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Effects of Confinement in Chaperonin Assisted
Protein Folding: Rate Enhancement by Decreasing the
Roughness of the Folding Energy Landscape

A. Baumketner, A. Jewett and J. E. Shea*

Department of Chemistry and Chaperonins, such as the GroE complex of the bacteria Escherichia coli,
Biochemistry, University of assist the folding of proteins under non-permissive folding conditions by
California, Santa Barbara, CA providing a cavity in which the newly translated or translocated protein
93106, USA can be encapsulated. Whether the chaperonin cage plays a passive role in

protecting the protein from aggregation, or an active role in accelerating
folding rates, remains a matter of debate. Here, we investigate the role of
confinement in chaperonin mediated folding through molecular dynamics
simulations. We designed a substrate protein with an a/f sandwich fold,
a common structural motif found in GroE substrate proteins and confined
it to a spherical hydrophilic cage which mimicked the interior of the
GroEL/ES cavity. The thermodynamics and kinetics of folding were
studied over a wide range of temperature and cage radii. Confinement
was seen to significantly raise the collapse temperature, T, as a result of
the associated entropy loss of the unfolded state. The folding temperature,
Ty, on the other hand, remained unaffected by encapsulation, a conse-
quence of the folding mechanism of this protein that involves an initial
collapse to a compact misfolded state prior to rearranging to the native
state. Folding rates were observed to be either accelerated or retarded
compared to bulk folding rates, depending on the temperature of the
simulation. Rate enhancements due to confinement were observed only
at temperatures above the temperature Ty,, which corresponds to the tem-
perature at which the protein folds fastest. For this protein, Tr, lies above
the folding temperature, T¢, implying that encapsulation alone will not
lead to a rate enhancement under conditions where the native state is
stable (T' < Tf). For confinement to positively impact folding rates under
physiological conditions, it is hence necessary for the protein to exhibit a
folding transition above the temperature at which it exhibits its fastest
folding rate (T < T¢). We designed a protein with this property by reduc-
ing the energetic frustration in the original a/B sandwich substrate
protein. The modified protein exhibited a twofold acceleration in folding
rates upon encapsulation. This rate enhancement is due to a mechanistic
change in folding involving the elimination, upon encapsulation, of acces-
sible local energy minima corresponding to structures with large radii of
gyration. For this protein, confinement hence plays more than the role of
a passive cage, but rather adopts an active role, accelerating folding rates
by decreasing the roughness of the energy landscape of the protein.
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folding is prohibited or slow.' The most thoroughly
studied chaperonin system is the Escherichia coli
GroEL/ES complex.> A protein in a non-native
conformation can bind to the apical domain of one
of the two rings of GroEL through non-specific
hydrophobic interactions. Binding of ATP triggers
the capping of GroEL by its co-chaperone GroES,
doubling the size of the cavity' and displacing the
substrate into a now hydrophilic inner cage. Sub-
sequent hydrolysis of ATP molecules in the
GroEL/ES complex and binding of ATP molecules
to the opposite ring destabilizes the GroEL/ES
complex and leads to its dissociation." The sub-
strate protein is then released in either the native
state, in the event of successful folding within the
cage, or in a non-native state. The non-native sub-
strates can easily be recaptured at a later time,
while the native, functional proteins can no longer
be bound.

While the structure of the GroE complex is now
well characterized,'” the exact mechanism by
which chaperonins help proteins to fold remains a
subject of continuing debate. Two theories for
chaperonin-mediated folding have been put forth:
the iterative annealing mechanism (IAM)*” and
the Anfinsen cage model (ACM).*"'° The 1AM
builds upon experimental observations that
multiple rounds of ATP-driven GroEL/ES associ-
ation and dissociation may be needed to fully
convert the unfolded/misfolded proteins to the
folded state wunder non-permissive folding
conditions.*" It is assumed that folding partitions
between a fast and slow folding channel, and that
efficient folding is hampered by the presence of
long-lived (kinetically trapped) folding inter-
mediates that contribute to the slow folding
channel.” The IAM suggests that chaperonins
actively unfold misfolded intermediates, possibly
through mechanical force,” allowing them to
re-partition into the folding channels. The net
result of chaperonin cycling is acceleration in fold-
ing rates due to the transfer from the slow folding
track to the faster route. Recent theoretical studies
and computer simulations using lattice protein
models'>™" have lent support to the idea that
cycling may enhance folding rates. The unfolding
of the substrate may result from the rotation of the
apical domain of GroEL upon binding of its co-
chaperone GroES. It remains unclear, however,
whether the mechanical deformation of the protein
plays a significant role in the enhancement of fold-
ing rates observed in chaperonin mediated folding.
While a large number of proteins show folding rate
accelerations in the presence of GroEL, forced
unfolding has only been clearly demonstrated for
a single substrate,” leaving open the possibility
that other factors may be responsible for chaperone
activity.

The alternative theory for chaperonin assisted
folding, the ACM, posits that inefficient folding in
the cytosol is due to protein aggregation rather
than to the formation of long-lived traps. Proteins
that would otherwise fold unhampered in a dilute

environment can encounter various obstacles in
the crowded cellular milieu. Under conditions of
high macromolecular concentration, inter-protein
interactions become increasingly relevant'® and
proteins may irreversibly aggregate through
mutually exposed hydrophobic facets. If this
occurs, the folding process may be brought to a
complete halt as chaperones are generally
incapable of driving aggregate species to their
monomeric native state.”” Increasing experimental
evidence points to the fact that protein aggregation
rather than the formation of intermediates may be
responsible for the observed slow folding kinetics
of certain proteins.**'

The ACM stipulates that chaperonins “rescue”
proteins by binding them before they have a
chance to aggregate. Once encapsulated, the sub-
strate has the possibility of folding autonomously,
sheltered from other proteins. Recent experiments
by Hartl and co-workers'’ have examined a num-
ber of key issues related to the ACM. In particular,
they demonstrated that not only does folding to
the native state take place entirely within the cha-
peronin cavity, but also that ATP-driven chapero-
nin cycling is not required for efficient folding.
Mutant non-cycling single-ring GroEL chaperonins
(present at sufficient concentrations) were able to
convert misfolded conformations into the native
one at the same rate and with the same yield as
did a cycling GroEL/ES complex. We note that it
has been argued® that the folding of Rubisco in
GroEL is a limiting case of the IAM in which only
a single binding event is required to fold the pro-
tein. Another significant finding of the Hartl study
is that encapsulation in the chaperonin cavity only
yields a folding rate enhancement for certain pro-
teins. Confinement in the GroEL cavity produced
a fourfold rate acceleration compared to a bulk sol-
ution for Rubisco, while no rate enhancement was
observed for the smaller protein rhodanese. The
authors conjecture that folding rate enhancement
of certain GroE substrates may be linked to the
influence of the confined environment on the
energy surface of the protein."'’ Specifically, they
propose that encapsulation in the hydrophilic cav-
ity of chaperonins can eliminate local energy
minima thereby reducing the roughness of the cor-
responding free energy surface and accelerating
folding rates. Little supporting evidence for this
conjecture has however been put forth, as the
Hartl hypothesis is extremely difficult to test
experimentally.

Here, we examine the effect of encapsulation on
protein folding by studying the folding of model
proteins confined to hydrophilic cages. We con-
sider a 27 residue off-lattice protein model
designed to fold to an o/f sandwich, a typical
motif of substrate proteins bound by the GroE
chaperonin. The protein is represented by a bead-
and-spring minimalist model® with the beads
representing amino acids placed at the C* positions
and fixed bonds among the beads (Figure 1). The
model contains three types of residues: mutually
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attractive hydrophobic, repulsive hydrophilic and
neutral residues. The hydrophilic environment of
the chaperonin cavity was mimicked by confining
the protein to a repulsive sphere of varying radius
R.

Molecular dynamics simulations were per-
formed at different temperatures and for different
confining sphere radii to study the effect of con-
finement on the thermodynamics and kinetics of
folding. The results of these simulations are pre-
sented in Results and Discussion. The effects of
confinement on the folding energy landscapes are
discussed and an explanation is provided for the
rate enhancement observed for certain proteins
upon encapsulation. Details of the model and the
simulation methodology are given in Methods
and Model.

Results and Discussion

Bulk versus cage folding

Simulations were performed in an extremely
diluted regime (hydrophilic sphere radius R = oo,
referred to as the “bulk”) as well as at five finite
values of the cage R/Rmax = 1.44, 1.55, 1.66, 1.88,
2.10. The quantity Ry« denotes the maximum sep-
aration of any monomer from the center of mass of
the native state of the model, i.e. the minimum
radius of a cage that can accommodate the native
conformation. Cage radii smaller that 1.44 Rpax
(R < 1.44 Rynax) lead to substantial distortions of
the native state and were not used in this study.
For all cage radii considered, the RMSD distances
among the native states did not exceed 0.1 A.

Thermodynamics of folding

The effect of confinement of the chaperonin cage
on the thermodynamic properties of the protein
substrate were investigated through extended
molecular dynamics simulations over tempera-
tures ranging from elevated temperatures at
which the protein is predominantly unfolded to
lower temperatures at which the protein populates

/s Figure 1. Native state of the o/

model considered in the present
) work in (a) schematic and

/ (b) ball-and-stick representations.
(a) Torsions are enumerated and
4 color-coded by secondary structural

— element: B-strands are represented
in red, turns in yellow and the
a-helix in cyan. (b) Hydrophobic
residues are colored in green,
hydrophilic residues in yellow and
v neutral residues in gray.

the native state. Details of the simulation method-
ology are given in Methods and Model.

The thermodynamics of folding were first
characterized under bulk folding condition (i.e. in
the absence of the cage). The protein is observed
to exhibit a collapse transition (as determined
from the fluctuations in the energy) at 300 K from
a random coil state to a collapsed misfolded state.
This is followed by a folding transition at 240 K
from the compact misfolded state to the native
state. The folding transition temperature was
determined from the fluctuations in x. The par-
ameter x measures the structural difference
between a given conformation and the native
state. For states very close to the native confor-
mation, the structural overlap approaches unity
while in fully unfolded conformations, x is close
to zero. The free-energy surface calculated at the

wt——or—o"--m7-—-r—————

R/R
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Figure 2. Free energy map of the o/p model in the
bulk case as a function of the radius of gyration R, and
the structural overlap function x at the folding tempera-
ture T¢. The regions colored in red correspond to the
highest occupation probability. The free energy surface
has an L-shape, indicative of a folding mechanism
involving an initial collapse to a globular state, followed
by a rearrangement to the native state.
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folding temperature T is shown in Figure 2. It has
a characteristic L-shaped structure* reflective of
the two-stage folding mechanism involving an
initial collapse to globular conformations and sub-
sequent folding from the collapsed state. From
initial expanded conformations (Rg/Rmax ~ 1), the
protein quickly collapses to states with Rg/Rmax ~
0.7 and stays there until folding is complete. As is
clear from the relative populations of the states in
the R;—x plane, folding almost entirely takes place
within the collapsed state. The random coil confor-
mations are seldom visited at the folding tempera-
ture T;.

The nature of the collapse transition upon encap-
sulation can be gleaned from the behavior of the
radius of gyration R; of the substrate with tem-
perature (Figure 3(a)). The size of the protein
drops by a factor of nearly 2 from an initial value
of 1.1 Rmax at 400 K when the temperature is
reduced to T ~250K. The region of fastest
variation in R coincides with the position of the
collapse temperature, T., computed from the
maximum of the specific heat as a function of
temperature. Figure 3(a) clearly shows the effects
of confinement on the model’s structure. As
expected, the radius of gyration of the unfolded
ensemble decreases with the cage radius R.
Figure 3(b) displays the temperatures of the
collapse and folding transitions as a function of
the cage radius R. The collapse temperature
increases gradually upon encapsulation from its
bulk value of 300K to 380 K for R/Rmax = 1.44.
The increasing values of T. can be linked to the
changes in the entropy of the unfolded ensemble
brought about by confinement.”> The temperature
T. is determined under the condition that the free
energies of the random coil and collapsed states
are equal. Considering the repulsive character of
the confining potential one expects that the cage
wall will not strongly influence the potential
energies of either state. The entropy of the model,

rrrrrrrrrrr « RIR,,=1.44
1.55
1.66
1.88
2.10
bulk

Tc\

-1 < 300 |
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on the other hand, particularly for the coil-like,
expanded conformations, will be affected by the
presence of the cage. Since the primary role of con-
finement is to limit conformational freedom at high
temperatures, the entropy of the random coil state
is expected to drop when the cage confines are
imposed. As a result, the smaller entropy gap
between the collapsed and coil states in a confined
environment will require higher temperatures to
balance the energy gap (which is unaffected by
the cage).

Interestingly, the folding temperature, T, com-
puted from the maximum of the variation in Y,
does not depend significantly on the confinement
radius (Figure 3(b)) and remains nearly constant
around its bulk value of Ty =240K. While this
result may at first appear counter-intuitive, an
explanation is provided by the free energy surface
plotted as a function of x and R, at Tt (Figure 2).
The design of the model ensures a hydrophobic
collapse causing a dramatic reduction in the
protein size in the initial stages of folding. The con-
fining sphere can hence have no influence on the
protein structure unless its radius is smaller than
the size of the collapsed globule. Radii that are too
small can, however, strongly distort the native
state of the model and were not considered in this
study.

Kinetics of folding

Details of the folding kinetics simulations can be
found in Methods and Model. The folding time as
a function of temperature and radius of confining
sphere are plotted in Figure 4. The curves have a
“V” shape resulting from two regions of strong
growth in 77, at high and low temperatures. At
high temperatures the statistical weight of the
native conformation is low compared to that of
expanded conformations of the unfolded
ensemble, hence the long folding times. On the

350 -

—_

250 | bulk

350
T(K)

200

21 23

‘
1.9
R/Rmm

. .
1.5 17 25

Figure 3. Thermodynamic functions of the a/B model. (a) Radius of gyration as a function of temperature plotted for

several values of the confinement radius R. The bulk case is represented by a continuous line, while the radii of
gyration for the encapsulated protein are represented by a broken line. The radius of gyration of the unfolded ensem-
ble decreases as smaller cage radii are imposed. The collapse T. = 300 K and folding Tt = 240 K temperatures for the
bulk regime are indicated in the plot. (b) Collapse and folding temperatures as a function of the cage radius. R. The
bulk values of the collapse and folding transitions are denoted by the vertical broken line. The collapse temperature,
T, increases upon encapsulation as a result of the changes in entropy of the unfolded state. The folding temperature,
on the other hand, does not change significantly with cage radii. This is a result of the folding mechanism that involves
an initial collapse of the protein to a compact globular structure prior to the folding transition.
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Figure 4. Folding time of the o/f protein model
studied in the present work. (a) Folding time as a func-
tion of temperature T and the confinement radius R.
The folding time curve corresponding to the bulk case is
indicated as a reference point. Confinement does not
affect the V-shape of the folding curve. The increased
folding time at high temperatures is a result of the low
statistical weight of the native state, whereas the long
folding times at low temperatures come from the trap-
ping of protein conformations in local energy minima.
The bottom of the V corresponds to the minimum fold-
ing time temperature, Tr,, at which the thermodynamic
drive to the native state balances the trapping in local
energy minima. The collapse temperature, T, the folding
temperature, T¢, and the minimum folding time tempera-
ture, Ty, are indicated. For this protein, T lies below Tp,.
(b) Folding time for selected temperatures
(T=Tf=240K< Ty, T=300K and T=320K) as a
function of the cage radius R. Bulk folding time values
are indicated by the broken line. Encapsulation only
yields folding rate enhancements at temperatures above
Tm. Rate accelerations are hence not observed for tem-
peratures at which the protein is thermodynamically
stable (T < Ty, for all cage radii).

other hand, at low temperatures, the statistical
weight of the native state is high but the protein
dynamics are now dominated by transient trap-
ping in local energy minima. The escape time
from the minima, and hence the folding time,
grows when the temperature is decreased. These
two mutually opposing forces, the thermodynamic
drive toward the native state and the slow struc-

tural dynamics due to local minima, balance each
other at some intermediate temperature Ty, where
the protein folds faster than at any other
temperature.**~*® For our model in bulk conditions,
this minimum folding temperature is T, = 260 K.

It is clear from Figure 4(a) that confinement
neither alters the “V” shape of the folding curve,
nor significantly affects the minimal folding time.
On the other hand, the minimum folding-time tem-
perature, Tr,, is strongly affected by the presence of
the chaperonin cage. As the cage radius R
decreases, Ty, is monotonically shifted toward
higher temperatures. From its value of 260 K in
the regime of infinite dilution it gradually increases
to 320 K when the model is confined to a cage of
radius R/Rpax = 1.44.

From a practical standpoint, it is important to
understand how encapsulation in a chaperone
cavity affects substrate folding times at biologically
relevant temperatures. On the basis of the behavior
of Ty with cage radius R, we predict that at
temperatures below the minimal folding-time tem-
perature (T < Ty,), confinement will slow folding,
regardless of the size of the cage. At low tempera-
tures, compact structures tend to be favored over
higher energy extended conformations and the
protein spends most of its time trapped in col-
lapsed misfolded states. Confinement does nothing
to discourage the protein from adopting these com-
pact misfolded conformations and in some cases
may even inhibit escape from these traps. Hence,
in the low temperature limit confinement is more
likely to hinder than accelerate folding. We note
that the possibility of rate deceleration in chaper-
one mediated folding has also been predicted in
the context of the IAM.>!>? On the other hand, at
temperatures above Ty, (T > T1,), we expect fold-
ing to be accelerated for R values above a certain
threshold cage radius, and decelerated below. This
scenario is illustrated in Figure 4(b), where the
folding time is plotted as function of R at selected
temperatures T =240K <T,, T=300K and
320 K. At the folding temperature, T¢, (Tt < Tp),
the folding time inside the chaperonin cage is
always longer than in the bulk. At higher tempera-
tures (above Ty,), an acceleration of folding rates is
observed at cage radii ranging from 2.1 Ryax to
1.5 Rmax- The precise value of the cage radius
where folding enhancement is optimal depends
on the temperature considered. The importance of
temperature effects on the folding of frustrated
sequences in confined environments has been
noted in an earlier study."

Since the folding temperature of this model lies
below the minimum folding-time temperature
(T¢ < Ty, it is apparent that encapsulation alone
in the GroE cavity will not lead to an enhancement
in folding rates under physiological conditions
(T <Ts). Confinement for this protein under
experimental conditions where the native state is
stable will play primarily a role in shielding it
from aggregation in concentrated solutions.
Clearly, a folding rate enhancement is only of
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practical use in the cell at temperatures where the
protein is in a thermodynamically stable state. In
light of our observation that the folding tempera-
ture, T¢, does not change much upon encapsulation
and that a folding acceleration can only be
achieved for temperatures above T, (T > Tr,), the
only possible way for a protein to exhibit a rate
enhancement  under  biologically  relevant
conditions is, if its minimum folding-time temper-
ature lies below the folding transition temperature
(T < Ty).

This argument raises a number of questions of
theoretical interest. First, how is the temperature
of minimal folding time, T, related to the intrinsic
characteristics of proteins (in particular to their
energy landscapes)? Second, is it possible to design
a potential energy function for a model protein
such that its Ty, is lower than its folding tempera-
ture Ty?

In what follows we show that the relationship
between Tf and Ty, can be related to the levels of
frustration in the potential energy surface. In
particular, we show that by constructing proteins
with smoothed energy surfaces, the folding
transition temperature can be moved above the
minimal folding-time temperature.

Protein model with folding rate enhanced due
to the confinement effects

At present, there are no exact analytical treat-
ments capable of relating the characteristic tran-
sition temperatures of model proteins (T, and T,
for instance) to their potential energy functions.
While we cannot establish an exact relationship
between the energy function and the transition
temperatures, we can, nonetheless qualitatively
relate the transition temperatures to the under-
lying energy landscape. Studies by Wolynes®*
and Thirumalai®*~** have shown that the location
of the folding transition temperature (T) is intrinsi-
cally tied to the degree of frustration of the protein.
Proteins with very frustrated sequences have small
ratios of folding to glass transition temperatures
(T¢/Tg) and large values of the parameter o =
(T. — Tg)/T. which relates the collapse transition
temperature and folding transition temperature.
On the basis of the o parameter,” reducing the
level of frustration of the model should lead to a
folding transition temperature that approaches
more closely the collapse transition temperature.
Since T, will be mostly unaffected by a change in
level of frustration of the model**¥ T; must
increase in value when the degree of frustration is
reduced. We demonstrated this feature in an earlier
work where we showed that in the Go-model limit
(i.e. a protein with minimal energetic frustration),
the folding and collapse transitions occur
concurrently.®® A second variable affected by the
degree of frustration is the minimum folding time
Tm. The location of T, results from the subtle inter-
play between the thermodynamic drive to the
native state and kinetic trapping. A reduction in

the degree of frustration of the energy surface will
cause the dynamical trapping mechanism to
become dominant at a lower temperature, resulting
in a lower value for the temperature Tp,.

A common method to remove frustration levels
in computer simulations of proteins is by design-
ing Go-type models.*® ** In a Go-type model, only
pairs of hydrophobic residues that are in contact
in the native state experience attractive inter-
actions. Hydrophobic residues that participate in
non-native contacts do not contribute to the poten-
tial energy, even if they approach each other at
short distances. This allows a protein to avoid
states that are structurally dissimilar to the native
state due to wrong hydrophobic contacts, but that
nonetheless have relatively low potential energies.

Here, we follow an alternative avenue to con-
struct less frustrated protein models. We note that
due to the spherical symmetry of the hydrophobic
force, local minima created by wrong contacts cor-
respond to structures with globular shapes. This
means that some structural elements of the model
that are designed to be extended in their lowest
energy state, such as P strands for instance, will
have to be bent somewhere in their middle in
order to fit to the perfectly globular shape. Since
this bending will come at the expense of the tor-
sional part of the potential it should be possible to
remove the local minima caused by wrong hydro-
phobic contacts by strengthening the constants of
the torsion potential. The difference between this
approach and the Go-style approach is that instead
of elevating the energy of conformations with
wrong contacts by canceling some of the contri-
butions of the hydrophobic force, the energy of
these conformations is raised due to the contri-
butions of the torsion potential. The values of the
torsional constants @ and b for the modified model
are given in Table 1 with those of the original
model in parentheses. Details on the torsional
potential can be found in Methods and Model.

Thermodynamics and Kinetics of folding of the less
frustrated protein model

The thermodynamics and kinetics of folding of
the modified protein were investigated in the
manner described for the original model. The less

Table 1. Parameters of the torsion potentials used for the
model with smoothed energy surface

Constants a-Helix B-Strand Turn
a (a.u.) 35x10°? 3.0x10°? 35x10°°
(1.0x107%) (1.5x107%) (1.5x107%)
b (a.u.) 2.0x107? 3.0x107? N/A
(2.0x107%) (20x107%)
N/A, not applicable.

As in the original model the potentials for the 6th, 7th and
13th torsions were taken to be zero. Values for the original
model are indicated in parentheses.
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frustrated (modified) protein exhibits a similar fold-
ing mechanism to the original model, with an initial
collapse followed by a rearrangement to the native
state. The collapse temperature, T., is seen to
increase upon encapsulation from a bulk value of
340K to 440K for a cage radius of R/Rmax = 1.45,
while the folding transition temperature Tt remains
unaltered from its bulk value of 280 K.

The folding free energy surface in the Rg—x
plane is shown in Figure 5 at T = T;. The free
energy surfaces for the original (Figure 2) and
modified (Figure 5) protein models both have simi-
lar L-shaped appearances. The only significant
difference between the two is a higher population
of the random coil ensemble in the less frustrated
model. This is consistent with the fact that increas-
ing the strength of the torsional potential should
lessen the tendency of the model to collapse in a
non-specific manner.

The kinetics of folding present a more striking
difference between the two models. The mean first
passage time computed in these simulations is
shown in Figure 6(a) as function of temperature,
T, and cage radius, R. The first apparent difference
lies in the significantly shorter minimum folding
time of 120 X 10° for the bulk modified model as
opposed to 220 X 10° in the bulk original model. In
addition, for all cage radii, the minimum folding-
time temperature for the modified model is smaller
than the folding temperature (T, < Tf), in agree-
ment with our earlier prediction. While the folding
temperature is unaffected by encapsulation, the
minimum folding-time temperature, Tr,, increases
as the cage radius is reduced.

The folding times at Ty are plotted as a function
of cage radius in Figure 6(b). In contrast to the
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Figure 5. Free energy map of the less frustrated o/
model in the bulk case as a function of R; and x, calcu-
lated at the folding temperature T;. The regions in the
map colored red correspond to the highest occupation
probability. The surface has a similar L-shape to the free
energy surface of the original model (Figure 2), but the
random coil ensemble is more populated.
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Figure 6. Folding time of the less frustrated o/
model. (a) Folding time as a function of temperature T
and confinement radius R. The folding curve corre-
sponding to the bulk regime is included as a reference.
The locations of T., T and Ty, are indicated on the plot.
The less frustrated protein folds significantly faster than
the original model (; = 120 X 10% for the bulk modified
model and 7 = 220 X 10° for the original model). In the
modified model, Ty, is lower than the folding tempera-
ture T for all radii considered. (b) Folding time at the
folding temperature T; as a function of the cage radius
R. In contrast to the original model, a folding rate
enhancement is observed at this temperature. A maxi-
mum folding acceleration of 1.6-fold can be achieved of
the present model through encapsulation.

original model, a rate enhancement is observed at
this temperature upon encapsulation. A maximum
rate enhancement of nearly 1.6-fold is observed at
R/Rmax = 2.07. Interestingly, a similar enhance-
ment rate was obtained in an earlier study of a
Go-model B sheet model,*' i.e. a model with highly
reduced levels of frustration. In agreement with
our original hypothesis, rate enhancements can be
induced by confinement under physiological con-
ditions when the model has the property that its
minimal folding-time temperature T, is smaller
than the folding transition temperature T¥.

Reducing the roughness of the energy landscape
through encapsulation

In the previous section, we showed that we can
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modify the potential energy function of the model
in such a way that T, becomes lower than Tt.
Proteins with this property exhibit an increase in
folding rates upon encapsulation. In order to
understand the physical mechanism that leads to
this rate enhancement, we investigated in detail
the pathways adopted by the protein from the
unfolded state to the native state. These pathways
are computed as distribution over the confor-
mations that the protein follows during the course
of the folding simulations. Folding maps at T for
the modified bulk protein and for the protein
confined to a sphere of radius R/Rmax = 2.07 (the
radius at which maximal rate enhancement was
observed) are shown in Figure 7(a) and (b),
respectively. The maps were generated from con-
formations saved every 200 time-steps during the
500 folding simulations.

The folding maps (Figure 7(a) and (b)) differ
from the free energy map (Figure 5) in the signifi-
cant respect that the former corresponds to a non-
equilibrium property while the latter is calculated
under equilibrated conditions. The utility of the
folding map lies in providing information on
where the protein spends the majority of its time
en route to the native state.

A closer look at the folding maps reveals a
dramatic difference in the states favored by the
protein in the bulk and confined cases. The folding
map in the infinite dilution regime presents two
maxima, a first one corresponding to the popu-
lation of fairly extended states (Rg/Rmax =1.2,
x = 0.2) and a second one associated with more
collapsed states (Rg/Rmax =0.9, x =0.3). These
maxima disappear in the confined case and are
replaced by a new maximum at low radius of
gyration (Rg/Rmax =0.7, x=04). Clearly, the
protein no longer significantly populates confor-
mations with large radius of gyration in the con-
fined environment, and this in turn affects folding
rates. In order to understand the impact of confine-
ment on the folding rates of certain proteins, it is

0.8

0.6

0.4

0.2

R S S R S R

instructive to look at folding in the context of local
potential energy minima. Since the energy required
to break a hydrophobic contact exceeds kT, such
potential energy minima are likely to present
barriers that can trap the protein and thus decrease
folding rates.

To locate where the protein spends most of its
time during a folding event, we selected confor-
mations at regular time intervals from folding
simulations and generated the corresponding local
minima by the steepest decent method. Maps of
these local energy minima are present at the fold-
ing temperature, T¢, as a function of the radius of
gyration, Rg, and the maximum extension radius,
RS .., in Figure 8(a) and (b), respectively. These
maps show both the location of the energy minima
as well as minima which are preferentially visited
during folding simulations.

The regions that are most frequently visited, i.e.
those that impact folding times, are apparent in
the clustering in Figure 8. In both Figure 8(a) and
(b), the energies corresponding to the original
model are represented in blue and those corre-
sponding to the modified (less frustrated) model
in yellow. The energy scale for the original model
is given on the bottom axis and the energy scale
for the modified model on the top.

In the bulk regime, the difference in the relevant
minima for the original (frustrated) and modified
(less frustrated) protein is already significant. The
minima that serve as folding traps for the original
model appear uniquely at near native Ry and
hence correspond to compact structures. On the
other hand, in the modified model, two major
lustering regions are present at both high and low
Rg. The most populated minima occur at energies
and radii of gyration of e=0.02, Rg/Rmax =1.2
and at Rg/Rmax = 0.9. These cluster regions cor-
respond to the minima observed in the folding
map in Figure 7(a). The modified model in the
bulk environment hence appears to visit local
minima conformations that have a much more

(b)

R S s E B . S R

Figure 7. Folding map of the less frustrated a/ model calculated at the folding temperature T¢. In (a) the bulk con-
ditions and (b) confined to the sphere of radius R/Rpyax = 2.07. Regions in red and orange correspond to those most
frequently visited. Extended conformations are no longer visited in the confined case.
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Figure 8. Maps of local potential energy minima visited during folding simulations of the studied /B models as a

function of (a) the radius of gyration Rg/Rmax and (b) the maximum extension radius R}

/Rmax. The energy scale

max

listed on the upper x-axis corresponds to the modified model with reduced frustration and the energy scale on the
lower x-axis to the original model. The energy minima visited by the original protein in the bulk case are colored
blue and those visited by the modified protein in the bulk case in red. The minima sampled by the modified protein
encapsulated in a cage of radii Rg/Rmax = 2.07 are colored orange. For the modified model, the encircled regions in
the plots coincide with the highest populated regions of the folding maps in Figure 7(a) and (b). The cage boundaries
are indicated in (b) by the horizontal broken line. Once the cage boundaries are imposed, all minima with R}, /Rmax

greater than 1.7 (cage radius minus o) are eliminated.

extended shape than those seen in the original
model.

The minima visited by the modified protein
confined to a sphere of radius Rmax = 2.07 (the
radius at which maximum rate enhancement is
observed) are represented in red in Figure 8. The
effects of the cage are dramatic: all minima present
in the bulk that exceed a certain Rg value are elimi-
nated. This effect can be seen more clearly when the
minima are plotted in Figure 8(b) as a function of
the maximum extension radius R}, of the protein
conformation. This plot enables us to make a direct
comparison between the conformations correspond-
ing to each minima and the size of the cage. The
cage boundaries are indicated in Figure 8(b) by a bro-
ken line. In contrast to the bulk original model (blue),
a significant number of minima sampled by the bulk
modified protein (yellow) correspond to confor-
mations with RS /Rmax values close to or greater
than that of the confining sphere. Once the cage
limits are imposed, all minima with R}, /Rmax
values greater than 1.7 (i.e. the cage radius minus
the distance o at which the monomers can approach
the sphere) are eliminated. We note that the local
energy minima correspond to conformations of
more or less globular shape with incorrect hydro-
phobic contacts. Strong local interactions may lead
to conformations with a few monomers protruding
from the globule. It is sufficient for the cage walls to
strongly repel only one such monomer for the energy
of the whole minimum to be elevated and the struc-
ture destabilized. The folding acceleration is hence
achieved in the confined environment because a
subset of local minima, which would otherwise be
frequently visited, are now inaccessible. This mech-
anism of folding rate enhancement is consistent
with the proposal by Hartl and co-workers' that the
confines imposed by the chaperonin are able to
reduce the roughness of the free energy surface of
some proteins by eliminating energy minima that
can serve as kinetic traps for folding.

Conclusions

Here, we examined the role of confinement in
chaperone assisted protein folding and proposed a
novel relationship between the degree of frustration
of the substrate protein and the corresponding effect
of encapsulation on its folding mechanism and rate.

We used a simplified representation of both the
protein and the chaperone, which rendered the
problem computationally tractable, but nonethe-
less allowed us to capture the essence of folding
in a cage. The chaperonin cage was modeled by a
repulsive sphere that mimicked the hydrophilic
lining of the GroEL cavity post ATP and GroES
binding. Experimental studies by Hartl have
shown that certain proteins do not require multiple
rounds of binding/release in order to exhibit rate
enhancements.'” Such proteins only exhibit a single
binding event to the chaperonin and fold entirely
inside its cage. Our study has focused on under-
standing how confinement affects the folding of
proteins after this single binding event has
occurred. We first considered a protein with a
high-degree of frustration, arising from allowed
non-specific hydrophobic interactions. This protein
folded in a two-step manner, with an initial
collapse to a compact non-native state at the col-
lapse temperature, T, followed by a rearrange-
ment to the native state at the folding
temperature, T;. The dependence of folding time
on temperature was V-shaped for all cage radii
considered, reflective of two regions of growth in
folding time at high and low temperatures. Encap-
sulation did not affect the folding transition tem-
perature of this protein, but shifted the minimum
folding-time temperature, Tp,, to higher values. In
all instances, the folding transition temperature
lied below Ty, implying that encapsulation would
not lead to enhanced folding rates under condi-
tions where the native state is thermodynamically
stable.
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In order to observe rate enhancement under bio-
logically meaningful conditions, it is necessary for
the protein to exhibit a folding transition above
the temperature of minimal folding time. We
designed a model with this property by increasing
the value of the torsional potential of our original
model. This modified protein hence had the same
topology as the original protein, but a different
interaction scheme. This design leads to a less
frustrated folder by destabilizing conformations
with incorrect local hydrophobic contacts. Analysis
of maps of local energy minima revealed that
minima that trapped the protein in the bulk regime
were eliminated upon encapsulation. These results
offer support to the recent hypothesis of Hartl that
encapsulation increases substrate folding rates in
GroEL by reducing the roughness of the energy
landscape for folding."

Methods and Model

Off-lattice protein model

The majority of the numerical studies on proteins con-
fined to cavities'*'® have involved Monte Carlo simu-
lations of lattice protein models. While the reduced
description of the protein, compared to fully atomic
models, renders the system computationally tractable,
these simulations are not well suited for kinetics studies.
Indeed, kinetic sequences of events generated using
lattice models depend very strongly on the adopted
Monte Carlo move set.*>** In confined environments, the
problem is further aggravated by the repulsive wall that
can lock the lattice model into a single conformation
thereby leading to breakdown of ergodicity. In order to
deal with this situation, special move sets, which can
translate the protein as a whole need to be introduced.”
The influence of these specific move sets on the final
folding results is not clear.

On the other hand, molecular dynamics simulations of
off-lattice protein models are devoid of such move-set
complications. Additionally, they offer a more realistic
description of the protein in terms of the treatment of
the excluded volume affect of the monomers.

Interactions among the monomers of the model

Here, we use a variant of the bead-and-spring protein
model originally introduced by Honeycutt and
Thirumalai.® Within the model, each entire amino acid
residue is represented by a single, interacting bead. The
distances between consecutive beads are kept constant.
There are three types of residues in the model: hydro-
phobic (H), hydrophilic (P) and neutral (N). The hydro-
phobic residues separated by at least one residue along
the sequence attract each other through the Lennard-
Jones potential:

i) = 4| (7) "~ (9)'] M

r

The neutral residues interact with the residues of any
type by purely repulsive potential:

ént+e /0
UNi(T)=4n2 (

12
7> _ i=H,N,P @)
p

To reproduce the experimentally observed presence of
hydrophilic residues on the protein surface, we impose
a stronger repulsion between two hydrophilic residues
than between a hydrophilic and a hydrophobic residue:

S
Upnin) =422 (2)" @

In the above equation, the parameters measuring the
strength of the interactions were taken to be e, =
3x10%au., e,=1x102au. and e =5%x10"*au.
The parameter o, which is responsible for the spatial
extent of the potential, was taken to be equal to the
length of peptide bonds (3.8 A). Overall, the set of the
hydrophobic/hydrophobic potentials described above is
very similar to many other potential schemes found in
the literature.*

Besides long range interactions operating among the
monomers there are also two types of the short range
interactions, bending and torsion potentials, intended to
limit the local conformational freedom of the model.
The bending potential is expressed in terms of the bond
angle ® formed by three consecutive beads along the
chain:

k
Up = 5(O— @)’ ®)

where the potential constant k was taken to be 4 X 1072 X
a.u./rad? and the equilibrium bond angle was 0 = 150°.
Torsion potentials involve four monomers along the
sequence. Three bonds that connect these monomers
form two non-equivalent planes. The torsion potentials
are taken to depend on the angle formed by these planes.
Since our model contains various secondary structure
elements, we designed the torsion potential in a way
that one of these elements, either B-strand, a-helix or
turn, are favored. For B-strand segments the potential
was taken to be:

Ut = a(1 + cos(d) + b(1 + cos(3d))) 6)

where constants a2 and b control the relative energy of the
three minima of this potential: one trans and two gauche
states. For a-helical conformations the potential is
desired to favor one of the gauche state and thus has to
be asymmetrical. The asymmetry is achieved by adding
a sine term to the potential:

Ur = a(1 — cos(dp) + cos(3d)) — b(sin(p) — 1)  (7)

Finally, in turn regions instead of trans or gauche states
conformations with 90° torsions should be favored.
Accordingly, we used the following potential for these
regions:

2 2(¢), 0<d¢p=
uTz{ a cos*(¢) db=m ®

202 — cos (¢p)), w™< P =2mw

Note that the above potential has only one minimum at
¢ =90° and not at an equivalent point 270°. This is to
prevent the formation of incorrectly “wound” mirror
images of B sheets which lead to the creation of a deep
potential energy minimum, competing with the native
state conformation.

The ground state of the present model is shown in
Figure 1 in schematic and graphical representations. The
schematic representation enumerates all torsions in the
model. For example, the torsion encompassing mono-
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mers 1, 2, 3 and 4 is assigned number 1 and so on.
Additionally all the torsions are color-coded by second-
ary structure element. In total there are three turn
regions in the model, ten B-sheet regions and 11 a-helical
regions. The turn regions are found at the locations
where the two B-strands join and where the a-helix is
connected with the B-sheet. Specific values adopted for
the parameter a and b of the torsion potentials are sum-
marized in Table 2. The sequence of hydrophobic, hydro-
philic and neutral residues is shown in Figure 1(b). The
B-sheet contains alternating H and P monomers while
the a-helix is composed of pairs of HH or PP monomers.
Neutral monomers are placed at the turn regions. The
net result of the monomer arrangement is that the pro-
tein possesses two hydrophobic facets: one created by
the B-sheet segment and the other one by the a-helix. In
the native state the mutually attractive facets are stacked
back to back but in unfolded states they should, at least
partially, get exposed to the solvent and other hydro-
phobic agents in the solution.” The hydrophilic residues
are found mostly on the surface of the model, in agree-
ment with experiment.*

Confining potential

Upon encapsulation, the substrate protein appears to
be exposed to a mostly hydrophilic environment"?
within the GroEL activity. Several types of the confining
potentials have been proposed**® to model this hydro-
philic cavity. In particular, it was noted* that the inter-
actions between the encapsulated protein and the
surrounding cavity should be short-ranged in character.
As long as the protein is completely inside the confining
sphere there should be no additional force exerted on its
monomers. Accordingly, a short-range exponential
potential was developed for the protein—cage inter-
action. In another recent paper* power-law repulsive
potentials were considered and it was found that as
long as the potential remains short-ranged, the exact
value of the exponent used did not affect the final
results. Here, we assume that all the monomers on the
chain experience 1/r'? repulsive interaction coming
from every element on the surface of the cage. When
integrated over the entire spherical surface this inter-
action yields a final expression for the protein—cage

potentials:*'
o A 10 o \1
( r—R > ( r+R )

Here 7 is the radius-vector of any monomer of the model,
measured from the position of the center of mass, and R
is the radius of the cage. The total energy of the protein
confined to a sphere is composed of all the terms
mentioned above.

- R
U.(7) = 4ep 3

€]

Table 2. Parameters of the torsion potentials used in the
original model

Constants a-Helix B-Strand Turn
a (a.u.) 1.0x107° 1.5%x1073 1.5%x10°°
b (a.u.) 2.0x10°° 2.0x107 N/A

N/A, not applicable.
In addition to the listed values, the potentials for the 6th, 7th
and 13th torsions were taken to be zero.

Simulation details

The folding process of the substrate protein confined
to a spherical cavity was investigated using molecular
dynamics method. More specifically, the monomer pos-
itions and velocities are advanced following the
Langevin dynamics algorithm.* The wuse of this
dynamics protocol serves a dual purpose. First, the
trajectory generated in the simulations is sampled in the
canonical ensemble, which corresponds with the con-
stant temperature conditions of real experiments.
Second, stochastic terms in the algorithm help to emulate
the influence of the solvent molecules on the protein
dynamics. In the present simulations, the only free
parameter of the algorithm, the friction coefficient, was
chosen so that the monomers experience about one-
tenth of the frictional force exerted on a small amino
acid residue such as alanine in water at room tempera-
ture. This choice of the friction parameter allows a con-
siderable acceleration of the kinetic simulations while
not significantly affecting the folding mechanism.*

Thermodynamics and kinetic simulations

The protein coordinates at each simulated tempera-
ture were recorded every 100 time-steps and used to con-
struct potential energy histograms as well as joint
histograms of the radius of gyration Ry and structural
overlap function x*** with the potential energy. These
histograms served as input in the multiple weighted his-
togram method™ to evaluate all thermodynamic quan-
titiles of interest as functions of temperature: mean
potential energy, radius of gyration, and the structural
overlap. Initial starting structures for the kinetic folding
simulations were obtained from long simulations at T =
700 K, a temperature well above the collapse and folding
temperature. To ensure statistical independence 500 con-
formations were selected over sufficiently long-time
intervals. These conformations are considered represen-
tative of the unfolded state ensemble of the model and
were used to initiate folding simulations at a given tem-
perature T and confining radius R. During the simu-
lations, the structural overlap function was constantly
monitored. At points where x reached 0.9 the simu-
lations were stopped and the time elapsed from their
start, the first passage time, recorded. The folding time
of the model ¢ is taken to be an average over all 500
pre-recorded first passage times. The folding simulations
were carried out for a maximum of 5 X 10° time-steps. If
the system did not reach its native state over that time
its first passage time was taken to be Tmax. Thus, folding
times obtained in this study should be considered as a
lower bound on the actual folding time of the model.
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