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The bacterial chaperonin GroEL and the co-chaperonin GroES assist in the
folding of a number of structurally unrelated substrate proteins (SPs). In the
absence of chaperonins, SP folds by the kinetic partitioning mechanism
(KPM), according to which a fraction of unfolded molecules reaches the
native state directly, while the remaining fraction gets trapped in a po-
tentially aggregation-prone misfolded state. During the catalytic reaction
cycle, GroEL undergoes a series of allosteric transitions (T—~R—R"—T)
triggered by SP capture, ATP binding and hydrolysis, and GroES binding.
We developed a general kinetic model that takes into account the coupling
between the rates of the allosteric transitions and the folding and aggre-
gation of the SP. Our model, in which the GroEL allosteric rates and SP-
dependent folding and aggregation rates are independently varied without
prior assumption, quantitatively fits the GroEL concentration-dependent
data on the yield of native ribulose bisphosphate carboxylase/oxygenase
(Rubisco) as a function of time. The extracted kinetic parameters for the
GroEL reaction cycle are consistent with the available values from inde-
pendent experiments. In addition, we also obtained physically reasonable
parameters for the kinetic steps in the reaction cycle that are difficult to
measure. If experimental values for GroEL allosteric rates are used, the time-
dependent changes in native-state yield at eight GroEL concentrations can be
quantitatively fit using only three SP-dependent parameters. The model
predicts that the differences in the efficiencies (as measured by yields of the
native state) of GroEL, single-ring mutant (S5R1), and variants of SR1, in the
rescue of mitochondrial malate dehydrogenase, citrate synthase, and
Rubisco, are related to the large variations in the allosteric transition rates.
We also show that GroEL/S mutants that efficiently fold one SP at the
expense of all others are due to a decrease in the rate of a key step in the
reaction cycle, which implies that wild-type GroEL has evolved as a
compromise between generality and specificity. We predict that, under
maximum loading conditions and saturating ATP concentration, the
efficiency of GroEL (using parameters for Rubisco) depends predominantly
on the rate of R—R” transition, while the equilibrium constant of the T~ R
has a small effect only. Both under sub- and superstoichiometric GroEL
concentrations, enhanced efficiency is achieved by rapid turnover of the
reaction cycle, which is in accord with the predictions of the iterative
annealing mechanism. The effects are most dramatic at substoichiometric
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conditions (most relevant for in vivo situations) when SP aggregation can
outcompete capture of SP by chaperonins.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: chaperonin GroEL; allosteric transitions; kinetic partitioning
mechanism; substrate protein folding and aggregation; GroEL reaction

Edited by M. Levitt

cycle and protein folding

Introduction

Molecular chaperones are ATP-consuming ma-
chines that facilitate the folding of several structu-
rally unrelated substrate proteins (SPs).'™ The best
studied, both structurally® and mechanistically, of
such machines are the Escherichia coli chaperonin
GroEL and the co-chaperonin GroES.”” GroEL con-
sists of two heptameric rings that are stacked back to
back. The coordinated interaction between the two
rings in concert with SP and GroES binding and ATP
hydrolysis allows for the GroEL machinery to res-
cue SPs that might otherwise aggregate. Although
under maximal loading conditions (presence of SP,
ATP, and GroES) it is necessary to consider the dual
role of both rings, it is sufficient to use the single ring
as the functional unit to describe the conceptual
framework underpinning GroEL function.”'” Com-
parison of the structures'! in the states GroEL visits
during the catalytic cycle shown in Fig. 1 shows the
spectacular conformational changes that it under-
goes in response to interactions with SP, GroES, and
ATP binding and hydrolysis. It follows from Fig. 1
that it is important to account for the coupling bet-
ween the complex allosteric transitions that the
GroEL particle undergoes and the fate of the SP
during the reaction cycle in order to describe the
workings of the GroEL-GroES machine.*'*™® Stu-
dies that artificially simplify the processes in the
GroEL cycle (Fig. 1), such as using SPs that do not
require GroES or mutants from which GroES does
not dissociate on biologically relevant timescales,
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SP capture

ATP
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Pi

R’

©+ ATP

ES binding
SP encapsulation

o

while insightful, cannot accurately represent the
mechanism of rescue of stringent SPs under non-
permissive conditions. Moreover, genetic experi-
ments show that various constituents cannot sub-
stitute for GroEL in vivo, which further attests to
their limitations to serve as surrogate for the wild-
type (WT) GroEL.'”"'®

Sometime ago, we developed the iterative anneal-
ing mechanism (IAM) to provide a quantitative des-
cription of the GroEL-assisted folding of SP.>"” The
IAM incorporates the consequences of the structural
changes in GroEL during the T R—R” transitions
(Fig. 1) and results from biophysical studies and
theoretical description of monomeric folding. The
IAM is based on the premise that GroEL plays an
active role in SP folding. The large conformational
changes that GroEL undergoes during the catalytic
cycle and the experimental observations that, under
operating conditions with an imposed load, the SP
is ejected from the cavity,”>** folded or not, with
each round of ATP hydrolysis, attest to the ac-
tive role of GroEL.>""* Tt therefore follows that these
large conformational changes enable the SP to fold
under conditions in which spontaneous folding is
unlikely. Even in the single-ring SR1 mutant, from
which GroES dissociates with a lifetime of about
300 min,** the cavity volume has doubled as a result
of GroES binding and ATP hydrolysis. In the pro-
cess, the microenvironment that the SP feels changes
as the GroEL T—R—R” transition takes place. A
consequence of these observations is that, under
conditions that place a load on the chaperonin

Fig. 1. Schematic sketch of the
catalytic cycle of GroEL. SP is cap-
tured by GroEL in the T state. Bind-
ing of ATP triggers the equilibrium
T < R transition. Subsequently, GroES
binding encapsulates the SP (assum-
ing it can fit into the expanded
cavity), leading to the R—R” tran-
sition. Hydrolysis of ATP results in
the R’ —R” transition. The volume
of the cavity doubles from 85,00003A3
in the T state to about 170,000 A” in
the R” (and presumably in the R’)
state. Folding of SP in the largely
hydrophilic cavity in the R’ or R”
state can occur with some probabi-
lity. Interring communication, shown
by the continuous blue arrow, signals

release of SP, ADP, and GroES. Kinetic partitioning of SP, which is shown to occur for clarity in the bulk, could occur in the
cell. In other words, folding to the native state or transition to the ensemble of misfolded structures can take place upon SP

encapsulation.
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machinery, GroEL is not merely a passive Anfinsen
cage but participates actively as a stochastic ma-
chine that gives SPs multiple chances to fold by
minimizing the possibility of aggregation.'”***

The goal of this work was to provide a kinetic
framework that incorporates the coupling between
allosteric transitions in GroEL and folding and
aggregation of the SPs. Similar kinetic models have
been successfully used to analyze experimental data
on molecular motors**?’ that also undergo a com-
plex catalytic cycle in response to ATP binding and
force. It is necessary to describe the various time-
scales whose interplay ultimately determines the
efficiency of GroEL function in order to derive the
kinetic model. It is well established, both theore-
tically*® and experimentally,””” that in the absence
of GroEL the SPs fold by the kinetic partitioning
mechanism (KPM).?! According to KPM, a fraction
of initially unfolded molecules reaches the native
state rapidly, while the remaining fraction collapses
into manifold misfolded conformations. The rates of
transitions from the kinetically trapped misfolded
structures to the native state, which might require
partial unfolding of compact structures, are rela-
tively slow. The KPM predicts that the fraction of
molecules that do not fold at time # is:*®

m
Py(t) = de ™ + Z aze kit (1)
i—1

where 7", a; =1 — &, kg is the folding rate for the
molecules that reach the native basin of attraction
(NBA) without being kinetically trapped and k; is the
transition time from the i™ misfolded conformation
to the NBA. Typically, the rate of collapse from the
unfolded state to the misfolded ensemble is relatively
rapid compared with k;, while k;/kg < 1. In general,
there may be an ensemble of misfolded structures.
However, in practice, only a few (one or two) can be
experimentally resolved. Here, without loss of gen-
erality, we will assume that escape from the collection
of misfolded structures can be described by a single
average rate, ks. Thus, Eq. (1) simplifies to:
Py(t) = ®e ™ + (1 — @)™ (2)
The KPM, which has also been used to describe RNA
folding,”" has been experimentally validated.””
The first step in the reaction cycle (Fig. 1) is the
capture of the misfolded SP by GroEL in the T state.
In the second stage, ATP binds to the seven sites in
the equatorial domain that triggers movements
(localized largely in the apical and intermediate
domains) resulting in the transition to the R state.
Recent NMR™ and theoretical studies® showed that
the SP is disordered and more expanded upon
interacting with GroEL than it is in the bulk, which
further reinforces the active role played by the
chaperonins in the rescue of SPs. Two rates, krr
and kg_t, describe the equilibrium of the T— R tran-
sition.**”>?° In the third stage, GroES binds. The first
of the irreversible steps in the cycle upon GroES
binding involves ATP hydrolysis that drives the

allosteric R—R” transition at a rate kg_g”. Currently,
the structure of the R’ [GroEL—-(ATP),~GroES] state is
not known, although it is suspected that it is similar
to that of the R” state. In addition, transition rates to
or from R’ have not been measured. It is likely that
the irreversible steps in the reaction cycle after GroES
binds are too rapid to resolve the kg_r: or kg~
transition. For these reasons, we did not consider the
R’ state, the inclusion of which would only increase
the number of parameters without providing any
increase in the accuracy of the predictions. The
release of the SP (folded or not), ADP, and GroES
requires signal from the lower (trans) ring (indicated
by the blue arrow in Fig. 1).#¢37 Subsequently, the R”
state relaxes back to the SP acceptor T state on a
timescale kg~_1. Thus, events in a single GroEL cycle
in concert with changes in SP are minimally
described by a number of rates, namely, kg, {k;}, kr_
r kr-1, and kg r~. In the proposed kinetic model,
communication between rings, which occurs with
negative cooperativity, is taken into account using
the rate constant kg~_t (see the blue arrow in Fig. 1).
Inclusion of SP aggregation and release of SP from
GroEL brings additional rate constants into assisted
folding (see below).

The reaction cycle in Fig. 1 shows that, even when
inter-protein interactions between SPs are neglected,
there are a number of distinct timescales that have to
be taken into account for a quantitative description
of assisted folding. Here, we propose a general ki-
netic model that accounts for the coupling between
SP folding, GroEL allostery, and a pathway leading
to SP aggregation. The proposed kinetic model is
used to analyze experimental data on chaperonin-
assisted reconstitution of mitochondrial malate de-
hydrogenase (mtMDH)), citrate synthase (CS), and
the stringent substrate ribulose bisphosphate car-
boxylase/oxygenase (Rubisco). The excellent agree-
ment between the kinetic model and experiments
not only validates the kinetic model but also allows
us to explore other scenarios for efficient GroEL
function. Because of the presence of a large number
of timescales that are needed to describe the kinetics
of the reaction cycle (Fig. 1), several scenarios for
yield enhancement can emerge. We show that
changes in the rate constants in the catalytic cycle,
which depend on intrinsic folding properties of
monomeric proteins, the concentrations of SPs, and
the SP- and ATP-dependent GroEL allosteric rates,
can dramatically change the efficiency of the func-
tion of this remarkable machine. Finally, we show
that optimization of the yield of a particular protein
at the expense of decrease in efficiency for other SPs
can be achieved by tuning the kg_g~ rate (Fig. 1).

Results

Steady-state solutions of the kinetic equations

In order to reveal the interplay between the allos-
teric transition rates and SP folding in a transparent
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manner, we first obtained analytical expressions for
the concentrations of the folded SPs and aggregated
species in the steady-state limit. The applicability of
the results obtained in the steady-state limit depends
on the actual timescales. The cell doubling time of
E. coli, under minimal glucose conditions, is on the
order of 30 min, which is the most relevant bio-
logical timescale. The results obtained in the steady-
state limit provide some insights into the more
complex kinetic model. If the protein folding and
chaperonin reaction rates are significantly faster
than 30 min, then the relatively simple approach
is meaningful. Below we analyze the steady-state
results for two specific situations.

Superstoichiometric chaperonin concentration

If the chaperonin concentration exceeds that of the
SP, we can approximate [ELy]~[EL¢] and linearize
the protein binding reaction [Eq. (11)] Ng[ELr]~Np
[ELg]=kg. In this limit, the native states and the
aggregates are produced at rates that are indepen-
dent of the chaperonin allostery-related timescales
krlk, krlr, and kg'r. The steady-state rates of
production of aggregates (vy,) and folded SPs (vy)
are as follows:

ks w \? (1-®)vy ks w
e )\ _— _— _—_—
OMa = RA \/<2>\A+2)\A> TN 2w 2

UN = 0p — UM,

where we have assumed that nascent proteins are
introduced to the cell at the rate vy, and the para-
meter w is:

1+ kw/kn

Spontaneous folding without chaperonins corres-
ponds to w=0.

The solutions have a few properties that are useful
to point out. First, the production rate of the native
proteins depends strongly on the effective SP bind-
ing rate kg. For large kg (compared with N\ 4), w [Eq.
(4)] becomes large and vy;, —0, uN— v, according
to Eq. (3) (i.e., all proteins fold successfully). Thus,
any mutation in the SP or GroEL that increases the
binding rate would increase the native-state yield.
Second, mutations that directly affect the protein
release rates without affecting the folding rate in the
cavity (i.e., that would affect ky and ky; by the same
factor) would have no effect on the native-state
yield. In other words, the yield and aggregation
depend on the ratio ky;/kn, which is the partitioning
of the ejected SPs only. Third, chaperonins cannot
aid folding in the steady-state limit if folded proteins
are not ejected from the cavity (w—0 as kny—0).
Finally, chaperonin effectiveness can be enhanced by
increasing the ratio kn/ky. In the limit, k> ky,
w— kg and the effectiveness are determined solely
by the binding rate.

w

(4)

Substoichiometric chaperonin concentration

The steady-state solutions for a low chaperonin
concentration yield a lengthy expression for the re-
action rates. However, if the second-order aggrega-
tion reaction rate can be replaced with an effective
first-order rate ky =~As[M], simple expressions for
the production of native states and aggregates can
be found. In these expressions, the allosteric time-
scales appear in the following form:

_ kn+ kv (kRT + kr-r’

A= + 1> +1 (5
kr-rr

kr—r

One can show that the native-state production rate
increases as A decreases. It follows from Eq. (5),
which is derived in Appendix A, that A can be
decreased if the rates kt_g and kg_g~ increase or upon
the decrease of kg_1. Thus, if the concentration of
GroEL is less than that of the SP, then faster turn-
around of the allosteric cycle leads to a bigger yield,
as was predicted based on lattice simulations and
the IAM. Because of the paucity of the number of
GroEL/S particles in E. coli, it is likely that the
substoichiometric condition is most appropriate for
the in vivo situation. In this situation, even the
steady-state solutions clearly show that rapid GroEL
turnover leads to yield enhancement of the folded
SP. Thus, in general, speeding of the kr_g and kgr_r~
should lead to increased efficiency (measured by the
amount of native SP yield in a given time) of cha-
peronins. These predictions are borne out by solving
the time-dependent kinetic equations (see Methods).

The allosteric kinetic model accounts for
[EL]-dependent folding kinetics of Rubisco

Although the steady-state solutions give insights
into the variables in the reaction cycle that control
the native-state yield, it is necessary to solve the
coupled kinetic equations in order to compare the
predictions with experiments. To explore the full
effect of GroEL dynamics, from now on, we use the
coupled time-dependent equations [Eq. (12)]. In vitro
experiments can be used to measure the time-de-
pendent yield of the native state of SPs as a function
of GroEL, GroES, and ATP concentrations. In order
to validate the kinetic model, we first analyze the
measured yield of Rubisco as a function of time at
various GroEL concentrations. In the process, we
extract kinetic rates in the reaction cycle that are very
difficult to measure.

Since the differential equations (see Methods) can-
not be solved analytically, we integrate the kinetic
equations [Eq. (12)] numerically. The model is used
to extract parameters using experimental data on
Rubisco,'® whose folding was probed at various
GroEL concentrations under non-permissive condi-
tions. It is important to keep in mind, however, that
variations in the experimental conditions, such as
the temperature and the concentrations of co-cha-
peronins, nucleotides, and cations, could affect the
specific rates significantly. Other SPs will have
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different intrinsic folding timescales and can also
affect the GroEL allosteric rates (see below). Never-
theless, many of the qualitative results obtained here
also provide predictions or illustrations of trends
and dependencies of the GroEL efficiency on allos-
teric transitions or spontaneous folding rates of SP.

The data at eight values of GroEL concentration in
Fig. 5 of Ref. 19 allow us to demonstrate that our
model can reproduce the observed time-dependent
yield of the native state of Rubisco and its depen-
dence on the concentration of GroEL. In the process,
we can extract the nine kinetic parameters [Eq. (12)].
Fortunately, the number of measurements reported
in Ref. 19 is large enough that an unbiased fit to the
equations can be carried out. In the first test of Eq.
(12), we varied, without prejudice, the nine para-
meters to fit all eight curves at different [EL] con-
centrations. Further tests of the robustness of our
model are described below. In assessing the validity
of the model, it is important to not only check the
quality of the fits but also ensure that the values of
the parameters are physically reasonable. Our
kinetic model fits the experimental data extremely
well (Fig. 2). We should emphasize that all the data
points were globally fit using only one set of
parameters, describing the kinetic reaction cycle of
GroEL and intrinsic Rubisco rates. By fitting the
experimental data using our kinetic model, we ob-
tained physically reasonable reaction rates for
Rubisco (see Table 1). The intrinsic timescales
associated with Rubisco are in accord with theore-
tical expectations. For example, the timescale for the
fast process Tp~kg ' is in the range of time expected
for a 491-residue protein.”® The value ks is consistent
with measurements that monitored spontaneous
folding of Rubisco in the presence of chloride ion.*
The ratio kp/ks=10*>1 is in accord with the
predictions of KPM. Recall that ks is an average
rate for the transition from the ensemble of mis-
folded structures to the native state. It is likely a
small fraction of misfolded states that can fold more
rapidly (i.e., 1<kp/ks<10%). That, under experi-
mental conditions, Rubisco folding requires the
chaperonin machinery implies that the aggregation
must compete with transition from misfolded
structures, especially considering that the partition-
ing factor ®=0.02 is small. Indeed, the pseudo-first-
order process for aggregation ks = Ns[SP]>ks when
[SP]p=40 nM, as in the experiments.!® Efficient
function of GroEL also requires that the binary rate
constant for [ELSP] formation exceeds the low-order
aggregation rate. Our fits show that \g=0.6 nM '
min~ ! >\,, and hence GroEL can effectively rescue
stringent substrates.

Extracted kinetic parameters are in accord with
experiments

We further calibrate our model by comparing
the extracted parameters for GroEL allostery with
rates that have been obtained by independent mea-
surements. In particular, the transition R—R” is
believed to be the rate-limiting step in the GroEL

folded Rubisco (nM)

time (min)

folded Rubisco (nM)

time (min)

Fig. 2. (a) Native-state yield of Rubisco as a function of
time at different chaperonin concentrations. The points are
experimental data from Ref. 19. The lines are the fits to the
data using the kinetic model. The set of parameters that
provide a global fit to all eight data sets is given in Table 1.
The initial concentration of Rubisco is 40 nM. The
chaperonin concentrations for the curves from bottom to
top are as follows: [ELg] =1 nM, [ELy]=2 nM, [ELo]=5nM,
[ELo]=10 nM, [ELy]=20 nM, [EL]=30 nM, [ELy]=50 nM,
and [ELo]=100 nM, corresponding exactly to Ref. 19. (b)
Results of sensitivity analysis of the kinetic model [Eq.
(12)] using Rubisco parameters (Appendix B). The time-
dependent native-state yield [N](t), continuous curves, for
three chaperonin concentrations, [ELg]=1 nM, [ELy]=
10 nM, and [EL]=100 nM, is compared with the robust-
ness measure A[N](#), dashed curves [Eq. (23)]. The small
values of S[N](t)/[N](f) for all t and at various [EL]
concentrations suggest that the allosteric model is robust
to changes in the kinetic parameters around the values
that provide the best fit in (a).

allosteric cycle in the presence of saturating SP. Our
fits yield kg_gr=12 min~' (Table 1) or kr'g"=5 s,
which is consistent with the GroE hemicycle time.
The load-dependent GroEL allosteric cycle time T is
usually estimated to be 10-15 5.0 The value of 7; can
be as small as 6 s, depending on the nature of the
ligand that is bound to the trans ring (J. Gresham, J.
Grason, and G.H. Lorimer, unpublished data). The
chaperonin binding rate has been measured to be in
the range Ng~107-10° M~' s "% The binding
constant A\g=10" s ' M ! obtained from our fits
(Table 1) falls within this range. The TT<~TR
transitions have been characterized extensively by
Yifrach and Horovitz,*' who found that, for various
GroEL mutants, kr_g ~2000-9000 min_'. The value
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Table 1. Folding and aggregation rates of Rubisco and
allosteric transition rates of GroEL?

kg (min ™ ')° 100
ks (min")° 0.003
PP 0.02
Aa (MM min 1) 0.001
Ag (MM I min B¢ 0.6
kr_rr (min” 14 12
kr_g (min 1)® 5000
kgt (minil)d 1
kg_r (min~1)* 60
a 0.02
xf 0.37

? The theoretical fits and experimental data are compared in
Fig. 2.
Defined in Eq. (2).
¢ Extracted aggregation rate.
4 Parameter characterizing the reaction cycle (Fig. 1).
¢ Probability of folding to the native state with kn=dkr-_r and
kv=(1-Dkr1.

w (Ne® (¢, /) — Nmodel (¢, £;))? where M is the
L= \/_ Zu Nmodel(c t ) ’

number of experimental data points.

of kr_g=5000 min "' (Table 1) is consistent with their
measurements. We also found that kg_t <kr_r” to
favor the forward reaction from the R state in the
presence of ATP and GroES. Incidentally, our fits are
not sensitive to the precise values of kr_rand kr_g as
long as they remain non-rate-limiting in the reaction
cycle. The final ejection of ligands is associated with
the release of SP (folded or not), ADP, and the
transition from the R” state back to the T state. We
found that this transition timescale is on the order of
1 s, which is in accord with expectations.40

Independent estimate of ® agrees with fits to
experimental data

According to the IAM, in the limit kg <« <ks?,
the native-state yield in the case of superstoichio-
metric chaperonin concentration can be approxi-
mated as:

NJ() =1-(1-®)" =1—exp(~t/Te) (6)

where n=t/7, is the number of GroEL cycles within
the time f. Alternatively, the yield of the GroEL-
assisted folding of the native SP can be fit using an
exponential function and thus is characterized by an
effective folding timescale 7. Thus, in this limit, the
kinetic partitioning & can be estimated using;:

TE 1
n T hi-9) 7

For the data in Fig. 2 at the highest chaperonin
concentration, we found Tg=6.3 min. The indepen-
dent estimate of ®=0.02 is consistent with our fitted
value. We should stress that the quality of our fits
may not change as long as ®<0. 05 Wthh was the
value reported in our earlier study."”

Coupling to GroEL allostery is required for accurate
predictions of Rubisco yield

We should point out that kinetic schemes that
completely ignore the GroEL reaction cycle can also
be constructed to fit the experimental data on Ru-
bisco (see Methods). The solutions to such a simple
kinetic scheme do not provide as good fits to the
data as those in Fig. 2 and lead to unphysical values
of the scales. More importantly, Eq. (14) and even
simpler conceivable schemes cannot account for dra-
matic efficiency using GroEL mutants that clearly
affect the allosteric transition rates.'”*!

Average rate ks describes transitions from the
misfolded state ensemble to the native state

The KPM predicts that there ought to be an en-
semble of misfolded conformations such that escape
from these kinetic traps should be specified by a
collection of rates {k;} [Eq. (1)]. In deriving the kine-
tic model we replaced those by an average rate

= —Zm ki Egs. (1) and (2). Mathematically,

1r1clud1ng separate misfolded species as in Eq. (1)
only complicates the solutions (the summation over
discrete misfolded species has to be explicitly taken
into account) without adding any new insight. More
importantly, bulk experiments cannot resolve these
states. Here, we further justify using an average ks
for the rrusfolded ensemble using experimental data
on Rubisco." Figure 4 of Ref. 19 shows the time-
dependent Rubisco folding yields after the addition
of GroEL at t=0 and after delays of 15 and 30 min.
Each data set can be fit using a single exponential,
giving an effective folding timescale (data not
shown). Since the effective timescale does not vary
significantly between the sets, we can conclude that
the population of GroEL-binding misfolded species
does not change over time, and our assumption that
we can use an average ks for the misfolded state
ensemble, while approximate, is fully justified.

Assessing the robustness of the kinetic scheme

The complexity of the reaction cycle (Fig. 1) and
the intrinsic folding rates of the SP require,
minimally, nine parameters (see Methods). If some
of the parameters are constrained to known experi-
mental values, then the number of parameters
required to analyze the Rubisco data can be reduced.
We reanalyzed the experimental data for assisted
Rubisco folding by using known values of the
allosteric rates (kt_r, kr-1, kr_r”, and kg~_t) in the
GroEL reaction cycle. In particular, we fixed the
values of the ATP-dependent rates kr_t and kr_g as
well as kg_r~ and kr_t at values in the middle of the
experimental range. The partition factor, ®, which
can be independently determined from experimen-
tal data, was set to 0.02. With these values fixed,
there are only four Rubisco-dependent parameters,
namely, ks, kg, N, and the binding rate Ng. The best
fit obtained by varying these parameters is indis-
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tinguishable from the results shown in Fig. 2 (data
not shown). The consistency between the results
obtained using the full kinetic model in which all
parameters are varied to obtain the best fit and the
ones obtained by constraining the allosteric rates
and @ to experimental values gives additional cre-
dence to the proposed kinetic model. It should be
emphasized that the proposed kinetic scheme is a
general minimal model that not only can be used to
analyze available data but also is useful in predict-
ing experimental outcomes, especially in situations
where the GroEL concentration is less than the SP
concentration (see below).

We also performed sensitivity analysis (see Appen-
dix B for details) to identify the kinetic parameters
that most strongly influence the time-dependent
changes in the native-state yield and assess their
effect on the yield curves in Fig. 2. The changes in the
native-state yield to variations in the kinetic para-
meters around the optimum values (those that pro-
duce the fits shown in Fig. 2) depend on GroEL
concentration. For all values of [EL]y/[SP]y, the
values of §[N]/&k, («=R-T, T-R, R-R”, or R"-T)
are relatively small. The largest value over the time
course (0<t<60 min) corresponds to 6[N]/dkg_r",
which lies in the range (0<I8[N]/6kg_r”1<0.8) nM
min. Thus, the native-state yield is not sensitive to
small changes in the allosteric rates. The derivatives
O[N]/odk, are larger for SP-dependent parameters,
especially for the binary aggregation rate N 5. How-
ever, the cumulative effect on the time-dependent
changes in the native-state yield is very small (Fig.
2b). We have calculated the time-dependent changes
in the native-state yield A[N](f) [see Eq. (23) in
Appendix B] due to variations in the kinetic para-
meters for three values of [EL]. At all values of [EL],
A[N](®#)/[IN](H) <1 for all t. Both the sensitivity
analysis and the ability to reproduce the experi-
mental results with merely four parameters for a
large data set by using measured allosteric rates in
the reaction cycle attest to the robustness of the
kinetic model.

Single-ring mutant (SR1) can reconstitute
Rubisco with decreased efficiency

The single-ring mutant of GroEL, called SR1, has
been used as a surrogate to probe assisted fold-
ing.'®**** The inability to discharge the ligands
implies that inter-ring negative cooperativity is sup-
pressed in the GroEL allosteric cycle. The allosteric
cycle of SR1 is similar to that of GroEL. Just like
GroEL, SR1 can bind SPs and GroES in the presence
of ATP and undergo the structural changes shown in
Fig. 1. However, without the trans ring, and hence a
signal from it, SR1 is missing a “timer” and cannot
readily discharge the ligands. Several studles have
shown that when SR124#42 and SR1 mutants'® are
present in excess of SP, they can aid in the folding of
stringent substrates. However the efficiency of SR1
is greatly compromised.'® Nevertheless, SR1 and
other mutants of SR1 have been useful in providing
insights into the role confinement effects play in the

SP folding as a result of the expanded cavity in the
R” state. Our theoretical model can be used to
explore folding in SR1 and assess the extent to which
yield enhancement occurs when the SP is seques-
tered in the central cavity for a long time. It should
be borne in mind that even in SR1 the microenvi-
ronment of SP is altered from hydrophobic to hy-
drophilic as a consequence of T—R—R" allosteric
transitions. In terms of IAM, cycling in SR1 corres-
ponds to n=1, and kg~_r=0 (Fig. 1).

In terms of the kinetic model, the SR1 mutant
undergoes the complete allosteric cycle [Eq. (11)],
but the R” — T transition, characterized by kR _1, has
been prolonged to approximately 300 min.** Thus,
during the R—R"”—T transitions, the SP is encap-
sulated within the GroEL cavity, where it can fold in
the restricted space.*” Rates of SP folding in a hy-
drophilic cavity are typically greater than those in
the bulk,#>4445> assuming that the interaction bet-
ween SP and the walls of cavity is repulsive. Even in
the most favorable case, the confinement-induced
folding rate remains within 1 order of magnitude
of the bulk rates. Because these changes are much
smaller than the lifetime of the SR1 mutant, we
assume that folding inside the cavity is not very
different from folding in the exterior, except that
aggregation is suppressed. The consequence of
changes in SP folding in confined space is exPlored
later. With this assumption, after time T.=kg_r”, we
found that the fractions of misfolded and folded
concentrations are as follows:

_ 1 —®)kg ((p—Fske 'rk_ p —Keke &
M| (kg ) = % ( TH e ) akm
IN](kg'g) =1 M — Krki & — Fski e ok

Kr— ks ke — ks

8)

We have used the notation k;, & to emphasize that
the interior (in the cavity) and bulk rates may differ.
We have also assumed that SP folding inside the
cavity follows the KPM.

In almost all cases, 300 min is sufficient for SPs to
fold inside the cavity, and thus mostly folded or
assembly competent SPs would be ejected from it.
For instance, for Rubisco, even under the assump-
tion that there is no effect of confinement in the
hydrophilic cavity (k=k;, ®=d), 300 min is suffi-
cient for 61% of the SPs to fold using the parameters
in Table 1. A modest enhancement of the slow
folding timescale upon confinement would increase
the partitioning to the folded states even more.
Thus, our kinetic model predicts that SPs can fold in
the central cavity as in the SR1 mutant. However,
from Eq. (8), it follows that even in this case, the
yield of the folded states depends not only on the
intrinsic folding characteristics of the SP (kg, ks, and
@, and their values upon encapsulation) but also on
kr-g” (ie., SP folding and GroEL allostery are
coupled). More importantly, the efficiency of SR1
in producing Rubisco in the native state, even after
300 min, ~10 times the cell doubling time, is far less
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than that of the WT GroEL. The efficiency of SR1
mutants is linked to a decrease in kg _t (see below).

Efficiency of SR1 and its variants in folding
mtMDH and CS depends on intrinsic GroEL
allosteric rates

In the quest to find single-ring constructs that can
substitute for GroEL in vivo, Sun et al. used genetic
experiments to screen for SR1 mutants from which
GroES can disassociate.'® Two of the three SR1
mutants, namely, SR-D115N and SR-A399T, were
judged to be nearly as efficient as GroEL'® in that
they facilitated folding of mtMDH and CS almost as
well as did GroEL. They could also function well in
vivo at 37 °C. The third one, SR-T522I, while con-
siderably more efficient than SR1, was unable to
sustain growth of E. coli. The experiments were
performed under non-permissive conditions such
that spontaneous folding of mtMDH and CS was
negligible (see Figs. 5 and 6 of Ref. 18). The time-
dependent changes in the activity of mtMDH, which
presumably mirrors the yield of the folded state, in
the presence of GroEL, SR1, SR-D115N, SR-A399T,
and SR-T522I are reported in Fig. 5 of Ref. 18.

mtMDH

We fitted the experimental data using our kinetic
model, with the same GroEL parameters (varying only
kr_t for different mutants; see below) as we
obtained in the analysis of Rubisco (Table 1) and
treating mtMDH folding within the single-ring
cavity using Eq. (8). In particular, we analyzed the
data in Fig. 5 of Ref. 18 in two steps. First, we used
the data of spontaneous folding and GroEL-assisted
folding from the figure to determine the intrinsic
rates of mtMDH folding. While GroEL allosteric
rates are dependent on the SP and on the specific
experimental conditions, we used the rates \g, kz_r”,
kt_gr, kr_1, and kgr~_t from Table 1 for the WT GroEL.
Thus, for mtMDH, the intrinsic folding rates are as
follows: kp=100 min ', ks=0.0012 min" !, #=0.002,
and ANA=0.021 nM ! min L. Consistent with these
rates, the values for ky and ky; [kn=Pkr-_r and ky=
(1-Pkg_1] for GroEL are as follows: $=0.002
and kg~r=60 min '. For SR1, we used the same
Ng, kr_r”, kr_r, and kg_t values; however, kg~_r=1/
300 min!. The corresponding data and curves are
shown in Fig. 3.

Second, we fitted the yield data for mtMDH for
the three SR1 mutants (SR-D115N, SR-A399T, and
SR-T5221), using only one free parameter each, namely,
the R”— T transition rate, kg7, which reflects the
kinetic efficiency of inter-ring communication. For
the mutants SR-T522I, SR-A399T, and SR-D115N,
the fits yielded kg7_r=2.5 min~', kg~_r=11 min~’,
and kg r=14 min !, respectively. The fits are shown
in Fig. 3. While it is likely that other SR1 kinetic rates
were also altered as a result of these mutations, we
chose the kr~_t transition rate because it is most
closely related to the GroES dissociation rate (Table 5
of Ref. 18). The GroES K4 measurements for these
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Fig. 3. Yield of SPs as a function of time. (a) The points
are taken from the experimental measurements'® for
folding mtMDH. The lines are fits to the data using the
kinetic model. The black line is for spontaneous folding.
Assisted folding in the presence of GroES and SR1
(purple), SR-T522I (blue), SR-A399T (red), and SR-
D115N (dark red) was used to assess the efficiencies of
these three single-ring chaperonins relative to GroEL
(green). (b) The same as (a) except that the folding of CS
instead of mtMDH is analyzed. The only GroEL allosteric
rate that is varied in obtaining the results in (a) and (b) is
kr~_1, while all others were taken from Table 1. (c) Pre-
dictions for the time-dependent yield of Rubisco for
GroEL (green) and the single-ring mutants SR-T5221
(blue), SR-A399T (red), SR-D115N (dark red), and SR1
(purple) based on chaperonin allosteric rates. The values
of kg_ywere taken by analyzing the mtMDH data in (a). In
(a) and (b), superstoichiometric concentrations of chaper-
onins were used.

mutants (Table 5 of Ref. 18) indicate an increased
dissociation rate for the mutants compared with
SR1. A larger GroES dissociation rate would corres-
pond to speeding of the R”"—T transition rate
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compared with SR1. Thus, our kinetic model, with
physically reasonable parameters, accounts for
folding in a number of single-ring mutants of
GroEL. Increased efficiencies of GroEL, SR1
mutants, and SR1 correlate with decreasing values
of kg~_t; that is, the values of kg”_rcan be arranged in
the order GroEL>SR-D115N>SR-A399T>SR-
T5221>SR1.

CS

Sun et al. also reported the efficiency of the same
GroEL mutants (SR-D115N, SR-A399T, and SR-
T522I) in assisted folding of CS (see Fig. 6 of Ref.
18). We analyzed the CS data using exactly the same
procedure described for mtMDH. As before, for kg_1,
kr_r, kr_r”, kr"_1, and the binding rate N\, we used
the values from Table 1. We fitted the GroEL-
assisted and spontaneous folding data and obtamed
the CS mtr1n51c folding rates (ks=0. 01 min !, kg=
100 min~ !, ®=0.003, and Ao =0.01 nM ' min~ ) We
then fitted the data set for each mutant by varying
only one reaction rate, kg~_1. For CS, the effective
rates associated with the transition from the R” state
to the T state were as follows: 10 min~' for SR-
D115N, 0.8 min ' for SR-A399T, and 0.1 min ' for
SR-T5221. For SR1, we used kg~r=1/300 min !, as
before. The fits are shown in Fig. 3b. While the
precise values of the allosteric rate constant depend
on the SP, the trend in kg~_r using mtMDH and CS,
namely, GroEL>SR-D115N>SR-A399T>SR-T5221>
SR1, is the same.

The experiments with SR1 are generally per-
formed with superstoichiometric chaperonin con-
centrations. The panels in Fig. 4 show plots of
predicted mtMDH yields with super- and substoi-
chiometric concentrations of SR1 (Fig. 4a) and SR-
A399T (Fig. 4b). When present in excess molar con-
centrations ([EL]y/[SP]o>1), SR1 and SR-A399T can
prevent aggregation as they isolate nusfolded SPs
(data not shown). However, experlments 8 and the
theoretical analysis here show that fast cycling rates
are required for efficient chaperonin-aided SP fold-
ing, especially in in vivo situations, where, typically,
[EL]o/[SP]p<1.

SR1 is least efficient in the folding of Rubisco

Normalized activity of Rubisco in the presence of
SR1 has been previously reported However, to
our knowledge, time-dependent increases in the
absolute yield (or activity) for SR1-assisted folding
of Rubisco do not exist in the literature. Using the
allosteric transition rates for SR1 and SR1 mutants
(SR-D115N, SR-A399T, and SR-T522I), we can
predict the trend in the yield as a function of time
for single ring-assisted folding of Rubisco using the
kinetic model. With the initial concentrations of
100 nM for the chaperonins and 40 nM for unfolded
Rubisco, we found that SR1 is the least efficient in
folding this stringent SP (Fig. 3c). Numerically, we
used the kr_t rates from mtMDH data fits. Just as
with refolding mtMDH and CS, the SR-D115N can

folded mtMDH (nM)

time (min)

folded mtMDH (nM)

time (min)

Fig. 4. (a) Theoretical predictions for the expected yield
of mtMDH at various concentrations of SR1. The con-
centrations of SR1 are 1500 nM (continuous purple line),
150 nM (dotted blue line), and 15 nM (dashed black line),
where the initial unfolded mtMDH concentration is
300 nM. The allosteric transition rates for SR1 are obtained
from the theoretical fits in Fig. 3a. (b) Same as (a) except for
the expected yield of mtMDH at various concentrations of
SR1 mutant SR-A399T instead of SR1. (The continuous red
line corresponds to 1500 nM SR-A399T, the dotted red line
corresponds to 150 nM SR-A399T, and the dashed black
line corresponds to 15 nM SR-A399T.) The predictions are
based on the predicted allosteric transition rate kg»_t=
11 min !, obtained from fits to Fig. 3a.

lead to yields that are similar to those obtained using
GroEL. The yield of folded Rubisco at long times, in
the presence of SR-A399T, is somewhat less than that
obtained using GroEL or SR-D115N. These predic-
tions also reinforce that easy and frequent discharge
of the SP from the central cavity is the most efficient
way of enhancing chaperonin-assisted yield in finite
(less than cell doubling) time.

Rate of kr_r- of substrate-optimized chaperonin
is greater than WT GroEL

It is well established that the WT GroEL machin-
ery can assist in the folding of a variety of proteins
that do not share a sequence or structural similarity.
The ability of GroEL to function as a general chape-
rone for a range of substrates might render it in-
efficient for a given SP. To probe the basis of the
conflict between the generahty and specificity for
selected SPs, Wang et al."” performed rounds of in
vivo and in vitro directed evolution to identify
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GroEL/S mutants that can reconstitute a particular
SP, namely, green fluorescent protein (GFP), more
efficiently than WT GroEL (see Fig. 2B of Ref. 17).
However, the enhanced efficiency of GFP comes at
the expense of GroE;_; (the mutant that refolds GFP
more efficiently than WT) not being able to fold
other natural GroEL SPs as well. It was argued that
efficient folding of GFP by GroE;; is related to
changes in the ATPase activity in GroE; ; compared
with the WT and enhanced hydrophilic character of
the GroE;_; cav1ty 7 Thus, mutation-induced altera-
tions in the kinetics of the GroEL reaction cycle can
be used to increase the yield for a particular SP at the
expense of others. The specific residues that were
altered in the directed evolution experiments result-
ing in GroE;_; were located in the equatorial
(D490G) and intermediate (A163V) domains near a
hinge region that is critical to the chaperonin allos-
teric transitions. GroES-Y71H, the accompanying
co-chaperonin, had a single mutated residue that
putatively changed the polarity of the chaperonin
cavity.

While it is difficult to ascertain the specific allos-
teric kinetic rates in the reaction cycle and the extent
to which they were altered in GroE; ;, our model
can explain how changes in the rates may affect the
folding efficiency of a specific SP in a positive way
while hindering the folding of others. For instance,
based on the location of the GroEL mutated residues
in GroE3 j, we propose that the allosteric transition-
determining rates, kz_g~ in particular, are altered. In
addition, we can presume that the associated muta-
tion in GroES changed the folding rates and/or the
kinetic partitioning of GFP inside the cavity. With
the assumption that kg_r~ is altered in the GroE; 4
chaperonin, we can explore, using the kinetic model,
whether the optimal value of the rate for one SP (say,
GFP) compromises efficiency for others. Thus, a
given SP (kg and kg are fixed) chaperonin efficiency is
determined by kg~ and N\, (binary aggregation
rate), assuming that all other parameters do not
change dramatically with GroE; ;. The optimum
value of kg_r~ should arise only if the SP, under the
experimental conditions, is aggregation prone (see
below).

Typically, enhancement in kg_g~ increases the yield
of folded SPs. The continuous red line in Fig. 5 is an
example of the dependence of the native-state yield
after 30 min on an SP (we used the Rubisco para-
meters in Table 1) using superstoichiometric chaper-
onin concentrations (100 nM GroEL and 40 nM
Rubisco). From this result, we surmise that optimi-
zing the efficiency of the chaperonin cannot be
achieved unless N\ 5 (or other rates) is also changed.
For instance, the dashed curve in Fig. 5 shows the
dependence of the native-state yield (also at 30 min)
on kg_g~ for a hlghly aggregation-prone protein (we
used No=0.1nM ''min ') with superstoichiometric
chaperonin concentrations. In this case, it is better to
prolong the time the protein spends in the cavity in
order to reduce the amount of misfolded species in
the bulk (Fig. 5b). The presence of a maximum in the
yield curve in Fig. 5, indicating an optimum time-
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Fig. 5. Prediction of the effect of kr_r~ on the yield of
folded SPs over cell doubling time (30 min). (a) The red
line, obtained using Egs. (8) and (12), is for the expected
yield of Rubisco as kg_g~ is varied. All other parameters
were taken from Table 1. Dashed blue curve shows yield
for a protem whose aggregation rate Ny =0.1 nM 'min !,
which is 100-fold greater than that of Rubisco. Dotted
black curve shows yleld for a protein whose aggregation
rate A\a=1nM ! min~ !, which is a thousand times that of
Rubisco. The concentration of chaperonin [EL]=100 nM,
which exceeds the initially unfolded concentration of SP
(40 nM). (b) Same as (a) except that [ELg]=1 nM. In this
case, even rapid cycling does not significantly yield a
rapidly aggregating protein. However, the paucity of
chaperonins makes it best to increase the cycling rate. The
arrows give the value of kg_g~ for WT GroEL (see Table 1).

scale for the chaperonin allosteric transition, can be
understood as a competition between two effects.
On one hand, a small kz_g” would result in most SPs
remaining captive within GroEL and not being
ejected quickly enough for sufficient yield. On the
other hand, if kg g~ is large, then most SPs are re-
leased in a misfolded state and hence would aggre-
gate because N\, is large. Our calculation (dashed
curves in Fig. 5) demonstrates the plausibility of an
optimum value of kg_g~ and is consistent with the
experiments of Wang et al.'” These calculations show
that optimized chaperonin activity depends not only
on the timescales in the reaction cycle of GroEL but
also on the aggregation and folding characteristics
of the SP. It is important to emphasize that for pro-
teins that are only moderately aggregation prone,
the yield increases as the cycling rate increases. The
experimental observation that the folding of other
SPs was not as efficient with GroE;_; is also
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consistent with this observation (continuous red
curve in Fig. 5).

The results in Fig. 5a were obtained using the
concentration of chaperonins in excess of the SP. We
predict in Fig. 5b the yield for the same SPs at the
same time in the case of substoichiometric chaper-
onin concentration (we used 1 nM chaperonin). The
presence of an additional competing factor—the
availability of chaperonins—favors faster chapero-
nin turnover; hence, we see that even in the case of a
highly aggregation-prone SP, it is better to increase
the chaperonin cycling rate. It is expected that the
amount of chaperonins is rather limited in in vivo
situations. Therefore, we predict that even for
aggregation-prone SPs, the most efficient chaper-
onin function in vivo requires fast cycling.

Discussion

The interplay between the ligand-dependent (ATP
and SP) timescales describing the GroEL allosteric
transition rates in the reaction cycle (Fig. 1) and those
that determine the fate of SPs determines the effi-
ciency of chaperonins. Our work shows that the
kinetics of assisted folding of SPs, under non-per-
missive conditions, can be used to accurately des-
cribe a number of experiments, provided the
coupling between allosteric transitions and SP
folding and aggregation is taken into account. The
dependence of Rubisco folding on the EL concentra-
tion can be quantitatively obtained only by including
the coupling between the kinetic processes in the
reaction cycle. More importantly, using our kinetic
model, we can also account for SP folding assisted by
SR1 and SR1 mutants and link the efficiency of these
chaperonins to the kinetic rates in the reaction cycle.
Finally, our model also explains naturally, in terms of
the rates of the allosteric transitions that depend on
the nature and concentrations of ligands and the
tendency of SPs to aggregate, the observation that
enhanced efficiency of GroEL mutants for a parti-
cular SP comes at the expense of their inability to
rescue other SPs. Although the full kinetic model is
complicated [Eq. (12)], the variations in the efficiency
of the chaperonins are, to a large extent, determined
by the rate-limiting step in the reaction cycle (it is
typically kr_gr” under maximal loading conditions),
the capture rate of the SP, and the concentration-
dependent rate of SP aggregation. Most of the readily
available yield data can be quantitatively explained
primarily by varying these parameters. The avail-
ability of the complete theoretical model allows us to
explore other possibilities that can be experimentally
realized through directed evolution or targeted
mutation of GroEL and GroES.

Chaperonin concentration and binding rate of
SP determine GroEL efficiency

Misfolded proteins either fold to the native state or
aggregate. Chaperonins provide an additional path-
way out of the misfolded states. Only if the flux

along that path is significant can chaperonins subs-
tantially reduce aggregation. Thus, quantitatively,
chaperonins can measurably reduce aggregation
only if NgCop>Na[Xo]. In other words, the product
of chaperonin concentration and binding rate
determines how effectively chaperonins can isolate
the misfolded SPs. NgCo>Na[Xo] is a necessary
kinetic criterion for efficient function of chaperonins.

Given a sufficient amount of chaperonins, the
binding rate g has a large effect on aggregation
prevention illustrated by steady-state solutions to
the kinetic equations. We expect that binding to the
misfolded proteins, and hence isolating them from
the aggregation-prone environment, is beneficial. In
most cases, increasing \p or the concentration also
increases the yield. In Fig. 2, we show the native-
state yield increase as the chaperonin concentration
increases. Theoretically, however, it is also possible
to find a regime where increasing the chaperonin
concentration or increasing Ag may not necessarily
increase the native-state yield. Such a possibility is
realized if the chaperonin allosteric cycle is very
slow, slower than the characteristic timescale kg
associated with the protein escaping from the mis-
folded conformations spontaneously. The effect of
chaperonin concentration on yield and aggregation
is larger in the substoichiometric cases (i.e., if Co<
[Xo]). If Co>[Xo], then GroEL-GroES can fold all SPs

(Fig. 2).

The TR equilibrium constant has only a
moderate effect on SP folding yield in the
presence of excess ATP

A consequence of TAM* is that it is generally
beneficial to speed the chaperonin allosteric cycle,
such that, when needed, chaperonin can perform
multiple rounds of binding and release. This can
result in a rapid enhancement in the yield of native-
state SP [Eq. (6)]. In the context of the T—R tran-
sition, this means that, upon SP binding, driving the
equilibrium toward the R state should enhance
efficiency of SP folding. Yifrach and Horovitz
showed (see Fig. 1 of Ref. 41) how the rate of re-
folding of mDHFR increases as the TT—TR con-
formational transition is sped. Using our kinetic
model, we have analytically shown [Eq. (5)] in the
steady-state limit that the native-state yield can be
increased (and aggregation reduced) upon increas-
ing kr_r and reducing kg_r. For WT GroEL, under
non-permissive conditions in the presence of satur-
ating ATP and GroES, the T— R transition does not
appear to be the rate-determining step in the catalytic
cycle. We have varied both the equilibrium constants
K=kr_r/kg-tand kg_g~ to predict the changes in the
yield of the folded SP (Fig. 6). Under superstoichio-
metric conditions, even large changes in K do not
have a significant effect on the SP native-state yield
(Fig. 6a). Even when Cy<[Xy], alterations in SP yield
are relatively small, except perhaps when K and kg_g~
are greatly changed (Fig. 6b). It is unclear if this
situation can be easily realized. Thus, we predict that
changes in K do not significantly affect GroEL
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Fig. 6. Theoretical predictions on yield of the native SP for Rubisco. (a) The extent of SP folding as a function of the
equilibrium constant K in the T« R transition and that in kg_g~ are varied. The GroEL concentration is 100 nM. (b) Same as
(a) except that the concentration of GroEL is lowered to 2 nM. In both (a) and (b), the GroEL parameters, except those that
are varied, were taken from Table 1. The scale reporting the yield of folded Rubisco, whose initial unfolded concentration

is 40 nM, is given in the middle.

efficiency, at least for stringent SPs. Even for non-
stringent substrates that do not require GroES, the SP
folding rate changes by only a small factor even as K
varies greatly. These conclusions are only valid when
the ATP concentration is large such that the T~ R
occurs readily. If the ATP concentration is very low or
GroEL mutations slow the first steps in the reaction
cycle, then it is likely that the efficiency of GroEL can
also be greatly reduced.

R-R" transition rates and confinement-induced
changes in SP folding dramatically alter
native-state yield

The efficiency of chaperonin function changes
dramatically as kr_g~, which includes GroES binding,
SP encapsulation, and ATP hydrolysis, is varled
During the events that occur on the timescale klrr,
the characteristics of SP folding can also be different
from those in the bulk. In particular, as discussed in
the context of SR1, it is possible that ky and kyy are
functions of kg r~. It is of interest to explore the
efficiency of assisted folding as SP-dependent rates
and kg_g~ are simultaneously altered. It was argued,’
using the IAM, that an SP is pulled out of a misfolded
state during the T—R transition. The stretching
occurs because ATP favors the R state, while SP,
which has high affinity for the T state, resists the
T—R transition. During the R—R” transition, SP is
encapsulated in the central cavity, where it can refold
on a timescale ~kglg". At the end of the R—>R”
transition, the concentrations of SP in various states
to be released from the cavity are given by Eq. (8). In
general, the folding rates ks and kg and kinetic
partitioning factor d>inside the cavity can be different
from the bulk values. Detailed computations show
that rates of folding inside a cavity change at best by
a factor of 10.4647 Using the kinetic model, we ex-

plored two possibilities (Fig. 7). First, assuming that
the folding rates inside the cavity are the same as
those outside, we plotted the native-state yield as a
function of time for three kg_g~ rates in Fig. 7a. The
yield increases as kr_g~ increases. Thus, even in this
case where the rates are not altered by confinement,
it is beneficial to speed the chaperonin allosteric
cycle. For comparison, we also plotted, in Fig. 7b, the
native-state yield in the case where the folding rates
inside the cavity are different. It has been shown that
conﬁnement and the hydrophobicity of the cavity
walls® affect folding rates, probably by favoring the
native states. We used I = kp, P~ 10D, and kg=10*ks,
so the population of the misfolded states is some-
what suppressed. We can see from Fig. 7b that cha-
peronins increase the native-state yield even more.
Benefits of confinement-induced changes in SP and
multiple iterations have a cooperative effect on SP
folding. However, regardless of the changes in the
intrinsic confinement-induced folding characteristic
of the SP yield, enhancement is only possible if kr_g~
increases. This central result, obtained in experi-
ments (Figs. 2 and 3a) and in the exploration of the
complete kinetic model [Eq. (12)], shows clearly that
when presented with SP, ATP, and GroES, efficient
function of GroEL requires frequent cycling—a
prediction that follows from the TAM.”

Methods

Allosteric kinetic model

In order to derive the kinetic model, we have to translate
the steps in the catalytic cycle (Fig. 1) into a set of kinetic
equations. In addition to the timescales that characterize
the KPM for the SP (kg, {k;}) and the GroEL allostery (kt_g,
kgr_1, and kgr_g~), we have to include the rates of binding
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Fig.7. Effect of variations of kg_g” on the native yield of
Rubisco. The concentration of unfolded SP is 40 nM, and
that of GroEL is 100 nM. (a) The folding characteristics
inside the central cavity are the same as those in the bulk
(for values, see Table 1). The values of kg_g~ are 1.2 min~ !
(dotted green line), 12 min ! (continuous red line), and
120 min ' (dashed purple line). (b) Same as in (a) except
that the enhancement in confinement-induced folding of
SP is taken into account. Specifically, we used the same
value of kg and ks=10ks, and ®=10d. In both cases,
frequent cycling, as predicted by IAM, greatly enhanced
the yield of folded Rubisco. The combined effect of
multiple iterations and favorable values of folding in a
cavity results in more rapid production of the native state.

and release of SP (linked to the R”—T transition) for a
complete description of the kinetic model. It is possible to
solve the kinetic equations assuming that there are distinct
structures in the misfolded ensemble. In this case, the
kinetic processes associated with the misfolded ensemble
would involve summations over the discrete structures,
like in Eq. (1). Experimental resolution of the various
misfolded ensembles is difficult if not impossible, and
treating the discrete misfolded structures explicitly does
not provide new insights into the GroEL function. As a
result, we assume that the transition to the NBA from the
ensemble of misfolded conformations is given by an
average rate ks. Because of the commonly made assump-
tion that the R’ state [GroEL—(ATP),~GroES] and the R”
state [GroEL-(ADP),~GroES] are not that structurally
different, we did not consider the R’ state explicitly. Even
with these physically motivated simplifications, there are
10 timescales that can vary depending on the SP and
binding conditions (concentrations of SP, ADP, and
GroEL). From general considerations, we can anticipate
that the dynamic range of possibilities for assisted folding
is large. As a consequence, a number of scenarios can
emerge depending on the values of the rate constants.

In the absence of GroEL and under non-permissive
conditions, a small fraction of unfolded molecules folds
directly to the native state and the remaining molecules
misfold into a long-lived metastable state (i.e., SP folding
is described by the KPM).?® The misfolded molecules can
also aggregate. Using X, N, M, and M, to denote the
unfolded conformations, native conformations, ensemble
of misfolded conformations, and the aggregates, respec-
tively, the relevant reactions are as follows:

XM ©)

Na
M+M—My

We have assumed that along the fast track (X—N),
specific collapse and folding occur nearly simultaneously.
In addition, the commitment to partitioning, which also
results in M, occurs on timescale kg (i.e., timescale for non-
specific collapse ~kg). Explicit simulations using coarse-
grained models*® and theoretical considerations lend
support to these assumptions. For simplicity, we have
also ignored the higher-order aggregation reactions, such
as M, +M — Mj. For our purposes, it suffices to include
aggregation process as a pathway that prevents the form-
ation of the native structure. The inclusion of higher-order
aggregation reactions does not alter the conclusions
relating to GroEL. First-order rate constants are denoted
by k. (a=S,E...); second-order rate constants, by \,. The
kinetic equations for the reaction scheme in Eq. (9) are as
follows:

= —kr[X]
= (1 — ®)ks[X] — ks[M] — Na[M]?

(10)
= ks[M] + Pkg[X]

= \a[MJ?

The case Ny =0, kg > kg describes SP folding by the KPM
for which P,(t) is given by Eq. (2). Throughout the article,
we assume that a single rate constant (ks) describes the
transition from the M state to the N state.

In the presence of GroEL, additional reactions that reflect
the coupling between allosteric transitions and the fate of
SP have to be taken into account. The minimal set of GroEL
allosteric state-dependent reactions that account for the
major steps in the reaction cycle in Fig. 1 is as follows:

N
M + ELt —> EL1SP
K
EL1SP = ELRSP
kr-T

kr_grn
ELgSP™" ELg SP (R—R’ transition) (1)

k
ELg SP>EL; + M
ki
ELg”SP—EL; + N

(SP capture)

(TR transition)

(R” =T transition and SP
folding by KPM)

where EL stands for GroEL, the subscript on EL indicates
its allosteric state, and an SP in an unknown state is
denoted by SP. Note: ky, which is the rate for reaching the
native state either in the cavity or upon release from the cis
cavity, is assumed to be different from k.

In our model, EL can bind misfolded proteins [the first
step in Eq. (11)]; it then undergoes T—R—R" allosteric
transitions (the next two reactions). The SPs that are ejected
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from the chaperonin cavity are either misfolded (M) or
folded (N). We have assumed that while the chaperonin
may unfold the SP during the initial steps of the allosteric
cycle, the collapse from the unfolded state X into M or N is
fast (commitment to partitioning occurs rapidly), and,
thus, even if there are unfolded proteins ejected from the
cavity, they will partition into M and N quickly.

The kinetic equations that describe assisted folding and
include SP folding by KPM, GroEL allostery, and SP
aggregation are as follows:

d[X] _

dd—t = —kp[X]

%%’ = (1 — ®)kg[X] + km[ELr'SP] — ks[M]
—Ng[EL1][M] — Na[MJ*

@ = Ng[EL1|[M] + kr—7[ELRSP] — kr_r[EL7SP]

% = kr_[EL1SP] — ke 1[ELrSP] — kg ' [ELgSP]

d[ELe SP]-_ [ELRSP] — (kx + ku) [ELgr SP]

%% = ks[M] + ®kg[X] + kn[ELg-SP

N Y,

(12)

With the use of the conservation of the number of EL
particles, [ELo]=[ELy]+[ELyX]+[ELgX]+[ELgr"X], where
[EL] is the initial (and total) chaperonin concentration, the
coupled non-linear differential equations in Eq. (12) need
to be solved consistently to obtain time-dependent
concentrations of the different molecular species. There
are, in principle, 10 independent reaction rates needed to
solve the seven coupled differential equations. The inter-
play between these rates creates a number of possibilities,
several of which may not be always experimentally
realizable or biologically relevant. Physical arguments
show that Ng/Na>1 to prevent aggregation. In other
words, the rate of SP recognition must exceed the binary
SP aggregation rates. Although chaperones belonging to
the other heat shock protein family (e.g., HSP70) may
break up aggregates, there is no evidence that GroEL can
facilitate such process. Even with physically motivated
values for the rate constants, there are a number of factors
that determine GroEL efficiency.

Kinetic model without allostery

Even though the kinetic model that takes into account
coupling between the kinetic steps in the well-established
reaction cycle and SP folding quantitatively fits the
experimental data for Rubisco and mtMDH (Figs. 2 and
3), it is legitimate to wonder if a reduced description
suffices. Before we consider models that ignore GroEL
allostery, it is important to state the reasons for deriving a
complete kinetic model for GroEL-assisted folding. The
multi-timescale model agrees better with experimental
data. An example of a model without chaperonin allostery
(see below) does not provide as good a fit of Rubisco
folding into the data in Ref. 19. Moreover, the rates in our
kinetic model have a physical meaning. The steps in the
GroEL allosteric cycle are distinct, and their rates can be
separately measured and/or manipulated by mutations.
Our extracted rates for the allosteric transitions agree with
independent experiments. In addition to giving less
accurate results for chaperonin concentration and time-

dependent yield profiles, a fit using a reduced model
results in reaction rates that cannot be easily interpreted or
used to make predictions. It is unclear how to predict the
effects of mutations in the GroEL-GroES system using the
model that ignores allostery. Experiments on various
mutants of GroEL-GroES have linked their efficiencies to
alterations in ATPase activity that are intrinsic to GroEL
function. Nevertheless, we have considered a simplified
reaction scheme to see if the experimental data can be fit
without accounting for allosteric transitions.

In the absence of allosteric transitions, the chaperonin-
related reactions reduce to:

M+ EL ™ ELSp
ELSP ;“» EL+M (13)
ELSP >EL + N

It is conceivable that kinetic schemes in which EL plays a
passive role can be proposed. Because such schemes do
not even account for GroEL concentration-dependent
yield of SP, they do not warrant further discussion. The
kinetic equations that describe assisted folding and
include SP folding by KPM, GroEL without allostery,
and SP aggregation, corresponding to the reactions in Eq.
(13), are as follows:

d[X] _

F = _kF [X}

M~ (1 Okl + h[ELSP] — kM
—N\g[ELJ[M] — Na[M]?

@f}:mmm—w+mmﬁ](m

9%1 — ks[M] + @ke[X] + kn[ELSP]

d[l(;/iA] — A MP

The solutions to Eq. (14) were used to fit the data for
Rubisco. Although the quality of fits in Fig. 8 (especially at
intermediate concentrations of EL) is not as good as that in
Fig. 2, it appears that the reduced set of equations can
approximately account for experimental observation. The
parameters extracted from the fits are as follows: kp=100
min !, ks=0.0003 min !, ®=0.02, Ao =0.0003 1M min ?,
Ap=61M ' min ', kyy=1400 min ', and ky=1 min .
There are notable differences between the extracted
parameters using Eq. (14) and those that include allosteric

40

w
=

folded Rubisco (nM)
I .
=

=

time (min)

Fig. 8. Rubisco native-state yield at different chaper-
onin concentrations. Data points are from Ref. 19, and
curves are fits based on a kinetic model without allostery
[Eq. (14) in Methods].
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transitions [Eq. (12)]. In particular, the value of ks obtained
for the reduced kinetic model is a factor smaller than that
shown in Table 1. The much smaller value of ks would
result in the prediction that SR1 would not be able to fold
Rubisco to any measurable degree, which is in apparent
contradiction to the report by Brinker et al.*> More
importantly, the ky; value in the reduced model is far
greater than all other timescales and is unphysical. Perhaps
the greatest drawback with the kinetic scheme in Eq. (14) is
that it cannot be used to predict or understand the effect of
GroEL/S mutations that have a profound effect on the
efficiency of chaperonin function. The mutations alter the
rates in the reaction cycle of GroEL. Only by taking those
changes into account can the action of WT GroEL and its
variants be obtained (Figs. 3-7).
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Appendix A. Derivation of Eq. (5)
(steady-state substoichiometric limit)

If we assume that the second-order aggregation
reaction rate can be replaced with an effective first-
order rate ka =N\ [M], Eq. (12) in the steady-state
limit becomes:

0 =—kg [X] + 0o

0 = (1— ®ke[X] + kni[ELr:SP| — ks[M]
—Ng[ELt][M] — ka[M]

0 =Np [ELT] [M] + kR_T[ELRSP] - kT_R[ELTSP]

0 = kp_r[ELTSP] — kr_1[ELgSP] — kg_rs [ELrSP]

0 =krr [ELRSP] — (kN + kM) [ELR/V SP]

0 =ks [M] + Dkg [X] + kn [ELRH SP] — UN

0 = A [M]2 — UM,

where we have included vy, vy, and vy, as the rate
of introduction of nascent unfolded proteins, the
rate of production of native proteins, and the rate of
production of aggregated proteins, respectively.
From the above equations, we obtain

[EL{SP| = kl”kﬁ [ELgSP] and  (15)
T-R
[ELgSP] = % [ELgSP]. (16)

Using these equations, we obtain

Ns[EL1][M] = (kx + k) [ELwSP].  (17)

By using the conservation of chaperonin concen-
tration, [EL]o=[ELy]+ [EL;SP]+[ELgSP]+[ELR-SP],
Eq. (17) can be rewritten as

Ns([EL], — [EL1SP| — [ELgSP] — [ELg-SP])[M]
= (kn + km)[ELR-SP] (18)

By substituting Egs. (15) and (16), Eq. (18) becomes

kn + kvt (kret + krwe
xB[EL]O[M]—xB[NJFM(RT+RR+1)+1]

kr_grr kr_r
[ELR” SP] [M] = (kN + kM>[ELR" SP] (19)

or

NB[EL])[M] — NgA[ELz'SP][M] = (kn + km ) [ELrr SP]
(20)
where [see also Eq. (5)]

A kn + kv (kR—T + kr—r

- 1) +1. (21
kg

kr-r

Combining the first two steady-state equations
along with Egs. (17) and (20) yields the following
quadratic equation for the concentration of the mis-
folded species:

2 (kM + kN)(kA -+ ks) + )\B[EL] kn (1 — QD)UO
[M] + |: )\B(kS + kA)A : B ks + kA :|
M) — (kv +kn)(1 = @)oo 0 (22)

)\B(kA + ks)A

Because @ and all the rates are positive, the only
physical solution for [M] is a monotonically increas-
ing function of A. The native-state yield decreases as
[M] increases; thus, the native-state production in-
creases as A decreases.

Appendix B. Sensitivity analysis of the
kinetic model [Eq. (12)]

We have assessed the effects of the changes in the
kinetic parameters around the optimal values that
produce the best fits to the Rubisco data (Fig. 2 and
Table 1) by performing a local sensitivity analysis.
We computed the time-dependent change in the
native-state yield, A[N](t), in response to variations
in the kinetic parameters. The change A[N](f) is
computed by using;:

AN(H) = Y (3IN]/6p.) Ap, (23)

o

where Ap, is the variation in the kinetic parameter
Po [Eq. (12)] and (S6[N]/0p,) is the time-dependent
derivative of the native-state yield with respect to p,.
The magnitude of A[N](t) is an estimate of the
variation in the native-state yield in response to
fluctuations in Ap,. The magnitude of (65[N]/dp,) is
an indication of the extent to which the parameter p,,
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affects A[N](t). We computed A[N](t) by varying
each rate constant by +5% around the values given
in Table 1. The derivatives, obtained using a simple
finite difference scheme, depend on [EL]. Among the
allosteric rates in the reaction cycle, the largest value
corresponds to [6[N]/0kg~_rl when [SP]y<[EL]o. The
maximum value (=0.8) is found at f=10 min.
Similarly, the values of I16[N]/6\l change from 40
nM? min at early times to 120 nM? min for =20 min.
Even these seemingly large values produce negli-
gible changes in A[N](t) (Fig. 2b). All other
derivatives are much smaller. Using all the values
of 6[N]/0p., we have calculated A[N](#) [using Eq.
(23)]. The time-dependent changes in A[N](f), which
are residuals in the best fit of the data using Eq. (12),
are small. Thus, the kinetic scheme is robust to
variations in the kinetic parameters.
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