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The chaperonin system, GroEL and GroES of Escherichia coli enable certain
proteins to fold under conditions when spontaneous folding is prohibi-
tively slow as to compete with other non-productive channels such as
aggregation. We investigated the plausible mechanisms of GroEL-
mediated folding using simple lattice models. In particular, we have inves-
tigated protein folding in a con®ned environment, such as those offered by
the GroEL, to decipher whether rate and yield enhancement can occur
when the substrate protein is allowed to fold within the cavity of the cha-
peronins. The GroEL cavity is modeled as a cubic box and a simple bead
model is used to represent the substrate chain. We consider three distinct
characteristic of the con®ning environment. First, the cavity is taken to be a
passive An®nsen cage in which the walls merely reduce the available con-
formation space. We ®nd that at temperatures when the native confor-
mation is stable, the folding rate is retarded in the An®nsen cage. We then
assumed that the interior of the wall is hydrophobic. In this case the folding
times exhibit a complex behavior. When the strength of the interaction
between the polypeptide chain and the cavity is too strong or too weak we
®nd that the rates of folding are retarded compared to spontaneous folding.
There is an optimum range of the interaction strength that enhances the
rates. Thus, above this value there is an inverse correlation between the
folding rates and the strength of the substrate-cavity interactions. The opti-
mal hydrophobic walls essentially pull the kinetically trapped states which
leads to a smoother the energy landscape. It is known that upon addition
of ATP and GroES the interior cavity of GroEL offers a hydrophilic-like
environment to the substrate protein. In order to mimic this within the con-
text of the dynamic An®nsen cage model, we allow for changes in the
hydrophobicity of the walls of the cavity. The duration for which the walls
remain hydrophobic during one cycle of ATP hydrolysis is allowed to
vary. These calculations show that frequent cycling of the wall hydrophobi-
city can dramatically reduce the folding times and increase the yield as
well under non-permissive conditions. Examination of the structures of the
substrate proteins before and after the change in hydrophobicity indicates
that there is global unfolding involved. In addition, it is found that a frac-
tion of the molecules kinetically partition to the native state in accordabce
with the iterative annealing mechanism. Thus, frequent ``unfoldase''
activity of chaperonins leading to global unfolding of the polypeptide
chain results in enhancement of the folding rates and yield of the folded
protein. We suggest that chaperonin ef®ciency can be greatly enhanced if
the cycling time is reduced. The calculations are used to interpret a few
experiments on chaperonin-mediated protein folding.
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Introduction

It is believed that, at least in Escherichia coli, a
signi®cant fraction of proteins fold spontaneously
to their native state (Lorimer, 1996) as outlined by
An®nsen (1973). This is remarkable because one
might argue that the heavy traf®c in cellular
environment, due to the presence of various
macromolecules, might lead to strong interactions
between unfolded polypeptide chains with
exposed hydrophobic residues. The external factors
could, in principle, alter the folding kinetics suf®-
ciently such that aggregation could interfere with
monomeric folding. Nevertheless, it appears that
many in vivo proteins are unable to reach the func-
tional folded state spontaneously. It has been
shown that molecular chaperones assist in the fold-
ing of such proteins by preventing aggregation.

In recent years a number of studies have
focussed on the subclass of proteins referred to as
chaperonins, which rescue misfolded substrate pro-
teins and assist them in an ATP-dependent manner
to reach the native conformation. The best studied
of the chaperonin family is the GroE machine con-
sisting of two proteins, GroEL and GroES. The
crystal structures of unliganded GroEL (Braig et al.,
1994), GroES (Hunt et al., 1996) and the complex
GroEL/GroES/ADP (Xu et al., 1997) have pro-
vided considerable insight into the mechanisms of
the chaperonin action. The crystal structure of
GroEL (Braig et al., 1994) shows that it is a double-
ring oligomer consisting of back-to-back seven-
member rings. It has an overall cylindrical struc-
ture divided into two non-connected cavities in
which the substrate protein can be sequestered.
The co-chaperonin GroES (Hunt et al., 1996) is com-
posed of seven subunits and serves as a dome on
the cylindrical structure in the presence of nucleo-
tides. A remarkable feature, that clearly has
mechanistic implications, is that upon binding of
GroES and ATP the volume of the cavity can
nearly double. The large conformational ¯uctu-
ations in this machinery can accommodate sub-
strate proteins of varying sizes, which is one of the
reasons the GroEL/GroES system is responsible for
the rescue of many unrelated families of proteins.

The mechanistic actions of the GroE machine in
facilitating protein folding are beginning to emerge
thanks to considerable experimental work (Viita-
nen, 1992; Fenton & Horwich, 1997; Netzer &
Hartl, 1998; Richardson et al., 1998) and some pro-
gress in theoretical understanding (Thirumalai,
1994; Gulukota & Wolynes, 1994; Chan & Dill,
1996; Sfatos et al., 1996, Cui et al., 1996). The cur-
rent view of the cycle, representing the concerted
action of GroEL/GroES, is schematically sketched
in Figure 1. The process starts with GroEL in a con-
®guration with a hydrophobic interior near the
entrance of its cavity (apical domain) which binds
the misfolded protein. The favorable interaction of
the substrate protein with GroEL occurs because of
the attraction between the exposed hydrophobic
residues of the misfolded protein and the residues
comprising the apical domain. Seven ATP mol-
ecules and GroES bind to GroEL, producing a sig-
ni®cant conformational change in GroEL that
buries its hydrophobic interior and exposes a more
hydrophilic surface to the substrate protein. As the
ATP hydrolyzes in a quanti®ed manner (Todd
et al., 1994) into ADP, the substrate protein may
continue to fold in the interior of GroEL-GroES.
Once the hydrolysis of ATP in the cis-ring is com-
plete, the substrate protein is prepared for release
(Rye et al., 1997). This occurs when ATP is bound
to the trans-ring which results in the release of
GroES, the substrate protein and the seven ADP
molecules from the cis-ring. This constitutes one
ATP cycle. For simplicity, we have not considered
the possible formation of the symmetric (football)
complex.

Although the underpinnings of the overall
scheme shown in Figure 1 are based on several
sound experiments (Weissman et al., 1994; Todd
et al., 1994) and theoretical arguments (Todd et al.,
1996), several outstanding questions remain. For
example, the number of binding/release cycles
needed to fold the substrate protein is known only
in a few cases. The processes by which a chapero-
nin could accelerate the folding kinetics are not
well understood. Clearly one cannot expect univer-
sal answers to such questions which could be
applicable to all substrate proteins under a range
of conditions. General arguments based on the
energy landscape perspective of folding suggest
that one should expect diverse mechanisms for
chaperonin assisted folding (Todd et al., 1996). The
precise mechanism will depend on the size of the
protein, external condition, strength of substrate-
chaperonin interactions, etc. Some suggestions con-
cerning the alterations in the energy landscape of
the substrate protein due to interactions with the
cavity have been made using simple models. It has
been proposed that the chaperonins unfold mis-
folded proteins giving them another chance to fold
(Jackson et al., 1993). This actually can take place in
several absorption cycles by the chaperonins in a
process similar to iterative annealing (Todd et al.,
1996). Using lattice models, it has been also
asserted that a hydrophobic environment sur-
rounding a protein reduces the energy barriers
along the folding pathways allowing a faster fold-
ing transition (Chan & Dill, 1996).

Several aspects of the iterative annealing mech-
anism sketched in Figure 1 are to a large extent
accepted, but many issues remain. One of the most
critical is: what is the extent of folding of the sub-
strate protein while it is sequestered underneath
GroES in the GroEL cavity? (steps (2) and (3) in
Figure 1). There are contradictory answers to this
in the literature (Weissman et al., 1994; Todd et al.,
1994; Hartl, 1996). Simple arguments based on size
distribution of proteins alone suggest that path-
ways followed by substrate proteins can be
diverse. Thus, even though the GroE machinery
acts as a ``one-size-®ts-all'' type system, there can
be many mechanisms in the rescue of proteins



Figure 1. Schematic represen-
tation of one cycle in the GroEL-
GroES mediated folding of a pro-
tein. The substrate protein is encap-
sulated in the cavity of GroEL (step
(1)). This is followed by the
addition of ATP and GroES that
leads to nearly doubling of the
volume of the interior of the GroEL
cavity. The dynamic ¯uctuations
caused by the increase in volume
may enable the sequestered protein
to fold while still being associated
with GroEL. The hydrolysis of ATP
in the cis-ring takes place in a
quanti®ed fashion (step (3)). This is
followed by the binding of ATP to
the trans-ring which primes the
release of GroES and the substrate
protein from the cis side. For sim-
plicity we have only shown the
asymmetric complex. The role of
symmetric (football) complex is dis-
cussed by Schmidt et al. (1994).
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depending on their size and intrinsic kinetic con-
straints. Two extreme models can be envisaged.
(1) The folding is complete while the protein is still
associated with the chaperonin in the central
GroEL cavity. This is the An®nsen cage model
(Ellis, 1994). (2) The encapsulated substrate protein
is unfolded by GroE machinery and released into
solution (Weissman et al., 1994), where it under-
goes kinetic partitioning (Guo & Thirumalai, 1995)
with a fraction reaching the native state while the
remaining fraction gets trapped in a manifold of
misfolded states. This cycle of binding and release
is repeated several times until suf®cient yield of
the folded protein is obtained. It should be empha-
sized that even the proponents of the An®nsen
cage model suggest that there is a dynamic inter-
action between the GroEL and the protein that
leads, at least, to partial unfolding (Hartl, 1996), an
event that is necessary for transition from mis-
folded states to the native conformation (Camacho
& Thirumalai, 1993; Chan & Dill, 1994).

Our objective is to explore the various limits of
the dynamic An®nsen cage (DAC) model using
simple lattice models. This work is partially
inspired by the experiments by Weissman et al.
(1996), who showed that, when the release of
GroES is blocked by non-hydrolizable ATP analog
or a designed single-ring mutant SR1, folding of
the sequestered Rhodanase goes to completion.
This suggests that for some substrate proteins it is
possible to reach the native conformation while
still being associated with GroEL. Thus, it is worth
investigating the parameters for ef®cient refolding
in a con®ned space. In the spirit of minimal model
representations of proteins we investigated the
possibility of folding in a DAC for a variety of sub-
strate±wall interactions. The model protein con-
sists of a three-dimensional (3D)-lattice chain of
single bead residues with contact interactions
simulating the non-bonded energies between the
amino acid residues. The chaperonin is modeled as
a cubic box with a length L so that the interior
volume is L3. The interior walls of the cavity inter-
act with the protein through a contact potential
just like the ones between the residues. Although
this is an extremely simpli®ed model of a chapero-
nin, it allows one to extensively study the general
kinetic and thermodynamic effects of con®ned
folding and the effects of a surrounding environ-
ment with a variable degree of hydrophobicity.



Figure 2. The stability of the native state and the
mean folding time versus temperature for the (a) 16-mer
and (b) 24-mer in the absence of con®nement. The
native stability is measured by the native state prob-
ability (continuous line) and by 1 ÿ w, where w the aver-
age overlap function 1 ÿ hwi (broken line). The folding
time-scale is on the left axes while the native state stab-
ility scale in on the right. Each folding time data point
was calculated from an average of 400 different trajec-
tories.

630 Protein Folding Rates in the GroEL Cavity
The simulations are performed for various con-
ditions and chaperonin properties. First, the effect
of the chaperonin size on the folding time is inves-
tigated at various temperatures when the cavity
walls present a hydrophilic (neutral) environment
to the substrate protein. Following that, the chaper-
onin interior wall hydrophobicity is gradually
increased and its effects on folding are examined.
The results show that a con®ned environment with
a moderate degree of hydrophobicity can actually
increase the yield and decrease the folding time
over a range of temperatures. Finally, the chapero-
nin wall hydrophobicity is allowed to oscillate
periodically in order to simulate the cycles of ATP
binding and hydrolysis and the possibility of sev-
eral protein encapsulation/release events by the
chaperonin.

Results

Spontaneous folding

In order to assess the effects of folding in the
DAC, it is useful to compare several thermodyn-
amic and kinetic folding properties in the absence
of con®nement. We designed two sequences, a 16-
mer which is kinetically a poor folder and 25-men
which folds relatively rapidly. The nationale for
sequence selection is given in Methods section. The
results of the calculations of the thermodynamic
properties for the 16-mer and the 24-mer are
shown in Figure 2. The plots show the mean fold-
ing time (tF), the native state probability and 1 ÿ w,
where w is the average overlap function, as func-
tion of temperature. The overlap function is
de®ned as (Camacho & Thirumalai, 1993):

w � 1ÿ 1

�N ÿ 1��N ÿ 2�
X

i6�j;j�1

d�rij ÿ ro
ij� �1�

where rij is the distance between residues i and j
and ro

ij correspond to the native conformation. For
both sequences the mean folding time reaches a
minimum at a temperature close to the collapse
temperature Ty, which corresponds to the maxi-
mum of the speci®c heat (Camacho & Thirumalai,
1993). They both have similar collapse tempera-
tures with values of Ty ' 0.22 for the 16-mer and
Ty ' 0.24 for the 24-mer. At the collapse tempera-
ture, the 16-mer folds about an order of magnitude
faster than the 24-mer, measured as arbitrary units.
However, the 24-mer is a faster folder under equiv-
alent stability conditions of the native state. Equiv-
alent stability conditions can be established by
measuring the folding time at the folding tempera-
ture Tf for each chain. If Tf is de®ned as the tem-
perature for which probability of being in the
native state (single microstate) is 0.5, then Tf is 0.18
for the 24-mer and only 0.053 for the 16-mer. At
their respective folding transition temperatures the
16-mer folds 400 times slower, i.e. tf � 5.6 � 107

mcs for the 16-mer and tf � 1.4 � 105 mcs for the
24-mer. It has been shown (Camacho &
Thirumalai, 1993; Klimov & Thirumalai, 1996) that
an indication of the kinetic accessibility of the
native state is given by the thermodynamic quan-
tity s � 1 ÿ Tf/Ty, which is close to zero for
rapidly folding sequences. For the 24-mer,
s � 0.25, and for the 16-mer, s � 0.71. Thus, dra-
matic difference in the folding times between the
16-mer and the 24-mer is expected. Alternatively, if
Tf is de®ned as a the temperature for which the
¯uctuations of the overlap function are maximum
then s � 0.0 for the 24-mer and s � 0.28 for the
16-mer. Either way, it is clear that the selected
16-mer is a worse folder than the 24-mer.

The stability of the native state for both
sequences is marginal around Tf. If higher stability
values are required, the temperature must be low-
ered resulting in considerably large values of tf

even for the 24-mer. For example, in order to
obtain a native state stability of 85 % with the
24-mer, the temperature must be T � 0.13 which
will require a folding time of approximately 106

mcs, or one order of magnitude higher than the



Figure 3. Effect of a neutral con®ning cavity on the
folding time for the 16-mer. L is the available space in
each direction inside the cavity so that the volume of
the box is L3. The minimum size of the cavity in which
the sequence can fold is L � 4. Three temperatures are
used, T � 0.08, 0.20, 0.33, corresponding to below, near
and above the collapse temperature, Ty � 0.22. The bro-
ken lines represent the folding time for spontaneous
folding at the three temperatures. For each data point,
1600 trajectories where used. The error bars are as large
as the symbols.

Figure 4. The folding time as a function of the
strength of the hydrophobic interaction between the
walls of the cavity and the sequestered polypeptide
chain. The circles correspond to L � 5 while the triangles
are for L � 6. In both the cases the temperature is 0.053.
For comparison the spontaneous folding time is shown
as broken lines. This Figure shows that for a given cav-
ity size there is an optimum value of the hydrophobic
interaction that produces the maximum in the folding
strength.
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one at Tf . For the 16-mer, the time required to
obtain a signi®cant native state yield is much lar-
ger. It is of interest to investigate whether the pre-
sence of a chaperonin could accelerate the folding
rates under high stability conditions even for a
good sequence. Thus, with the choice of these two
sequences, the effect of con®nement and other
characteristics of chaperonins under permissive
and non-permissive conditions can be investigated.

Folding in a neutral confinement: passive
Anfinsen cage

Here, we study the effects of con®nement on the
folding of a protein in a neutral cavity, i.e. one in
which the interaction between the wall and the
residues is a hard core potential. The calculations
are shown for the 16-mer only. Similar qualitative
results are obtained for the 24-mer. This mode, in
which the chaperonin is a static An®nsen cage,
was originally thought to be suf®cient to explain
assisted folding (Ellis & Hartl, 1996). The kinetic
effects of con®nement are shown in Figure 4 for
the 16-mer. Here, we have plotted the folding time
as a function of the cavity size L for three different
temperatures: above, at and below the collapse
transition temperature, Ty. The simulations are car-
ried out by selecting an ensemble of conformations
at random and letting them collapse until they are
suf®ciently small to ®t into the cavity. The folding
time is measured from this point until the native
state is found.

At a temperature (T � 0.33) higher than the col-
lapse temperature (Ty � 0.20), a neutral con®ne-
ment reduces the folding time (up to a factor of 2)
as the cavity size is reduced. When a protein is
con®ned, the number of conformations is reduced
to the ones that ®t in the cavity. One might argue
that the reduction in the conformational space
should speed up folding. As a result, we expect
that at high temperatures where inter-conversion
between the accessible conformations should be
facile, con®nement should increase the rate of fold-
ing. At ``high'' temperatures the polypeptide chain
can also undergo large conformational ¯uctuations.
This, when combined with the reduction in the
conformations due to con®nement, explains the
decrease in folding time (for LI6, see Figure 3).
Such a decrease in tf is observed until L � 4. Note
that for L � 3 the folding time becomes in®nity
because the native state, which spans the 3 � 3 � 3
volume, becomes inaccessible from most confor-
mations.

Near the collapse temperature (T � 0.20), the
behavior is similar, but at these temperatures the
folding time is not signi®cantly affected by the cha-
peronin. Because the collapsed conformations are
more stable at this temperature, the bene®ts of
reducing the conformation space by con®nement
are less important. This temperature becomes the
turning point in the ability to decrease the folding
time by con®nement alone. Below the collapse tem-
perature (T � 0.08), at which the probability of
being in the native state is 40 %, the folding time
strictly increases as the cavity size is reduced. In
this case the protein becomes increasingly trapped
in the low energy minima, and con®nement further
prevents the necessary conformational ¯uctuations
required to make transitions to the native state.
The increase in folding time at this temperature
(compared to the case when L �1) becomes
appreciable for L � 6 and is only four times larger
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for L � 4. Therefore, the effects of the chaperonin
on the kinetics can be assumed to be small for
L 5 4 under stable conditions. For the 24-mer, the
increase in folding time at low temperatures and
L � 4 is much larger.

These results suggest that if the GroEL cavity
merely acts as a static An®nsen cage, as was orig-
inally thought (Ellis, 1994), then one cannot expect
signi®cant enhancement in the folding rates found
in experiments if aggregation effects are excluded
(Federov & Baldwin, 1997; Nieba-Axmann et al.,
1997). On the contrary, our calculations show that
at low temperatures (T < Tf) when the native con-
formation is stable, the folding time increases com-
pared to the time needed for spontaneous folding.
Since in many experiments, especially those per-
formed under non-permissive conditions, rate
enhancement is observed, it follows that the
GroEL/GroES apparatus has a dynamic role in its
interaction with the substrate proteins. In what fol-
lows we show that this is indeed the case.

Folding in a hydrophobic cavity: folding rate is
a maximum for optimal strength of substrate-
wall interactions

It is known that the interior walls of a chapero-
nin offer a variable degree of hydrophobicity to the
substrate protein depending on the presence of
ATP and the binding of GroES. Thus, it is instruc-
tive to study the effect of folding in a hydrophobic
cavity where the strength of the hydrophobic inter-
action can be tuned. In the following simulations,
the wall hydrophobicity strength h (see Eq. (9) in
Methods) is gradually increased from zero and its
effects on folding are obtained. Once again, we
only show the results for the slow folding 16-mer.

In Figure 5, we show the mean folding time as
function of h for two cavity sizes at the folding
Figure 5. The ratio of spontaneous folding time to the
folding time in a hydrophobic cavity as a function of
the inverse temperature for the 16-mer. The circles are
for L � 5 and h � 0.4 whereas the triangles represent the
case with L � 4 and h � 0.3. The folding times in the
hydrophobic cavity are less than the spontaneous fold-
ing times, both at high and low temperatures.
temperature, Tf � 0.053. For comparison, the mean
folding time for spontaneous folding is also
shown. The plot clearly shows that tf decreases
somewhat below its spontaneous value as the
hydrophobicity is moderately increased. The fold-
ing time reaches a minimum at an optimum value
of h, which for the cases studied is h � 0.4 for L � 5
and h � 0.5 for L � 6. As h is increased further, tf

increases above its spontaneous value. The increase
in folding times has also been noted in an earlier
study (Chan & Dill, 1996). These results imply that
for optimal values, the wall hydrophobicity can
lower the barriers between local energy minima by
decreasing their energies. Our results are consistent
with earlier arguments that suggest that only for
optimal interactions between the substrate protein
and GroEL the folding state is obtained
(Thirumalai, 1994; Orland & Thirumalai, 1997). In
addition, experiments also reveal that the stronger
the effective substrate-GroEL interaction, the slower
the refolding rate is (Itzhaki et al., 1995). In general,
if the hydrophobic interaction between the protein
and the wall is too strong then the substrate would
be strongly pinned to the walls of the cavity. As a
result, the rearrangements necessary to reach the
native conformation, i.e. global unfolding of the
polypeptide chain, become dif®cult and leads to an
increase in folding time. In the limit of small h the
interactions with the walls are negligible, and in
this case the folding should be similar to that seen
in a neutral An®nsen cage. For h! 0 there is no
considerable reduction of the energy barrier arising
from unfolding, and as a result the folding time is
unaffected or increases moderately compared to
spontaneous folding. These arguments are re¯ected
in the results presented in Figure 5.

To further explore the effects of folding in the
presence of hydrophobic walls we calculated the
time dependence of the population of the native
state, fN(t). We ®nd that, in general, the pool of
molecules that reach the native conformation in a
moderate time scale (I108 mcs) is not aided by
being con®ned in a hydrophobic cavity. However,
the hydrophobic walls enhance the ef®ciency of
slow folding molecules. Thus, we can suggest that
whenever slow folding events dominate, i.e. the
partition factor f is small (Todd et al., 1996), the
rate of folding can be enhanced in the presence of
moderate hydrophobic walls. We expect the par-
tition factor to be small under non-permissive con-
ditions.

Temperature dependence of folding times in a
hydrophobic cavity

The preceding results suggest that the ef®ciency
gain by folding in a hydrophobic con®nement
should increase as the temperature is lowered. We
plot in Figure 5 the ratio of spontaneous to con-
®ned mean folding time as a function of the
inverse temperature for several conditions. We
have plotted 1/T in the abscissa to emphasize the
effect at low temperatures. Three regimes can be
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observed from this plot. At high temperatures, tf is
reduced in the hydrophobic con®nement, consist-
ent with the previous results of folding in a neutral
(h � 0) cavity. For temperatures around the col-
lapse temperature, tf is larger in the hydrophobic
con®nement. In this regime, folding is dominated
by fast folding events and the hydrophobic cavity
is not as effective in speeding up folding. At low
enough temperatures, tf is once again smaller in
the hydrophobic cavity and the gain in ef®ciency
seems to improve as the temperature is further
decreased. These results support the previous
observation that folding in a hydrophobic con®ne-
ment assists the slow folding events, which become
more signi®cant at low temperatures.

Con®ning a substrate protein in a hydrophobic
environment alters its thermodynamics in a tem-
perature-dependent manner. In particular, it is use-
ful to compare the probability of being in the
native state (Pns) as a function of temperature for
the 16-mer in three situations: the bulk, a neutral
cavity and a hydrophobic cavity. In a neutral
cavity, the native state stability is higher than the
bulk stability, particularly at higher temperatures.
This is a result of the conformational entropy loss
due to con®nement. When the cavity walls are
hydrophobic (h � 0.4 at L � 5 in this case) the
native state is destabilized above T ' 0.37. Pns

increases as the temperature decreases until it
reaches a maximum near a temperature of
T � 0.13. Below this temperature, Pns drops rapidly
indicating that some non-native conformations
have replaced the native conformation as the most
stable state. These non-native conformations
expose hydrophobic residues that, when in contact
with the wall, lower the overall energy below that
of the native conformation (Minton, 1995). How-
ever, the loss of identity of the native state as the
lowest energy state is not required for a reduction
in the folding time. The 24-mer sequence, for
example, maintains its native state identity for all
values of h and T, and also shows a reduction in
folding time. What seems to be required is the
destabilization of the native state, as tf drops
below its spontaneous value near the temperature
for which the stability rapidly decreases (T � 0.13).
In general, the wall hydrophobicity interactions
destabilize the native state by pulling it apart and
smoothes the energy landscape roughness with an
overall effect similar to that of increasing the tem-
perature. Stabilization of the native state is
expected only after the protein has been released
from the chaperonin.

The analysis of the thermodynamics and kinetics
in a con®ned hydrophobic cavity suggest that
whenever the polypeptide chain is stuck in one of
the low energy non-native conformation with
exposed hydrophobic residues, the walls can pull
the protein apart. This allows for a partial unravel-
ing or unfolding of the chain that in effect reduces
the barrier to the native conformation. This ``unfol-
dase'' activity observed here is associated with the
GroEL cavity as well. Our results also show that if
the wall-pinning energy is suf®ciently large then
the substrate/GroEL complex would be very
stable. Under these conditions we expect a
decrease in folding rate as compared to folding
under permissive conditions. This is in accordance
with earlier studies by Chan & Dill (1996).

Cycling the hydrophobicity of chaperonins:
repeated global unfolding facilitates folding

In the previous section we examined the effects
of protein folding in a con®ned cavity with a
®xed degree of hydrophobicity. However, the
environment presented to a substrate protein by
a chaperonin is one in which the hydrophobicity
changes from high to low values during an ATP
cycle (Fenton & Horwich, 1997). In other words,
during one cycle the cavity changes from being
able to bind the substrate protein to a situation
when the binding is not favored. In some cases
one requires multiple rounds of binding and
release until suf®cient yield of the folded protein
is obtained (Weissman et al., 1994; Todd et al.,
1994). The effect of changing hydrophobicity can
be mimicked by a simpli®ed model in which the
hydrophobicity of the con®ning cavity varies
during the cycle time tc. We divide the time
period tc into two subintervals. During one subin-
terval, tp, the walls are hydrophilic (P) and for
the remainder of the cycle (tc ÿ tp) the cavity is
hydrophobic (H). We examine different ratios of
the subintervals:

Rp � tp=�tc ÿ tp� �2�
The purpose of this model is to investigate the
effects on protein folding of con®nement with a
varying hydrophobicity, ignoring other effects
such as GroES binding and unbinding, and the
GroEL volume changes upon binding of ATP-
GroES and ejection of the substrate-protein upon
ATP hydrolysis in the trans-ring. Some of these
effects will be studied using a more elaborate
model in a future publication.

The effect of hydrophobic cycling on the kinetics
can be seen by calculating tf as a function of the
cycling time tc. The results are shown in Figure 6
for the 16-mer. For this calculation, the chaperonin
cavity size is L � 5 and the hydrophobic interaction
strength between the wall and the substrate pro-
tein is varied between h � 0.0 and h � 1.0 at the
folding temperature (Tf � 0.053). These are the
extreme hydrophobic changes where the character
of the chaperonin interior walls varies between
being fully hydrophilic to being fully hydrophobic.
The ratio of time intervals of each hydrophobic
cycle, namely, Rp, is set to three different values; 1,
9 and 1

9. We have chosen to vary Rp because it is
not known experimentally the duration over which
the GroEL remains in an off or on state. It can be
seen in Figure 6 that for all three cases, the folding
time shows a remarkable decrease as the cycling
time is decreased. When Rp is either 1 or 1, the fold-
9



Figure 6. Dependence of the
folding time tf for the 16-mer on
the hydrophobic cycling time tc at
three Rp time interval ratios (see
equation (2)). The chaperonin cav-
ity size is L � 5 and its hydrophobi-
city varies between h � 0.0 and
h � 1.0. For comparison, the spon-
taneous folding time is tf � 5.6 �
107 mcs. This Figure clearly shows
that repeated cycling, which leads
to multiple global unfolding, leads
to dramatic decrease in the folding
times.

Figure 7. Mean folding time as a functions of the ¯uc-
tuating chaperonin hydrophobicity. The hydrophobicity
varies between h �h/2 in a time of tc � 100 mcs and for
Rp � 1. The chaperonin size is L � 5 and the simulation
temperature is T � 0.053. The error bars are as large as
the symbols. Maximum variations in the ¯uctuations of
the wall hydrophobicity lead to the fastest folding.
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ing time decreases by nearly three orders of magni-
tude at the smallest tc, as compared to the spon-
taneous folding time (tf � 5.6 � 107 mcs). When Rp

is 9, tf also decreases but only by two orders of
magnitude. These results clearly demonstrate that
there is a considerable rate enhancement at high
hydrophobic cycling rates. Repeated changes from
hydrophobic to hydrophilic character allow for
considerable ¯uctuations in the conformation of
the substrate protein. Such ¯uctuations lead to
global unfolding (see below), and destabilization
of the local minima. This enables the polypeptide
chain to surmount barriers rather readily making
the transition to the native state facile.

In the previous calculations, the effective
strength of the interaction between the hydrophilic
residues of the substrate protein and the wall
changes from neutral (h � 0.0) to maximal attrac-
tion (h � 1.0). It is likely that in practice the
changes are not that large. The effects of varying
degree of favorable interaction between the
exposed hydrophobic residues of the substrate pro-
tein and the wall can be examined by allowing the
value of h to go from hlow to hhigh during a cycle.
The folding time depends on the precise choice of
hlow and hhigh. For a cycling time of tc � 100 mcs
and Rp � 1, tf is plotted in Figure 7 as a function of
the hydrophobic change, � h � hhigh ÿ hlow, and
their average, h � (hhigh � hlow)/2. The ordinate
represent h while points with the same �h are con-
nected through the same lines. This plot shows
that, for a given T and L, the folding time is a
minimum for the largest values of �h as long as
it is 0.4 < h < 0.5, and decreases as �h increases.
The variation which yields the smallest folding
time corresponds to hlow � 0.0 and hhigh � 1.0, i.e.
the extreme values used previously. Notice that
as �h decreases towards zero, the optimal h
value approaches the optimal value for ®xed
hydrophobicity, i.e. h � 0.4, shown in Figure 4.
This Figure and Figure 6 clearly show that in
addition to frequent cycling between on and off
states, it is prudent to induce maximal changes
in the interaction between the substrate and the
cavity.

Temperature dependence of folding in a cavity
with hydrophobic cycling

The rate enhancement obtained by chaperonin
assisted folding with hydrophobic cycling can be



Figure 8. The dependence of the mean folding time
on temperature with and without the chaperonin for (a)
the 16-mer and (b) the 24-mer. The chaperonin con-
ditions are L � 5 and tc � 100 mcs for hydrophobicities
¯uctuating between h � 0.0 and h � 1.0 at Rp � 1. It is
remarkable that the chaperonin-mediated folding con-
tinues to be ef®cient when spontaneous folding time
becomes exceedingly long (TI0.1).
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better appreciated by calculating tf as a function of
temperature, with and without the chaperonin.
The results are presented for the 16-mer and the
24-mer, in Figure 8. The chaperonin properties for
both protein folding simulations are selected to be
the same, i.e. L � 5, hlow � 0.0, hhigh � 1.0, Rp � 1
and tc � 100 mcs. These are the optimal conditions
(leading to a minimum in the folding time) for the
16-mer obtained at Tf � 0.053. The same conditions
are used for the 24-mer, because in reality the
same chaperonin can assist many different proteins
to fold. This is the case here as well because identi-
cal alterations in the properties of the cavity lead
to improvement of folding of both model proteins
in spite of their difference in length, sequence and
folding ability (see Figure 8). At high temperatures
(above Ty), the folding time is smaller with the cha-
peronin; near Ty, the folding time is smaller for
spontaneous folding; and at low temperatures the
chaperonin assisted folding is again more ef®cient.
These results for the temperature are similar to
that obtained for the case of ®xed hydrophobicity.
The main difference when the hydrophobicity
oscillates is that at low temperatures, which are the
relevant temperatures for reasons of stability and
hence constitute non-permissive conditions, the
decrease in folding time is signi®cantly larger than
when the hydrophobicity is ®xed. The magnitude
of the decrease in folding time increases dramati-
cally as the temperature is lowered.

Inherent structure of the substrate protein
before and after hydrophobic cycling shows
evidence for global unfolding

One of the unresolved questions is the state of
the substrate protein before and after being
released from the cavity. Upon release of the
GroES from the cis side, due to hydrolysis of ATP
in the trans-ring, the polypeptide chain may be in a
state that is fully committed to folding or may
undergo kinetic partitioning. The course followed
by the protein depends primarily on the size of the
protein, but can also be affected by external con-
ditions. The model considered here allows us to
shed some light on this issue by following the state
of the protein prior to change in the nature of the
walls. It should be emphasized that the change in
the hydrophobicity of the walls in computer simu-
lations is instantaneous, whereas the relaxation
time for volume expansion in GroEL cavity when
ATP and GroES are added can be quite long.
Nevertheless, our model can give qualitative
insights into the nature of conformations of the
substrate upon the change in the wall hydrophobi-
city.

We can monitor the conformational changes
when the cavity goes from the on-state (hydro-
phobic interior) to an off-state (hydrophilic wall).
Such conformational changes are most con-
veniently mapped by computing the inherent
structure of the substrate chain. If the iterative
annealing mechanism (Todd et al., 1996) is operat-
ive then one expects that, upon changing the
hydrophobicity of the cavity, the polypeptide chain
will be committed to the native conformation with
probability p. On the other hand, with probability
(1 ÿ p) the chain will be trapped in a manifold of
non-native states. For substrate proteins with suf®-
ciently large (p 5 0.7) one expects that one cycle of
binding and release by GroE machinery is suf®-
cient. This might be the case for Rhodanase. If p is
small, as appears to be the case for Rubisco (Todd
et al., 1994, 1996), several iterations of binding and
release will be needed to obtain suf®cient yield.

The examination of the inherent structures,
which correspond to that found in the local mini-
ma of a set of instantaneous conformations before
and after the change in character of the hydro-
phobicity of the wall, allows us to estimate the
degree to which the polypeptide chain is com-
mitted to the native conformation. Because of the
stochastic nature of the Monte Carlo method,
even at zero temperature, the inherent structure
is represented as a probability function of some
parameter representing the degree of folding. The
inherent structure is parameterized in terms of



636 Protein Folding Rates in the GroEL Cavity
the overlap, w, which gives a direct measure of
the degree of similarity between the given confor-
mation and the native state. In order to observe
the changes produced by hydrophobic cycling,
we obtain the inherent structure right before and
after a change in chaperonin hydrophobicity. The
inherent structure is calculated by instantaneously
changing the temperature to zero, ®xing to and
letting the conformation evolve to an energy
minimum we show the inherent structure for the
16-mer (1) before and after a h � 0.0 (off-state) to
h � 1.0 (on-state) transition and (2) before and
after a h � 1.0 (on-state) to h � 0.0 (off-state) tran-
sition, for T � 0.053 and L � 5. The cycling time
is selected as tc � 104 mcs to allow for signi®cant
inherent structural changes after each hydro-
phobic change. Figure 9(a) shows that, right
before a change from h � 0.0 to h � 1.0, a fraction
(about 3 %) of the conformations is committed to
folding (w � 0), while most of the conformations
are likely to fall in misfolded (w � 0.08) or more
unfolded (w 5 0.3) conformations. Note that those
misfolded conformations have many elements in
common with the native state, and some may be
thought of as being native-like. After the hydro-
phobicity changes to h � 1.0, the probability shifts
to mostly unfolded conformations. This shows
that upon change of the nature of the wall, the
polypeptide chain undergoes nearly global
unfolding. In other words, the chief mechanism
operative in the GroEL-mediated folding (whether
it takes place inside the cavity or not) is that cha-
peronin acts as an unfoldase (Todd et al., 1996;
Corrales & Fersht, 1996). For a hydrophobic
change from h � 1.0 to h � 0.0, the inherent struc-
ture remains almost unchanged, with high prob-
Figure 9. Inherent structure for
the 16-mer in a chaperonin with
hydrophobic cycling. The inherent
structure was calculated before and
after the hydrophobicity changed
from (a) h � 0.0 to h � 1.0 and from
(b) h � 1.0 to h � 0.0. The cycling
time was set to tc � 104 mcs, with
a simulation temperature of
T � 0.053 and L � 5. (a) Upon
change of the wall from hydro-
phobic to hydrophilic, a fraction of
molecules reach the native state
while the remaining are either in
misfolded conformations or in
globally unfolded states.



Figure 10. Relative yield versus
hydrophobic cycling time for the
16-mer. The observation time is
®xed at to � 5.0 � 105 mcs which is
almost six times as long as the fold-
ing time obtained at tc � 100 mcs.
The broken line shows the relative
yield for spontaneous folding. The
yield continues to increase upon
repeated cycling which is in quali-
tative accord with the prediction of
the iterative annealing mechanism.
The temperature is held at
T � 0.053 and L � 5.
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abilities around the unfolded conformations (see
Figure 9(b)). While the hydrophobicity is at
h � 0.0, a fraction of the protein ensemble is able
to fold to the native state while the rest get
trapped in non-native conformations. When the
hydrophobicity changes to h � 1.0, the fraction of
molecules that fail to fold will be unfolded by
the high hydrophobicity and will be given
another chance to reach the native state after the
hydrophobicity changes back to h � 0.0. This pic-
ture is in accord with the predictions of IAM,
which was suggested as the mechanism by which
chaperonin assisted folding works (Todd et al.,
1996). It is interesting to note that the same cal-
culations for high cycling frequency give an
inherent structure with a great portion of the
probability concentrated around the native state.
Therefore, high cycling frequency smooths the
energy landscapes and produces trajectories that
nucleate directly to the native state.

Influence of hydrophobic strength on the
release of substrate protein from the walls of
the cavity

The hydrophobic interactions play a fundamen-
tal role in the binding and unbinding of the sub-
strate protein to the chaperonin. A chaperonin can
recognize and bind non-native residues because
they have a higher number of exposed hydro-
phobic residues than native conformations, which
usually have most of the hydrophobic residues in
the interior. For this reason, proteins in the native
state can be easily released from the chaperonin.
The binding af®nity of the substrate protein to the
chaperonin walls can be obtained by calculating
the probability of de-pinning of the substrate pro-
tein from a wall for different conditions of wall
hydrophobicities h and degree of conformation
similarity with the native state w. First, as a refer-
ence, the probability of the protein to come off a
wall is calculated for h � 0.0, which is relatively
large for all conformations and decay slightly as w
increases. The decay occurs because conformations
with higher w values have larger sizes and can
extend from one wall to the other, restricting their
movement off the walls. For h � 1.0, we found that
the unfolded conformations are less likely to come
off a wall. On the contrary, folded conformations
have a higher probability of detaching from the
walls, even higher than for h � 0.0. These obser-
vations imply that the hydrophobicity of the wall
shifts the equilibrium to partially or fully unfolded
states which once again con®rms the crucial role of
protein unfolding in association with GroEL. If
during the ATP cycle the chaperonin changes
immediately to its hydrophobic con®guration after
the GroES release, then the protein should have a
greater probability of exiting the chaperonin in its
native state.

Yield of the native state as a function
of iterations

In order to probe the dependence of the yield of
the native conformation as a function of the num-
ber of iterations, n, we de®ne a dynamic relative
yield, Yrel(to), which is the fraction of molecules
that have folded in time smaller that the obser-
vation time to. The yield of the native state, which
depends on to, is:

fN�to� � Yrel�to�Pns �3�
where Pns is the thermodynamic probability of
being in the native state in the absence of
the chaperonin. As to!1 Yrel!1, and
fN(to!1) is the thermodynamic fraction of mol-
ecules in the native state. The yield in equation
(3) gives the fraction of native states reached
inside the cavity under the assumption that upon
reaching the native conformation they exit the
cavity. The number of iterations n is:
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n � to=tc �4�
In Figure 10 we show Yrel as a function of n. As
anticipated, the yield increased as n increases.
According to the simpler version of IAM, the
yield after n interactions of binding and release is
given by:

fN ' �1ÿ �1ÿ f�n� �5�
where f is the kinetic partition factor. The above
equation is only valid when th is relatively large.
Nevertheless, we ®nd that the value of f
extracted is not inconsistent with a more direct
estimate based on the computation of the
inherent structures.

The effect of the repeated cycles of changes
in the hydrophobicity of the cavity is most
vividly illustrated in Figure 11 which shows the
fraction of native states fN(to) as a function of
to. In this experiment the cycling time is ®xed
at tc � 100 mcs. The higher temperature is
Tf � 0.024 whereas the lower temperature corre-
sponds to the condition Pns ' 0.87. In both
instances there is a dramatic increase in the
yield compared to the spontaneous folding. At
T � 0.024, the yield of the native state nearly
reaches 0.9 in toI106 mcs whereas the value of
fN(to) for the spontaneous case is less than 0.2
even at to � 7 � 106 mcs. Thus, the repeated
annealing cycles has its most dramatic effect
under non-permissive conditions when spon-
taneous folding is not-ef®cient.

Consistency with experiments
and predictions

Despite the simplicity of the models used to
investigate the effects of various con®ning environ-
ments on the refolding of proteins, there are a
number of implications for experiments that are
worth pointing out. We argue that certain global
characteristics of refolding in the presence of
GroEL/GroES are captured by the studies
described here.

Folding rates and strength of binding between
substrate and GroEL

Itzhaki et al. (1995) noted that by studying the
refolding of GroEL-associated CI2 and 32 mutants
that there is an inverse correlation between folding
rates and the strength of interactions with the cha-
peronin. The stronger such interactions are, the
slower the folding rate is. This is essentially con-
sistent with our ®ndings (see Figure 4). We have
further shown that the maximum folding rates are
found when the attractive interactions are around
optimal values. Further decrease in the binding
strength would be tantamount to having the sub-
strate protein in a passive An®nsen cage which
does not (in general) lead to rate enhancement (see
Figure 3). It would be interesting to devise
mutations that show retardation in folding rates
upon weakening of the substrate-GroEL inter-
actions below the optimal value.

Substrate proteins can fold in a dynamic
Anfinsen cage

The fundamentally important question of
whether ef®cient refolding can occur while the sub-
strate is sequestered in the central cavity was
addressed using a number of experiments by
Weissman et al. (1996). By using a designed single
ring mutant of GroEL, referred to as SR1, they
demonstrated that Rhodanase can refold while still
Figure 11. Dependence of yield
(see equation (3)) on the obser-
vation time to for the 16-mer. The
cycling time is ®xed at tc � 100.
The blue lines are for spontaneous
folding at two temperatures
whereas the red lines correspond to
assisted folding at the same tem-
peratures. The yield for assisted
folding is considerably greater than
for spontaneous folding which
implies that the repeated cycling
does rescue those structures that
are unable to reach the native state
spontaneously on reasonable time-
scales.
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being associated with SR1-GroES complex. The
ef®cient refolding inferred from the activity of
Rhodanase requires ATP, while the process does
not occur with ADP. The kinetics for the wild-type
GroEL and the substrate protein in association
with the SR1-GroES-ATP complex are similar.
These results suggest that upon adding ATP to
SR1-GroES complex there is suf®cient confor-
mational change in the central cavity that the
nature of interaction between SR1 and the sub-
strate protein is altered. This could lead to a desta-
bilization of the state in which Rhodanase is
trapped which in turn leads to the ef®cient refold-
ing. This interpretation emerges from our model of
folding in a hydrophilic cavity with minimal recy-
cling. We found (see Figure 7) that even moderate
changes in the substrate-cavity interaction can alter
the energy landscape favorably to lead to an
enhancement in the folding rates.

Helping proteins unfold

Three experiments clearly show that upon
change in the wall characteristics the substrate pro-
tein unfolds partially, if not globally. Zahn et al.
(1996) used a hydrogen exchange labeling method
to investigate the protection kinetics of barnase in
the presence and absence of the molecular chaper-
ones GroEL and SecB. They discovered that both
the chaperones rapidly accelerates the exchange of
highly protected proteins. In addition, they showed
that collapse of the unfolded states to an intermedi-
ate containing protected amide proteins was con-
siderably slowed in the presence of SecB or GroEL.
These observations are consistent with the propo-
sal that GroEL helps the protein globally, which in
effect reduces the barriers to the native state.

In a more recent report, Nieba-Axmann et al.
(1997) have investigated plausible structural ¯uctu-
ations in GroEL-bound Cyclophilin A (CypA)
using amide-proton exchange measurements
probed by NMR spectroscopy. They ®nd that in
the absence of nucleotides (ATP or ADP) and
GroES the folding is extremely slow with the rate
being 1.4 � 10ÿ3 minÿ1 at T � 6 �C. We will assume
that the spontaneous folding rate is approximately
the same as folding in a passive (no nucleotide or
GroES) cage. Upon addition of ADP the rate
increases by a factor of about 2.5, while the
addition of ATP leads to a factor of three enhance-
ment in the rate. However, when GroES is added
the rate increases by a factor of about 14 at
T � 6 �C and is independent of the nature of the
nucleotide (ATP or ADP). The refolding rate
increases by a factor of nearly 30 at T � 30 �C in
the presence of ADP and GroES. The yield reaches
nearly 100 % in the presence of GroES. The near
independence of the refolding process on the
nucleotides suggest that there is no cycling of
GroES involved in the release of native CypA from
the GroEL-CypA complex.

The data on the CypA folding rates gives quali-
tative support for results presented here. It is
known that upon binding of ATP and GroES, the
apical domain moves inward exposing an unfavor-
able cavity to the substrate protein. We assume
that this can be modeled by a change in the wall
hydrophobicity. In order to compare directly with
the experiments on CypA we performed the
following computation. We started with the 16-mer
in a mildly hydrophobic cavity (h � 0.4). The chain
was allowed to fold for nearly one-tenth of the
expected folding time. Then the value of h was
raised to 1.0 and maintained at this value for an
equal time. After this, h was set to 0.4 and the fold-
ing was allowed to complete. We ®nd that the
folding rate increases by almost a factor of ten,
relative to spontaneous folding. If the addition of
GroES results in a change on wall hydrophobicity,
then our model would be consistent with the
GroEL-GroES mediated folding of CypA.

More importantly, Nieba-Axmann et al. (1997),
showed directly that protons that are protected
from hydrogen exchange in the native state of
CypA in the absence of GroEL become much less
protected when it is bound to the chaperonin. The
protection factor changes by nearly two to three
orders of magnitude. This suggests that the equili-
brium of CypA has shifted markedly from compact
native state to more globally unfolded states,
which typically have low protection factors. Thus,
GroEL acts dynamically to unfold the substrate
proteins in the course of assisted folding. Nieba-
Axmann et al. (1997) suggest that ef®cient GroEL-
mediated folding can be triggered by repeatedly
unfolding the protein. These observations are
re¯ected in our ®ndings as well. In the case of con-
®ned folding subject to hydrophobic cycling we
®nd that just after the cavity offers a predomi-
nantly hydrophilic environment to the substrate
protein, globally unfolded states (w > 0.3) become
populated (see Figure 9). The equilibrium shifts to
these states until the hydrophobicity is reversed. In
addition, we ®nd that both the rates and yield can
be substantially enhanced if the cavity undergoes
frequent cycling between hydrophobic and hydro-
philic environment. Both these observations sup-
port the ®ndings in CypA refolding mediated by
GroEL.

G.H. Lorimer and co-workers (personal com-
munication) have explored the function of GroEL
in mediating the folding of Rubisco using hydro-
gen-trition exchange. Remarkably, they found
under non-permissive folding conditions, that the
complete exchange kinetics of protected proteins
occurs in a time-scale of 13 seconds. This exper-
iment clearly shows that within one turnover of
the GroEL, partial unfolding of the substrate pro-
teins takes place.

Relating folding rates to the equilibrium between
on and off-states of GroEL

One of the important predictions of our work is
illustrated in Figure 6. For a given cycling time, the
decrease in the GroE-mediated folding time is
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greatest if Rp is less than or equal to one. The
quantity Rp measures the equilibrium between H
(on-state) and P (off-state) of GroEL. This equili-
brium constant has been measured and can be
changed chemically (Horovitz, 1998). Since Rp is
directly linked to the degree of cooperativity in the
allosterictransitions in the GroEL subunits, our cal-
culations predict that there has to be a direct link
between the chaperonin-mediated rates and coop-
erativity of the H! P transitions. This prediction
is experimentally testable (A. Horovitz, personal
communication).

The results presented here and suggestions from
the experiments on barnase, CypA and Rubisco
show that if the rate of on and off-states of GroEL
can be increased one should see a substantial
increase in the GroEL-assisted folding of proteins.
The natural cycling time for E. coli is roughly 15±
20 seconds. This time is typically larger than the
times needed for kinetic partitioning to occur. A
key unresolved question is why is tc in E. coli
GroEL considerably larger than the times needed
for all other processes that involve the substrate
proteins? It may be a biological constraint that is
imposed so that GroEL can perform other func-
tions besides the processing of proteins. Alterna-
tively, the relaxation time for large conformational
¯uctuations, volume expansion from 85,000 AÊ 3 to
175,000 AÊ 3 in the cavity size, can be large. In any
event our results suggest that if tc is decreased
(chemically or by mutations), the rates and yields
of refolding can be increased, especially for sub-
strate proteins that require multiple rounds of
binding and release.
Discussion

The results presented here suggest that protein
folding in a con®ned environment, such as that
provided by a molecular chaperonin like GroES-
GroEL, can in fact speed up the folding process,
and not just serve as a mechanism to keep the pro-
teins from aggregation. In other words, even when
only one round of binding and release is involved,
GroEL-GroES acts as a dynamic An®nsen cage. In
the simple minimal models studied here, we have
been able to systematically study the effects on
folding created by several environmental factors
presented to the substrate protein by the chapero-
nin. These factors are the con®nement, a constant
hydrophobic environment, and dynamically chan-
ging hydrophobic environment.

The folding kinetics are not signi®cantly affected
by con®nement alone. The transitions for a col-
lapsed protein en route to the native state generally
involves inter conversion from one nearly compact
conformation to another. The conformational
changes are only large enough for this process to
occur, so the con®ning cavity does not need to be
much larger than the protein. In our case, we
found that the con®ning cavity needs to be around
one lattice space (the length of one bond) larger
than the native state size, for the protein to fold
without a signi®cant decrease in the folding time.
However, at low temperatures, when the native
state is stable, the following time increases upon
con®nement. At temperatures higher than the col-
lapse temperature, con®nement also stabilizes the
protein and decreases its folding time by reducing
the available conformation space. The volume of
the cavity even in this case is considerably larger
than that occupied by the substrate protein.

If the walls of the con®ning cavity are moder-
ately hydrophobic, then the folding time (com-
pared to the time for spontaneous folding) can be
reduced under non-permissive folding conditions.
That is, at temperatures higher or lower than the
collapse temperature, the folding time is signi®-
cantly decreased by letting a fraction (less than
half) of the con®ning cavity interior walls be
hydrophobic. However, around the collapse tem-
perature, the spontaneous folding time is minimal
and con®nement in a purely hydrophobic cavity
does not reduce the folding time. Our calculations
indicate that a moderately hydrophobic con®ne-
ment assists the protein by lowering the barriers
(or smoothing the energy landscape) as pointed
out by Chan & Dill (1996). However, if the con®n-
ing walls are too hydrophobic, it leads to enhanced
substrate-cavity interactions and folding becomes
inef®cient. Real chaperonins are mostly hydrophilic
when GroES is bound to GroEL. By visual inspec-
tion of the GroEL-GroES complex (Xu et al., 1997),
the number of hydrophobic residues in the cavity
interior walls is between 20 % and 40 %, which is
in the range of the optimal values obtained here.

The ®nding that purely hydrophobic cavity can
refold a chain under non-permissive conditions
gives support to the suggestion that mini-chaper-
ones can have function in a manner similar to
GroEL. Fersht and co-workers (Buckle et al., 1997)
have argued, using the X-ray structure of the apical
domain of GroEL (residues 191-376), that by bind-
ing to exposed hydrophobic regions of substrate
protein, they essentially facilitate unfolding. This
event is, as we have shown, crucial to smoothing
the energy landscape so that folding to the native
conformation is feasible. These arguments would
also imply that the precise structure adopted by
mini-chaperones is not crucial. The key character-
istic may be that the mini-chaperone retains an
overall hydrophobic character so that several pro-
teins can be processed. Mutational studies will be
helpful in deciphering the extent to which the
hydrophobic character can be altered while still
ensuring chaperonin activity.

A cavity with periodically varying hydrophobi-
city can substantially reduce the folding time. Such
an environment is a better model for a chaperonin
whose structural changes expose the substrate pro-
tein to changes in hydrophobicity rather than to a
constant hydrophobicity. A number of these cha-
peronin cycles are believed to take place as the
substrate protein continue to be encapsulated and
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ejected by the chaperonin until it folds (Weissman
et al., 1994; Todd et al., 1996). The optimal folding
times are obtained for high hydrophobic cycling
rates. The resulting folding times can be many
orders of magnitude faster than the ones corre-
sponding to spontaneous folding, in particular as
the temperature is decreased. It is tempting to
speculate that if it were possible to increase the
rate of conformational changes of GroEL, leading
to frequent changes in hydrophobicity, one could
further increase the folding rate of proteins. This
prediction is, in principle, amenable to experimen-
tal test.

Methods

Model

The polypeptide chains in our simulations are mod-
eled as a linear connected object of single-bead residues
restricted to a 3D cubic lattice. This model has been com-
monly used in computational studies of in vitro protein
folding (Dill et al., 1995). The interactions between the
residues are taken to be contact pair interactions which
are non-zero only when the distance between two resi-
dues is one lattice space, a. If we denote the confor-
mation of the chain as ~ri , (i � 1, 2, . . . , N), with N being
the number of residues, then its energy is given by:

E�frig� �
X
i<j

Bij��jri ÿ rjj ÿ a� �6�

In equation (6) the matrix elements Bij represent the con-
tact interaction between the residues i and j, and:

��x� � 1 x � 1
0 otherwise

�
�7�

The interactions between beads in the Ca representation
of the polypeptide chain are mimicked using popular
statistical potentials representing the contact interactions
between the various amino acid residues. The contact
interaction potentials between the amino acid residues,
given by the matrix elements Bij in equation (6), are
obtained from a modi®cation of the Miyazawa-Jernigan
(MJ) potential (Miyazawa & Jernigan, 1996). The chaper-
onin machinery is promiscuous in its binding to a variety
of substrate proteins in its non-native forms, and the
interaction between GroEL and the substrate protein
occurs by hydrophobic interaction (Viitanen et al., 1992).
Since the major driving force for protein folding and for
the recognition of the substrate protein by GroEL pri-
marily involve hydrophobic interactions (Lin et al., 1995)
it is useful to use potentials that re¯ect this underlying
property. The advantage of using statistical potentials is
that they correlate well with the experimentally deter-
mined hydrophobicities (Jernigan & Bahar, 1996).

Here, we modify the MJ parameters to account for
some apparent discrepancies. The elements of the modi-
®ed MJ potentials are obtained by setting the interactions
between solvent molecules and between the residues
and the solvent molecules to zero. As in the HP model
(Dill et al., 1995), we expect that the energies between the
hydrophilic residues should be approximately zero.
However, the MJ parameters give large negative energies
between most hydrophilic residues and between like-
charged residues. We modify the MJ parameters by
assuming that threonine (T) and the solvent interact
similarly with other residues and de®ne the energy
between the two types of residues as:

Eij �Mij �MTT ÿMiT ÿMTj; �8�
where Mij are the MJ parameters, i, j � 1, . . . , 20 and
Ei0 � 0 for i, j � 0, 1, . . . , 20, and 0 represents the solvent.
Notice that EiT � 0 for all residues i. Threonine was
selected as the reference residue because it gives the best
correlation between experimental hydrophobicities and
Eii/2. A detailed description of this model can be found
elsewhere (Betancourt & Thirumalai, 1998).

The central cavity of the chaperonin is modeled as a
cubic box of length L. The interaction between the walls
of the cavity and the ith residue of the substrate protein
is obtained by assuming that the chaperonin interior can
be modeled as a hydrophobic surface. The diversity of
hydrophobic interaction can be varied by letting, for sim-
plicity, one speci®c residue chosen as leucine (L) to
describe the wall character. Thus, the interactions
between the wall and the substrate protein is:

Ec �
X

i

hELi �9�

where 0 4 h 4 1 gives the strength of the interaction,
and ELi is the contact interaction between the ith residue
of the substrate protein and the wall. The total energy of
an encapsulated substrate protein is given by the sum of
equations (6) and (9).

The energies Eij and temperature T are given in units
of RTo, where To represents some constant reference tem-
perature in Kelvin. Because of the approximations
involved in the calculation of the energies Eij, the tem-
perature To is not necessary the ambient temperature.
Therefore, the absolute scale of our energies and tem-
peratures is somewhat arbitrary. Length is measured in
units of lattice spacing a (see equation (6)).

Description of the simulations

The dynamics of folding are simulated using the stan-
dard Monte Carlo method by Metropolis et al. (1953).
We allow for all types of one, two or three simultaneous
residue moves that are locally displaced for a minimum
number of lattice sites (Betancourt, 1998). The protein
folding time (or mean folding time tf) is taken to be the
mean ®rst passage time (MFPT) averaged over an
ensemble of random initial conditions. The ®rst passage
time for a given initial member of the denatured ensem-
ble is the ®rst time the unfolded polypeptide chain
reaches the native state. The unit of time is the Monte
Carlo step (mcs) de®ned as each attempt to make a
move by the algorithm whether successful or not. This is
necessary to ensure detailed balance.

The standard Metropolis Monte Carlo method has to
be modi®ed in the presence of the con®ning walls. The
conformations of the encapsulated polypeptide chain can
undergo substantial ¯uctuations due to interactions with
the walls. In some instances topological restrictions can
arise that pin certain positions of the chain against the
wall. In this case, the substrate protein could remain in a
metastable conformation for unphysically long periods
causing most of the transitions to fail. Highly correlated
multi-particle moves may be necessary to release the
chain from such frustrated conformations. The usual
local moves, such as the ones employed here, may prove
inadequate. From a kinetic point of view, hard repulsive
collisions tend to push the protein away from the walls
enabling the polypeptide chain to escape from such



Figure 12. Native structure for the (a) 16-mer and (b)
24-mer. The yellow residues represent the hydrophobic
residues and the blue residues the hydrophilic ones. The
sequence for the 16-mer is (D R A H Y H D F R R H D
A H A P) and its native state energy is ÿ4.72. This
sequence produces a unique native state with bad fold-
ing properties. For the 24-mer, the sequence is (C D R G
A E K V D H H N Q Q A K E A V R H A G A) with a
native state energy of ÿ8.69. This sequence produces a
unique native state with good folding properties.
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metastable states. These effects can be simulated by add-
ing a transition rate representing a protein rigid body
displacement in the direction opposite to the collision
due to interactions with the wall. In order to mimic these
effects, we introduce rigid body (rb) moves that are gen-
erated by interactions with the walls at a transition rate
given by:

Krb;i � Ko
rb;ie
ÿmax��Ei;0�=kbT �10�

where Ko
rb,i is the transition attempt rate in the ith direc-

tion (i � 1, 2, 3) and �Ei is the change in energy caused
by the rb move, due to the wall in i. Thus in the presence
of the chaperonin, a Monte Carlo step now consists of
the regular residue (or residues) move followed by a rb
move. The rb moves have to be accepted ®rst for Ko

rb,i,
and then for the energy change �Ei due to the chapero-
nin walls.

The determination of Ko
rb,i is somewhat arbitrary and

is calculated as follows. When the substrate protein is in
contact with a wall in the ith direction and a residue
move attempt fails because of the presence of that wall
(a collision), we set Ko

rb,i � �1, where the sign corre-
sponds to the direction opposite to the wall. This is fol-
lowed by a rb move attempt, which if it fails, Ko

rb,i is set
to zero, but if it succeeds then Ko

rb,i is calculated from the
total time spent near that wall (wi) and the number of
collisions against that wall (ci), i.e.:

Ko
rb;i � �

ci

wi
�11�

While the protein is not in contact, Ko
rb,i remains constant

until another collision with a wall occurs. If the protein
collides with a wall due to a rb move, the transition
attempt rate is changed from Ko

rb,i to ÿqKo
rb,i, where

0 4 q 4 1 which we set to q � 0.9. This represents a
``semi-elastic'' collision introduced to increase the con-
vergence rate of the detail balance for Ko

rb,i, which is only
satis®ed on an average due to opposite wall collisions.
The value of q � 0.9 was selected so that the protein has
a high probability of being pushed away from the walls,
if the change in energy allows it. If after a rb collision the
protein fails to bounce off the wall, Ko

rb,i is set to zero
and it is later regenerated by residue collision as pre-
viously described. The appeal of this method for obtain-
ing Ko

rb,i is that the rb motions originate from the residue
own moves and their interactions with the walls.

The protein thermodynamics, with or without the cha-
peronin, are also obtained from Monte Carlo simulations
using a similar move set to the one used in the dynamics
simulations, or from full enumeration if possible. We uti-
lize an implementation of the multiple histogram algor-
ithm (Ferrenberg & Swendsen, 1989) to obtain the
probability distribution in energy and in any given order
parameter. The details are described elsewhere (M.R.B.
& D.T., unpublished results).

Sequence selection

It is suspected that majority of the proteins fold spon-
taneously (Lorimer, 1996; Netzer & Hartl, 1998) even in
cellular conditions. This implies that the crowded con-
ditions in the cell do not signi®cantly alter the pathways
encountered in the course of in vitro folding. The hall-
mark of chaperonins is that they permit ef®cient folding
of substrate proteins to occur under non-permissive con-
ditions, where spontaneous folding is hardly detectable.
In terms of the kinetic partitioning mechanism (Guo &
Thirumalai, 1995) the partition factor, i.e. the fraction of
the initial population of molecules that fold rapidly with-
out being trapped in discernible intermediates is very
small. Thus, to explore chaperonin-induced folding
mechanisms it is necessary to choose protein-like
sequences that are not optimized so that their folding
times are considerably longer than the typical obser-
vation times. We are also interesting in investigating the
effect of chaperonins in cases where the protein folds
quite readily.

With the above criteria in mind, two sequences are
chosen. The sequences are 16 and 24 residues long. The
sequence with 16 residues, or 16-mer, is shown in
Figure 12(a) and is designed to have a unique energy
ground state, referred to as the native state. This
sequence is not well optimized so that the rate of folding
is expected to be slow. This allows us to test whether the
chaperonin model can improve the folding properties
of proteins under ``non-permissive'' conditions. The
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sequence is limited to 16 residues so that better statistics
on the slow folding protein can be obtained. This seems
to be the smallest chain length for which the ``core'' is
completely surrounded by other residues and the native
state is characterized by a unique set of residue contacts.
The core residue is hydrophobic (Phe) and the surface
residues are mostly hydrophilic. The surface residues
that are in contact with the core residues (Tyr, Ala) have
intermediate hydrophobicities in our model (Betancourt
& Thirumalai, 1998). It is important to have the hydro-
phobic residues in the core because the ability of chaper-
onins to distinguish between folded and unfolded
conformations depends on it.

The second sequence, a 24-mer, is designed to be an
ef®cient folder. Simulations with this model allow one to
determine the effect of con®nement on a protein that
folds spontaneously, i.e. without any chaperonins. The
24-mer sequence was obtained with a design algorithm
described elsewhere (M.R.B. & D.T., unpublished
results). The native conformation and sequence for the
24-mer is shown in Figure 12(b). The native state of the
24-mer also seems to be unique, as determined by per-
forming global search for lowest energy conformation by
Monte Carlo methods. The arrangement of the residues
resulted in a core consisting of a hydrophobic residue
and the surface of mostly hydrophilic residues. Only two
hydrophobic residues lie in the surface of the structure
but these are located on the center of faces and in contact
with many other residues, including the core residue, so
they could almost be considered core residues.
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