is given by

FChain ¼ �ln

�
ZChain

pr2h

�
: (7)

We calculated FChain for CypAwith N¼ 166, b¼ 0.38 nm, and lp ¼ 0.2 nm

(see also Hofmann et al. (35)) as parameters for the chain and h¼ 4 nm and

r ¼ 2.25 nm, as given by Horwich et al. (39), as the dimensions of the cyl-

inder. Since the sums in Eq. 6 are dominated by small values of k (40), we

included only the first five terms of the two sums in Eq. 7. The calculation

results in FChain ¼ 8 kBT.

To compute the entropy of a hard sphere inside a cylinder we used an

expression for the volume fraction, f, of the confining cylinder with the vol-

ume, VC, that is accessible to a sphere with radius a. The volume fraction is

given by

f ¼ pðr � aÞ2ðh� aÞ
pr2h

: (8)

The radius of the compact denatured rhodanese (a) was obtained from the

Stokes radius of denatured CAM-Rho (see Results). Finally, the free energy
Biophysical Journal 107(12) 2891–2902
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of confinement (in kBT) is given by FSphere ¼ �ln(f). For rhodanese, we

obtain FSphere ¼ 5 kBT.
FIGURE 2 Transfer efficiency histograms and mean transfer efficiencies

for denatured CypA and Rho free in solution and bound to GroEL-SR1. (a)

Histograms for the shortest (blue) and longest (red) interdye variants of de-

natured Rho and CypA free in solution at 125 ms after mixing with native

buffer in the microfluidic device (final GdmCl concentration, 0.4 M) and

bound to GroEL-SR1. Solid lines are fits with a log-normal distribution,

which are also shown as dashed lines in the histograms of CypA and Rho

bound to GroEL-SR1. (b) Mean transfer efficiency of denatured Rho

(squares) and CypA (circles) variants as a function of the sequence separa-

tion between the fluorophores at two different GdmCl concentrations. The

length of the fluorophore linker was estimated to be equivalent to nine addi-

tional peptide bonds (35). Solid lines are fits with the ideal chain model with

persistence length lp as the only free parameter. The dashed line is a fit with

the ideal chain model with the persistence length and the length-scaling

exponent (n) as free parameters (see the Supporting Material). (c) Confining

geometries used in SAC simulations. Shown are the repulsive cylinder

(upper left) and the potential with attractive interactions between the chain

and the confining walls (upper right). The potential is harmonic in the z-di-

rection (Vz) with spring constant u
�2, and the potential in the xy-axis (Vx,y)

is a double-well potential with barrier height D and distance d between the

two wells. (d) Mean transfer efficiencies of denatured Rho (squares) and

CypA (circles) variants bound to SR1 are shown as a function of the

sequence separation between the fluorophores. Red and blue lines are the

result of SAC simulations of a chain with 167 amino acids inside a cylinder

(red) (d¼ 7 nm and h¼ 8 nm) and inside a potential (blue) (D¼ 1 kBT, d¼
4 nm, and u ¼ 2 nm) that best describe the measured transfer efficiencies

(see Supporting Material). The gray lines are identical to the fits in b and are

shown here for comparison. Error bars (50.03) in b and d represent our

estimate of the uncertainty in the determination of transfer efficiencies

(see Materials and Methods). To see this figure in color, go online.
RESULTS

The conformation of denatured CypA and Rho
free in solution

To probe the conformational ensembles of denatured CypA
and Rho, five variants of each protein with different interdye
separation were investigated. Alexa Fluor 488 and Alexa
Fluor 594 were attached to each variant as donor and
acceptor, respectively, to obtain information on the distance
between amino acid residues i and j of fluorophore attach-
ment. The distance-related change of the mean transfer effi-
ciency, hEi, as a function of the number of peptide bonds
between the fluorophores, ji� jj, can be used to characterize
the conformational distribution of the denatured proteins
(41,42). At high concentrations of GdmCl, which effectively
suppresses interactions within denatured proteins (35,43),
hEi decreases with increasing sequence separation of the
dyes for both proteins (Fig. 2 b), as expected for fully
unfolded proteins based on the length scaling of polymer
models for expanded and unstructured chains (41,44).

However, to understand the effect of GroEL on the
conformation of proteins, it is crucial to compare denatured
CypA and Rho under near-physiological conditions in the
absence of GroEL. To this end, we transiently populate
the denatured proteins at low denaturant concentrations
(0.4 M GdmCl) in a microfluidic mixing device designed
specifically for kinetic single-molecule experiments
(17,33). The proteins in 4 M GdmCl were mixed with phys-
iological buffer within a dead time of 4 ms (33), and both
proteins were still fully denatured 125 ms after transfer to
0.4 M GdmCl (Fig. 2 a and Fig. S1 in the Supporting Mate-
rial) (19,44). Correspondingly, only two peaks are observed
in the transfer efficiency histograms for each variant: the
peak at high E results from double-labeled denatured pro-
tein, and the peak near E¼ 0 results from molecules lacking
an active acceptor dye, a peak that can be eliminated by
alternating excitation of donor and acceptor (45) (Fig. 2 a).

For denatured CypA at 0.4 M GdmCl, hEi of all variants
is substantially higher than at 7.3 M GdmCl owing to the
formation of interactions within the polypeptide that result
in a compaction of the denatured protein (44,46,47). How-
ever, the transfer efficiencies of the different CypA variants
still decrease with increasing sequence separation of the flu-
orophores, indicating that no or little specific tertiary struc-
ture is formed in denatured CypA (Fig. 2 b). In contrast to
CypA, the denatured Rho variants at 0.4 M GdmCl show un-
usually high transfer efficiencies of hEi > 0.8, independent
of sequence separation from 39 to 159 peptide bonds (Fig. 2
b). The same result was found for CAM-Rho, a chemically
modified version of rhodanese that resembles the denatured
state of rhodanese but is unable to fold (Fig. S2). These high
Biophysical Journal 107(12) 2891–2902
transfer efficiencies and their independence of sequence
separation cannot be reconciled with the properties of an
expanded unstructured chain but rather suggest a very
compact conformation (42) of denatured Rho under near-
physiological conditions. Indeed, previous experiments
have even suggested the formation of rather specific struc-
ture in denatured Rho at 0.4 M GdmCl (27). CypA and
Rho can therefore be considered representatives of two



FIGURE 3 Binding of CypA and Rho by GroEL-SR1. Average Stokes

radii (RH) of CAM-Rho (E77C/K135C-A488/A594) (a) and CypA (V2C-

A488) (b) as a function of the concentration of GroEL-SR1, determined

using 2f-FCS at 22�C. (c and d) Same as in a and b, but in the presence

of 1 mM ATPgS. The shaded regions indicate the error band resulting

from the propagation of the errors in the fit parameters (Eq. 2 in Materials

and Methods). To see this figure in color, go online.
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extremes in the substrate spectrum of GroEL: random-coil-
like, with large conformational entropy on the one hand
(CypA), and compact, partially structured, with low confor-
mational entropy on the other (Rho). This characteristic
difference between CypA and Rho is our starting point for
investigating the role of denatured state properties on bind-
ing and encapsulation in the chaperonin GroEL.
The conformational distribution of CypA and Rho
in complex with single-ring GroEL

In the absence of ATP and under physiological conditions,
both CypA and Rho bind strongly to GroEL with dissocia-
tion constants of KD ¼ 0.4 5 0.3 nM for CAM-Rho and
KD ¼ 80 5 30 nM for CypA, as determined by 2f-FCS
(34) on the single-ring variant of GroEL (SR1) (Fig. 3, a
and b). Comparable binding affinities have been found for
DM-MBP (KD ¼ 60 nM) (48), a variant of maltose binding
protein, and a-lactalbumin (KD ¼ 27 nM) (49). In complex
with SR1, the transfer efficiency histograms of all variants
of CypA and Rho are broader than those of the free dena-
tured proteins under physiological conditions (Fig. 2 a),
predominantly as a result of the increased fluorescence
anisotropy of the donor and acceptor fluorophores (17,27)
(Fig. S3).

A comparison of the mean transfer efficiency before
(Fig. 2 b) and after binding to SR1 (Fig. 2 d) reveals a strik-
ing difference between CypA and Rho. The values of hEi for
Rho are virtually unaltered on binding to SR1 (Fig. 2, b
and d), implying that Rho remains compact in complex
with the chaperone. The values of hEi for the CypA variants
bound to SR1, however, are strongly increased compared to
those of free denatured CypA (Fig. 2, b and d) and become
virtually independent of ji� jj (Fig. 2 d), reminiscent of the
behavior of compact denatured Rho. This change in the
length scaling of hEi on binding to GroEL indicates a sub-
stantial effect of confinement on denatured CypA. Both
the higher value of the transfer efficiencies and their inde-
pendence of sequence separation indicate that the CypA
chain is more compact in complex with GroEL than free
in solution. However, the transfer efficiencies are still lower
than those of Rho in complex with SR1, indicating a looser
conformation of CypA compared to Rho (Fig. 2 d).

To elucidate whether the observed transfer efficiencies of
CypA bound to GroEL are still in accord with a largely un-
structured polypeptide, we used simulations of self-avoiding
random chains (SACs) inside confining geometries with
the dimensions of the cavity of GroEL with and without
including attractive interactions with the cavity walls
(Fig. 2 c and Fig. S5). Indeed, confining a SAC with the
length of CypA (167 aa) to a small volume qualitatively
reproduces the effect of ji� jj -independent transfer effi-
ciencies (Fig. 2 d), suggesting that confinement inside the
central hole of GroEL, the location of the substrate binding
sites, sufficiently explains the altered chain statistics of
CypA in complex with SR1.

Even though both CypA and Rho bind to SR1 with nano-
molar affinity (Fig. 3, a and b), the difference between their
free energies of binding is significant (DDGRho-CypA ¼ 5 5
1 kBT). Considering the difference in the conformations of
both substrates free and bound to SR1 (Fig. 2, b and d),
we estimated the impact of the different denatured-state
properties on the free energies of SR1 binding by computing
the entropy cost of confining Rho and CypA in the interior
of GroEL. Since denatured Rho is very compact, both in
solution and also in complex with SR1 (Fig. 2, b and d), a
lower limit for the entropy cost of GroEL binding is esti-
mated from the process of trapping a sphere in the interior
of GroEL. We modeled GroEL as a cylindrical cavity with
a radius of 2.25 nm and a height of 4 nm (39) (see Materials
and Methods) and estimated the radius of gyration of dena-
tured Rho based on the Stokes radius of denatured CAM-
Rho (RH ¼ 2.7 nm). Assuming that compact denatured
Rho has a spherical shape, we obtain RG z 2 nm using
RG/RH ¼ (3/5)1/2 (50). In contrast, CypA is approximated
as an ideal chain, which allows a straightforward calculation
of the entropy cost on confinement in the same cylinder (see
Materials and Methods). This approximation is supported
by the length-scaling exponent (n) of CypA, which has
recently been found to be close to the value expected for
an ideal chain (n ¼ 0.5) (35). We note that neither estimate
includes effects arising from solvent entropy, such as the
displacement of water molecules during binding to GroEL.
With these approximations, the difference in conformational
entropy (�TDDSconf) between the confinement of CypA and
Rho inside the central hole of SR1 is estimated to be ~3 kBT
and varies between 2.1 kBT and 4.5 kBTwith a change in the
cylinder volume of 525%. The comparison of the experi-
mentally observed free-energy difference for SR1 binding
(DDGRho-CypA ¼ 6 5 1 kBT) with our estimate of ~3 kBT
obtained from polymer theory indicates that about half of
the destabilization of the CypA-SR1 complex relative to
Biophysical Journal 107(12) 2891–2902
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the Rho-SR1 can already be explained by the loss in confor-
mational entropy upon confinement, which suggests that the
polymeric properties of denatured substrates can signifi-
cantly affect the binding of denatured substrates to GroEL.
The remaining free-energy difference of 2 kBT is likely
to result from a greater interaction enthalpy of Rho with
GroEL owing to its longer sequence, which allows more
contacts with GroEL to be made.
FIGURE 4 Binding and adaptation kinetics measured with stopped-flow

fluorescence at 0.4 M GdmCl. (a) Generalized mechanism for the bimolec-

ular reaction of substrate binding to GroEL-SR1. (b and c) Examples

of progress curves for Alexa 488-labeled Rho (E285C) (b) and CypA

(D13C/G124C) (c) at two concentrations of GroEL-SR1 indicated. (d and

e) Change of the apparent pseudo-first-order rate constants for binding of

Rho (d) and CypA (e) at different temperatures and SR1 concentrations

and fits according to the model in Scheme 1 (see Materials and

Methods) with the parameters DHeq ¼ �90 5 25 kJ mol�1, DSeq ¼
�0.44 5 0.08 kJ mol�1 K�1, DHz ¼ 85 5 18 kJ mol�1, DSz ¼ 0.2 5

0.1 kJ mol�1 K�1, and DCz ¼ 2.7 5 0.9 kJ mol�1 K�1 for Rho, and

with the parameters DHeq ¼ �8 5 11 kJ mol�1, DSeq ¼ �0.17 5

0.04 kJ mol�1 K�1, DHz ¼ 6 5 9 kJ mol�1, DSz ¼ �0.05 5 0.03 kJ

mol�1 K�1, and DCz ¼ �0.7 5 0.2 kJ mol�1 K�1 for CypA. The values

for the activation parameters are given at T0¼ 298 K (see Eq. 4 in Materials

and Methods). (f and g) Temperature dependence of the activation param-

eters for the adaptation processes for Rho (f) and CypA (g). All activation

parameters are given in units of kBT per amino acid residue. Shaded regions

indicate the error of the fits in c and d, which result from the fitting-param-

eter error propagation. The change in the viscosity of water with increasing

temperature is taken into account (see Materials and Methods). To see this

figure in color, go online.
Dynamics and thermodynamics of CypA and Rho
interactions with GroEL

The different effects of GroEL on the conformation of CypA
and Rho (Fig. 2, b and d) suggest that the kinetics of binding
may also be different for the two denatured proteins. We
used ensemble stopped-flow fluorescence of donor-labeled
CypA and Rho to monitor the binding kinetics in the time
regime of milliseconds to seconds. The binding to SR1
changes the fluorescence intensity of AlexaFluor 488 due
to PET (51) to aromatic amino acids such as tryptophan
and tyrosine in Rho and CypA, respectively. Compared to
single-molecule FRET, PET is sensitive for local distance
changes, which is especially advantageous for the study of
protein dynamics in confined spaces where large distance
changes cannot occur.

Mixing of rhodanese and cyclophilin with SR1 under
pseudo-first-order conditions results in single-exponential
binding kinetics with increasing fluorescence intensity for
Rho and rising fluorescence intensity for Cyp (Fig. 4, b
and c). However, the observed rate constant for binding,
k, increases nonlinearly with increasing concentration
of SR1 and saturates at high SR1 concentrations (Fig. 4,
d and e), which indicates the presence of a second kinetic
step that is rate-limiting under these conditions. A general-
ized binding model (52) that includes two steps, the
diffusion-controlled formation of a transient-encounter
complex between GroEL and the denatured substrate (S),
[GroEL,S]*, followed by a conformational adaptation of
the denatured proteins to the GroEL surface, describes this
behavior quantitatively (Fig. 4 a). The rate constant for
the adaptation process, kmax, can then be obtained as the
asymptotic limit of the binding constant, k, approached at
high SR1 concentrations (see Materials and Methods).
Whereas kmax ¼ 105 5 8 s�1 at 25�C for CypA, the adap-
tation process is slower for Rho, with kmax ¼ 27 5 3 s�1 at
25�C. The diffusive chain reconfiguration time of denatured
CypA free in solution was found to be 150 ns ns-FCS
(Fig. S4). Since the conformational adaptation of both dena-
tured proteins to SR1 is several orders of magnitude slower
than the diffusive chain dynamics, we conclude that a large
activation barrier must be involved in the adaptation to the
SR1 surface. To obtain structural information from the acti-
vation parameters of this process, we express the adaptation
rate constant in terms of a generalized reaction rate equation
kmax ¼ k0 exp(�DGz/RT), and estimate the attempt fre-
Biophysical Journal 107(12) 2891–2902
quency (k0) for crossing the barrier (DG
z) based on the chain

reconfiguration times of denatured Cyp and Rho determined
in free solution to be k0 z 1 ms�1 (Supporting Material)
(53,54). By combining this estimate for the preexponential
factor with the binding kinetics as a function of temperature
(Fig. 4, d and e), we obtain the change in activation enthalpy
(DHz), activation entropy (DSz), and heat capacity (DCp

z)
during adaptation (Fig. 4, f and g) (see Materials and
Methods).

The changes in DHz and DSz are diametrically opposed
for Rho and CypA. With increasing temperature, the



FIGURE 5 Encapsulation of Rho and release of CypA by GroEL-SR1.

(a) Effect of the addition of 1 mM GroES and 2 mM ATP on RH of pre-

formed complexes of GroEL-SR1 with CypA (green) and Rho (blue) at a

final concentration of 25 nM GroEL-SR1. Arrows indicate the time of addi-

tion of ATP and GroES. (b) RH of CypA in the presence of 275 nM GroEL-

SR1 and 2 mM ATP before and after the addition of 1 mM GroES (arrow).

Solid lines indicate the mean of RH. Dashed line indicates the RH of free

CypA. To see this figure in color, go online.
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adaptation barrier for Rho is increasingly determined by
enthalpy rather than entropy because of a positive heat
capacity change (Fig. 4 f). This behavior is typical of the
interaction of nonpolar solutes with water (55,56). With
increasing temperature, the disorder of water clusters
around hydrophobic residues increases, leading to a
decrease in the entropy change upon mixing. At high
temperatures, the aversion of nonpolar solutes to water is
therefore mainly enthalpy-driven (55,56). For Rho, the tem-
perature dependence of DHz and DSz therefore points to an
exposure of hydrophobic residues in the adaptation process,
indicating that changes in the hydration of these residues
dominate the observed entropy change upon binding to
GroEL. Although the change in quantum yield of Alexa-
Fluor 488 upon binding of Rho to SR1 clearly demonstrates
the presence of local conformational rearrangements in
denatured Rho, the absence of an increase in activation
entropy with increasing temperature, which could indicate
an increasing loss in conformational entropy, suggests that
confinement does not contribute much to the reaction, which
is in line with the small change in the transfer efficiencies of
all Rho variants on binding to GroEL. For CypA, on the
other hand, the heat capacity change is negative and DSz

more and more dominates the adaptation barrier with
increasing temperature (Fig. 4 g). Both the increasing cost
of restricting the conformational distribution by GroEL-
induced confinement and the net burial of hydrophobic
side chains of CypA can explain this decrease in DSz.
Both interpretations are in accord with the compaction of
the initially well-solvated and expanded CypA chain upon
binding to GroEL-SR1, as revealed by the single-molecule
FRET experiments (Fig. 2, b and d).

In summary, the differences in the kinetics, thermody-
namics, and transfer efficiency of GroEL binding reflect dif-
ferences in the degree of compaction of denatured Rho and
CypA free in solution. How do these differences affect the
key step in chaperonin action, the encapsulation of both pro-
teins upon addition of ATP and GroES?
Encapsulation of Rho versus expulsion of CypA
by GroEL-GroES

We monitored the encapsulation of CypA and Rho by 2f-
FCS (34) and size-exclusion chromatography (Fig. S7).
The average Stokes radii of complexes of donor-labeled
CypA or Rho with SR1 are dominated by the size of SR1,
resulting in values of 4.5–5.3 nm (Fig. 5 a). Binding of
ATP to GroEL is known to trigger a rotation of the apical
domains, followed by an upward movement on binding of
GroES (57), which concludes the encapsulation reaction.
The entire process takes place within seconds (58). Upon
addition of 2 mM ATP and 1 mM GroES (reflecting physio-
logical concentrations) to the preformed Rho-SR1 complex,
RH of the fluorescent species increases from 5.3 nm to
5.9 nm, indicating that Rho is encapsulated in the central
cavity formed by SR1 and GroES (Fig. 5 a). Surprisingly,
however, the addition of ATP and GroES to CypA-SR1
complexes leads to a decrease of the Stokes radius to
2.6 nm, close to the Stokes radius of free CypA (2 nm)
(Fig. 5 a). Evidently, the majority of CypA is not stably
encapsulated in the cavity formed by SR1 and GroES, as
also confirmed by size-exclusion chromatography (Fig. S7).

Why is CypA not encapsulated even though it binds
to SR1 with nanomolar affinity? In contrast to Rho-SR1,
we found that the stability of the CypA-SR1 complex is
strongly diminished, by ~4 kBT, in the presence of 1 mM
ATPgS, a nonhydrolyzable ATP analog (Fig. 3, c and d).
This effect has been observed for other substrate proteins
(59–61), such as DM-MBP, a variant of maltose-binding
protein (48). Taking this decrease in affinity into account,
a simple explanation for the failure of GroEL-GroES to
encapsulate CypAwould be a kinetic competition of GroES
binding with the ATP-induced dissociation of CypA from
GroEL. Encapsulation will only be successful for those
GroEL-substrate complexes where GroES happens to bind
before the substrate dissociates after ATP binding. In this
case, preforming the CypA-SR1-ATP complex should lead
to more efficient encapsulation of CypA. At a concentration
of 275 nM SR1, the ternary CypA-SR1-ATP complex is
populated significantly, as revealed by the Stokes radius
of 3.8 nm compared to the value of free CypA (2 nm)
(Fig. 5 b). However, the addition of GroES does not lead
to an increased encapsulation yield of CypA. Instead, the
Stokes radius again decreases to 2 nm, the value obtained
for free CypA (Fig. 5 b). These results suggest that it is
not the binding of ATP that is responsible for the release
of CypA but the binding of GroES.

Assuming that the binding of ATP is faster than the bind-
ing and dissociation of substrate (62), three different models
can potentially explain the results. In the first model
(Fig. 6 a, Model 1), binding of GroES is sterically hindered
by the presence of CypA. Consequently, CypA has to leave
SR1-ATP for GroES to bind. In the second model (Fig. 6 a,
Model 2), GroES can associate with the CypA-SR1-ATP
complex and CypA dissociates during GroES binding.
This model assumes the existence of an intermediate in
Biophysical Journal 107(12) 2891–2902



FIGURE 6 Release kinetics of CypA on addition

of GroES and ATP. (a) Three different models for

CypA release, with binding of GroES highlighted

in red. (b) Transfer efficiency histograms (upper)

for FRET-labeled CypA (V2C/K154C) bound to

GroEL-SR1 at different times after mixing with

2 mMATP and 1 mMGroES in the microfluidic de-

vice (see Materials and Methods) and the first three

resulting singular value decomposition components

(lower). The peak at zero transfer efficiency was

removed using pulsed interleaved excitation (45).

(c) First three amplitude vectors of the SVD shown

reflect the progress of the reaction. Solid lines are

global fits of the three components with double-

exponential decays. (d and e) GroES dependence

of the fast (d) and slow (e) phases of CypA release,

obtained for CypA variant D13C/G124C. To see

this figure in color, go online.
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which GroES is in a predocking position before it finally
binds tightly to the R-state of SR1. Evidence for such an in-
termediate comes from recent cryo-electron microscopy
studies, which identified at least two different conforma-
tions of GroEL-ATP, one of which would allow an interac-
tion with GroES (63). As an alternative (Fig. 6 a, Model 3),
denatured CypA is successfully encapsulated but leaves the
SR1-ATP-GroES complex at a later stage. This mechanism
is supported by the observation that substrate proteins
can escape the cage formed by GroEL-GroES even after
the encapsulation has taken place (64). To distinguish
between these mechanisms, we investigated the kinetics of
CypA dissociation from the GroEL-GroES complex using
smFRET in combination with microfluidic mixing. Whereas
a GroES-driven expulsion of CypA (Models 1 and 2) would
occur within 10 s after the addition of GroES and ATP, an
escape from the SR1-ATP-GroES cavity (Model 3) is ex-
pected to occur in the time regime of several minutes (64).
Kinetics of CypA expulsion from the
SR1-ATP-GroES complex

In a time-resolved experiment using microfluidic mixing,
we can monitor the kinetics of CypA dissociation during
binding of ATP and GroES using smFRET (Fig. 6, b
and c). A sample solution containing CypA-SR1 complexes
was rapidly mixed with buffer containing ATP and GroES,
and transfer efficiency histograms were obtained at different
times after initiating the reaction (Fig. 6 b). For all CypA
variants, a model-free analysis of the data using multidi-
mensional singular value decomposition (17) (Fig. 6, b
and c) resulted in three significant components (Fig. S6)
with clearly double-exponential kinetics and two apparent
rate constants (k1 ¼ 10.5 s�1, k2 ¼ 0.44 s�1) (Fig. 6 c),
implying at least a three-state mechanism for the dissocia-
Biophysical Journal 107(12) 2891–2902
tion of CypA. Most important, the rate constant (k2) for
the slow process suggests that ~90% of the SR1-bound
CypA is already dissociated 5 s after mixing with GroES
and ATP. The formation of the ternary SR1-ATP-GroES
complex in the presence of substrate has previously been
shown to occur on the same timescale (58), suggesting
that CypA leaves GroEL during GroES binding. A slow
escape after encapsulation (Fig. 6 a, Model 3) can therefore
be excluded.

A distinction between Models 1 and 2 is possible from
the GroES-concentration dependence of the CypA release
kinetics. In Model 1, GroES only binds to SR1 without
CypA bound. Correspondingly, the kinetics of CypA release
are determined by the spontaneous dissociation of CypA
and the rate constants for the two observed kinetic phases
(k1, k2) should not depend on the GroES concentration.
In contrast, if CypA is released during binding of GroES
(Fig. 6 a, Model 2), CypA dissociation will accelerate
with increasing GroES concentrations. Experimentally, we
find an increase in the rate constants for the fast (k1) and
slow (k2) processes with increasing concentration of GroES
(Fig. 6, d and e), indicating that GroES binding and CypA
release are coupled processes. Hence, only Model 2 is in
accord with the experimental data, i.e., CypA is released
during the process of GroES binding.
Encapsulation versus expulsion: the role of
substrate properties

Since GroES binding triggers the release of CypA, the inter-
action free energy between CypA and SR1 is apparently
insufficient to resist the forces associated with the rearrange-
ment of the apical domains of SR1 on GroES binding (63).
However, what are the relative contributions of enthalpic or
hydrophobic interactions between chaperone and substrate
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protein and the conformational entropy for encapsulation of
a disordered chain like CypA? To test the importance of the
interaction strength between CypA and SR1 for encapsula-
tion, we increased the hydrophobicity of the CypA sequence
by decorating it with the amino-reactive hydrophobic linker
LC-SPDP, thus forming LC-CypA. As expected, LC-CypA
binds stably to SR1, resulting in a Stokes radius of 5.3 nm
for the LC-CypA-SR1 complex (Fig. 7 e). It is important
to point out that after the addition of GroES and ATP to
preformed LC-CypA-SR1 complexes, we found a signifi-
cantly increased encapsulation efficiency compared to that
observed for CypA (Fig. 7, d and e). The Stokes radius of
the free protein measured with 2f-FCS revealed that LC-
CypA is more compact by ~0.6 nm than unmodified
CypA in 0.5 M GdmCl (Fig. 7, a and b). This reduction in
the Stokes radius is explained by the greater hydrophobicity
of the sequence, which promotes a hydrophobic collapse of
the chain (44,47). These observations raise the question
of whether the compaction of the LC-CypA chain, as
compared to CypA, lowers the entropic cost for encapsula-
tion and is thus responsible for the increased encapsulation
yield. We therefore cross-linked CypA intramolecularly
by oxidizing tris-bipyridylruthenium(II) to tris-bipyridylru-
thenium(III) using laser-induced photolysis (see Materials
and Methods) (38). The oxidized Ru3þ preferentially oxi-
dizes aromatic amino acid residues that then react nonspe-
cifically with nucleophilic groups such as the primary
ε-amino groups of lysine residues, which should only lead
to a marginal change in overall hydrophobicity. 2fFCS
shows that at low concentrations of GdmCl (0.5 M),
cross-linked CypA (Ru-CypA) (Fig. 7 c) is more compact
FIGURE 7 Effect of intramolecular cross linking and chemical modifica-

tions of CypA on encapsulation efficiency. (a–c) The Stokes radii (RH) from

2f-FCS of Alexa 488-labeled CypA (a), LC-CypA (b), and Ru-CypA (c)

(variant K28C) are shown as a function of the GdmCl concentration. Black

solid lines are fits with a denaturant binding isotherm. Black dashed lines

indicate the Stokes radius extrapolated to 0.5 M GdmCl. (d–f) Effect of

the addition of 2 mM GroES and 1 mM ATP on the RH of preformed SR1

in complex with CypA (d), LC-CypA (e), and Ru-CypA (f). Arrows indicate

the time of addition of 1 mMATP and 2 mMGroES. The chemical structure

of the LC-SPDP is shown as an inset in e. To see this figure in color,

go online.
by ~0.4 nm than unmodified CypA (Fig. 7 a) and forms a
stable complex with SR1 (Fig. 7 f). However, the addition
of ATP and GroES leads to a rapid drop in the Stokes radius
similar to that of non-cross-linked CypA (Fig. 7, d and f),
indicating that the encapsulation efficiency of Ru-CypA
is not markedly increased compared to CypA. The result
therefore suggests that a reduction in the entropy cost
of encapsulation is not the key determinant for greater
encapsulation efficiency. Even though LC-CypA is more
collapsed owing to its greater hydrophobicity, it is the
increased hydrophobicity, and not the smaller dimensions,
that facilitate its encapsulation.
DISCUSSION

CypA has a low conformational stability, is aggregation-
prone at high protein concentrations (29), and binds to
GroEL with high affinity (Fig. 3 b). However, it fails to
become encapsulated in the chaperonin cavity (Fig. 5).
This observation is very surprising, since CypA meets all
sequence criteria for a GroEL substrate. With a length of
167 amino acids (18 kD), it is well within the size limits
of typical substrate proteins (Fig. 1 c), and it has a mean
hydrophobicity and net charge similar to those of Rho
and other identified GroEL substrates (Fig. 1 b). Stan and
co-workers identified hydrophobic GroEL-binding motifs
based on a sequence comparison of 284 GroEL substrates
(18) (Fig. 1 d), and recent NMR-relaxation studies have
demonstrated that the amyloid peptide (Ab-40) indeed inter-
acts with GroEL via the predicted consensus sequence (65).
Based on sequence analysis, we identified three hydropho-
bic GroEL-binding motifs in CypA, which corresponds to
a total of 17 amino acids relevant for the CypA-GroEL in-
teractions, which is within the range reported for typical
GroEL substrates (6,7,18) (Fig. 1 d). The question therefore
arises, which aspects determine the success of chaperonin
encapsulation?

Rho and CypA differ substantially in their chain lengths
and in the compactness of their denatured-state ensembles.
The more expanded conformation of CypA is expected to
result in an entropy cost for binding to GroEL that is higher
by ~3 kBT than that of Rho, as reflected in the entropy-domi-
nated adaptation barrier that has to be crossed for a stable
interaction of CypA with SR1 (Fig. 4 f). Correspondingly,
rearrangements in the apical domains of GroEL upon GroES
binding (57) might affect the interactions between CypA
and GroEL more than those between Rho and GroEL, which
would favor the release of CypA. However, the intramolec-
ularly cross-linked and more compact Ru-CypA variant
demonstrates that the encapsulation efficiency does not in-
crease with increasing compaction of CypA (Fig. 7 f), mak-
ing the higher entropy cost unlikely to be the dominant
reason for the failing encapsulation of CypA. Only if the hy-
drophobicity of CypA is increased, as realized in the LC-
CypA variant, can the encapsulation efficiency be improved
Biophysical Journal 107(12) 2891–2902
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(Fig. 7 e). Thus, hydrophobicity facilitates both collapse and
encapsulation, but compaction of the substrate protein alone
is insufficient for increasing the encapsulation yield.

Our kinetic analysis shows that unmodified CypA leaves
the GroEL-GroES complex in a transient state in which
GroES is already associated but not yet tightly bound to
GroEL, a type of conformation that has recently been sug-
gested based on cryo-electron microscopy (63) and may
serve as a checkpoint for substrate discrimination. For
GroES to complete the binding process, its mobile loops
have to interact with the apical domains of GroEL (63),
and the interactions with the substrate have to be released.
This leads to the dissociation of CypA; but how is premature
substrate release prevented for Rho and other GroEL sub-
strates? A recent model for the encapsulation process of de-
natured substrate proteins suggests that the C-terminal tails
at the base of the GroEL cavity reduce premature substrate
protein escape while the apical domains move to interact
strongly with GroES (20). Indeed, the last 17 amino acids
of the disordered C-terminal tail of GroEL (23 aa) show a
high mean hydrophobicity of 0.587 (Fig. 1 b). Clearly, the
interactions between these disordered tails and substrate
proteins will depend on the total number and accessibility
of nonpolar groups in the denatured protein. Given the
similar mean hydrophobicities of Rho and CypA, the longer
Rho chain is expected to interact more strongly with the
C-terminal tails than the shorter CypA chain. Thus, our
findings are in accord with the model of Chen et al. (20)
and suggest that in addition to the presence of an upper limit
for the interaction strength between a substrate protein and
GroEL, as suggested by the iterative annealing model
(66,67), there also exists a lower limit.

In summary, our results demonstrate that high affinity of a
substrate protein for GroEL does not necessarily lead to its
encapsulation and folding inside the chaperonin cage. Rather,
the strength of the hydrophobic interactions of substrate
proteins with a transient GroEL-GroES complex is decisive
for avoiding premature release of the denatured protein.
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