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Molecular chaperones facilitate the folding of proteins and RNA
in vivo. Under physiological conditions, the in vitro folding of
Tetrahymena ribozyme by the RNA chaperone CYT-19 behaves
paradoxically; increasing the chaperone concentration reduces
the yield of native ribozymes. In contrast, the protein chap-
erone GroEL works as expected; the yield of the native sub-
strate increases with chaperone concentration. The discrepant
chaperone-assisted ribozyme folding thus contradicts the expec-
tation that it operates as an efficient annealing machine. To
resolve this paradox, we propose a minimal stochastic model
based on the Iterative Annealing Mechanism (IAM) that offers a
unified description of chaperone-mediated folding of both pro-
teins and RNA. Our theory provides a general relation that quan-
titatively predicts how the yield of native states depends on chap-
erone concentration. Although the absolute yield of native states
decreases in the Tetrahymena ribozyme, the product of the fold-
ing rate and the steady-state native yield increases in both cases.
By using energy from ATP hydrolysis, both CYT-19 and GroEL drive
their substrate concentrations far out of equilibrium, thus maxi-
mizing the native yield in a short time. This also holds when the
substrate concentration exceeds that of GroEL. Our findings sat-
isfy the expectation that proteins and RNA be folded by chaper-
ones on biologically relevant time scales, even if the final yield
is lower than what equilibrium thermodynamics would dictate.
The theory predicts that the quantity of chaperones in vivo has
evolved to optimize native state production of the folded states
of RNA and proteins in a given time.

molecular chaperones | protein folding | RNA folding | optimizing
short-term yield | nonequilibrium steady state

Small single-domain proteins fold rapidly with sufficient yield
as envisioned by Anfinsen (1–3). However, larger proteins,

especially those with complex native (N) state topologies, are
often kinetically trapped in metastable states for sufficiently long
times that protein aggregation becomes a major problem (4–6).
In such nonpermissive conditions, the N state yield is extremely
low. To remedy this deleterious situation, molecular chaperones
have evolved to rescue those substrate proteins (SPs) that are
prone to aggregate and hence do not fold spontaneously with
enough yield on cellular time scales (7, 8). The best studied
example is the bacterial chaperonin GroEL (8, 9), a promis-
cuous stochastic ATP-consuming machine that mediates fold-
ing of a variety of SPs regardless of the topology they adopt
in the N state. Indeed, nearly 30 years ago, it was shown that
GroEL recognizes SPs as long as they are in the misfolded
(M) state, thus exposing hydrophobic residues that are usually
buried in the N state (10). In contrast to protein chaperones,
much less is known about RNA chaperones and their func-
tions. Under typical in vitro conditions, ribozymes readily mis-
fold into a manifold of metastable states (11–13). The barri-

ers between these states and the N state are much larger than
the thermal energy, thus making the time scales for transition
between the metastable states and the N state longer than the cell
doubling time.

The need for chaperones is best understood by considering
spontaneous folding of proteins and RNA under nonpermissible
conditions. The kinetic partitioning mechanism (KPM) (14) pro-
vides a common unifying description of chaperone-free folding
of SPs as well as ribozymes in rugged energy landscapes (11, 15,
16). According to the KPM (illustrated in Fig. 1), a fraction of the
initial population of molecules, referred to as the partition fac-
tor �, folds rapidly to the N state while the remaining fraction,
(1 � �), is kinetically trapped in M states for times exceeding
viable biological times. Proteins and ribozymes, which reach the
folded state with sufficient yield (�⇠ 1), do not require chap-
erones. In contrast, the protein Rubisco with �< 5% (17) and
the Tetrahymena ribozyme (�⇠ 8%) (11–13) require assistance
from chaperones.

The mechanism of GroEL action has remained unnecessar-
ily controversial. Two diametrically opposite models have been
proposed—the Anfinsen cage mechanism (passive or active) and
the Iterative Annealing Mechanism (IAM). The former posits
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Fig. 1. Illustrating the KPM of spontaneous folding of proteins and RNA
in a rugged folding free energy landscape. Under nonpermissive conditions,
only a fraction � of the unfolded molecules fold rapidly to the N state. The
rest (1 � �) misfold and remain kinetically trapped in a manifold of long-
lived metastable states. If � is small, as is the case in the folding of ribozymes
and proteins under nonpermissible conditions, its folding requires the chap-
erone machinery.

that the GroEL encapsulates the misfolded SP and provides
an environment that avoids SP–SP interaction, thereby prevent-
ing aggregation and promoting folding (18, 19). It should be
noted that the folding rate could be enhanced due to confine-
ment in a noncycling artificial GroEL mutant (20), as predicted
theoretically (21–23). On the other hand, the IAM proposes
that GroEL uses the energy from ATP binding and hydrolysis,
leading to large conformational changes in GroEL (17, 24–26).
The allosteric changes lead to partial unfolding and encapsu-
lation of the misfolded SP, thus giving the SP another chance
to fold to the correct N state. Iterating the cycles of encap-
sulation and unfolding eventually leads to a high yield of the
native SPs (17). Unlike the cage model, the IAM quantitatively
explains all of the available experimental data, including the
effect of GroEL variants in the rescue of mitochodrial Malate
Dehydrogenase (mtMDH) and Citrate Synthase (27). Relative
to the wild-type (WT) GroEL, the ability to rescue these sub-
strates is greatly compromised (28) in GroEL variants, gener-
ated by mutating specific residues. The Anfinsen cage model
would predict no change in assisted folding in going from the WT
to the mutants, a conclusion that contradicts the experimental
findings (28).

In the context of chaperone-mediated RNA folding, a large
number of studies unequivocally suggest that the IAM is the
dominant mechanism of RNA folding (29–32) without the bene-
fit of quantitative analyses. This has been attributed to the ubiq-
uitous role of superfamily-2 (SF2) helicases performing RNA
remodeling and chaperone activities, many of which are known
to unwind nucleic acids either processively or in a local manner
(33, 34). The suspected helicase activity of RNA chaperones sug-
gests that kinetic traps are resolved by first partially unwinding
(thereby unfolding) M states of the substrate.

The proposal that assisted folding by GroEL and RNA chap-
erones involves unfolding of the substrates suggests that there
ought to be a universal mechanism of chaperon-assisted protein
and RNA folding, referred to as the generalized IAM (35). The

generalization is required since it was shown that unlike the case
of proteins where chaperones recognize only the misfolded SPs,
the RNA chaperones also bind and unwind native RNA folds
(30, 31). Therefore, while the basic principle of repeated rounds
of misfolded substrate recognition and partial unfolding remains
identical between proteins and RNA chaperones, there is an
additional element of N state recognition by the chaperone in the
case of RNA. However, this additional aspect of N state recog-
nition leads to an immediate conundrum, which was observed
in experiments of CYT-19–mediated folding of Tetrahymena
ribozymes—as the chaperone (in this case CYT-19) concen-
tration is increased, the final yield of the N state is reduced
(30). This finding is qualitatively different from the observations
on GroEL-mediated folding of proteins, where increasing the
chaperone concentration increased the final yield of the native
protein (17).

Here, we create a stochastic model based on the generalized
IAM, which quantitatively explains the apparently paradoxical
results in the chaperone-dependent folding of RNA and pro-
tein within a unified theory. We analyze a host of experimental
data on CYT-19–mediated folding of the Tetrahymena ribozyme
(and its mutants) as well as Rubisco and recent data on mtMDH
(36). In both proteins and RNA, it is neither the absolute
steady-state native yield [P(N ,1)] nor the folding rate (k

obs

)
that is maximized but rather the product �

NE

= k
obs

P(N ,1)
that represents a balance between the two quantities. We fur-
ther show that the chaperones achieve optimal performance by
hydrolyzing ATP and driving their substrates into steady-state
concentrations that are far from equilibrium. While equilib-
rium thermodynamics would predict far higher long-term native
yields in assisted folding of RNA, cellular time scales are much
shorter than the times needed to reach equilibrium. Our work,
therefore, suggests that cells settle for less native substrate
than is theoretically possible but that is obtained over much
faster time scales by allowing chaperones to use nonequilibrium
processes.

Unified Model for Protein and RNA Folding by Chaperones
The crucial prediction of the IAM for proteins (17) is that GroEL
binds to misfolded SPs and unfolds it fully or partially, giving the
SP another chance to fold correctly. RNA chaperones (CYT-19
for example) are more indiscriminate in that they also unfold
the native substrate (30). We subsume these scenarios using a
three-state model, which we demonstrate not only fits all of the
data but leads to general principles of chaperone function and
the associated optimization problem that nature has solved to
prevent aggregation. Both GroEL and dead-box proteins that
act as RNA chaperones have been shown to efficiently release
their substrates and engage in multiple rounds of substrate bind-
ing/release (37–39). These findings are in accord with the basic
tenets of the IAM.

We define the three main states—I, N, and M, correspond-
ing to intermediate, native, and misfolded, respectively (Fig.
2). The substrate may be fully or partially unfolded by the
chaperone (8, 30). Hence, the free substrates, before folding,
belong to the I state in our model. We assume that the chap-
erones do not bind to the unstructured I state because doing
so would result in an unstable complex. In addition, to describe
dependence of the folding rates on the chaperone concentration
dependence, we define two additional states, CM and CN, cor-
responding to chaperone bound to M and N states, respectively
(Fig. 2).

The rates k
ij

correspond to transitions from state i to j , where
i , j = I ,N ,M . Starting from an ensemble of SPs in the unfolded
state, the ribozyme population (or SPs) rapidly collapses to the I
(11). From the I state, a fraction of molecules (�) fold rapidly to
the N state, while the rest of them (1 � �) are trapped in long-
lived metastable misfolded intermediates M, which slowly fold
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Fig. 2. Schematic illustration of the model for a unified description of
chaperone-assisted folding. We use Tetrahymena ribozyme for illustration
purposes. The ribozyme in the I (brown), N (red), and M (blue) states and
Ribonucleoprotein (RNP) complexes are illustrated in the scheme. The CYT-
19 is represented in green. The same model is applicable to describe GroEL-
associated folding, except CYT-19 is replaced by the chaperonin machinery.

to the N state, as predicted by the KPM (11, 29, 40). The kinetic
partition factor � is related to kIN and kIM by:

� =
kIN

kIN + kIM
. [1]

Although there are a multitude of states in the I and M ensem-
bles in a rugged folding landscape (29), we subsume all such pos-
sible states into I and M for simplicity. In vitro experiments, in
the absence of chaperone, suggest a rapid equilibration between
the multitude of states in the misfolded ensemble, and hence, the
M to N state transition can be described by a single rate (11, 15,
40, 41). The effective rates kIN and kIM are assigned to the transi-
tions to the N and M states, respectively.

To model the function of the GroEL and CYT-19, we allow
the chaperone to recognize both M and N, taking the M and N
states back to the I state with rates kMI and kNI, respectively. The
chaperone–ribozyme or chaperone–protein complexes formed
with M and N states, denoted as CM and CN, respectively, use
energy obtained from ATP hydrolysis to revert to the partially
unfolded I.

The chaperone binds to M and N with second order rate con-
stants �

M

and �
N

, respectively. Note that �
N

and �
M

can be
interpreted as the effective rate of protein/ribozyme recogni-
tion and processing by the chaperone, which reduces to kcat/KM
at low chaperone concentration, provided that GroEL/CYT-19
binding to M or N follows Michaelis–Menten kinetics (31). It
has been shown that the CYT-19–dependent rate of unfold-
ing of the ribozyme is linear up to 500 nM, indicating that
the lower bound of the effective Michaelis–Menten constant
K CYT-19

M is 500 nM. We assume that the transitions from CN
or CM to I follow Michaelis–Menten kinetics with the ATP
concentration [T ], with distinct turnover rates (kATP

cat,N, kATP
cat,M),

and Michaelis constants (KATP
m,N , KATP

m,M ) (Fig. 2). The transi-
tion rates involving the states CM and CN, shown in Fig. 2,
can be subsumed into one by observing that each of the tran-
sition times for M ! I and N ! I is a sum of two time
scales—that is, binding of chaperone to substrate and ATP-
dependent partial unfolding. Therefore, the overall rates of
chaperone and ATP-mediated unfolding rates can approximately

be written as kMI ⇡ �
M

[C ]
k

ATP
cat,M[T ]

K

ATP
m,M +[T ]

�⇣
�
M

[C ] +
k

ATP
cat,M[T ]

K

ATP
m,M +[T ]

⌘
and

kNI ⇡ �
N

[C ]
k

ATP
cat,N[T ]

K

ATP
m,N +[T ]

�⇣
�
N

[C ] +
k

ATP
cat,N[T ]

K

ATP
m,N +[T ]

⌘
. We are thus left

with only the three states—I, M, and N—which greatly simpli-
fies the analyses of the experimental data. Finally, the transition
rate from M to N is kMN, while the reverse rate is kNM, such
that the free energy difference between the two states is given
by �GNM = GM �GN = �k

B

T log(kNM/kMN).
Note that in our model we have disallowed the M ! I and

N ! I conversions in the absence of chaperone or ATP (Fig. 2).
While spontaneous conversion from M and N to I will undoubt-
edly occur to some extent, the key element that allows us to
make the simplifying assumptions in our model is a comparison
of time scales. The barriers between M and N states and I are
large enough that spontaneous transitions to I occur on much
longer time scales than any other time scale in the problem. For
instance, Tetrahymena ribozyme is kinetically trapped in the M
state over time scales of days in vitro (11), whereas the intro-
duction of CYT-19 and ATP accelerates the folding process to a
matter of minutes (30). Therefore, the wide separation of time
scales allows us to neglect the spontaneous M ! I and N ! I
conversions, which we do for the sake of simplicity and to keep
the number of free parameters in the model to the minimum
possible.

Results and Discussion
Assisted Kinetics and the Time Evolution of Native Substrate. The
time evolution of the probability of the system being in the state
i at time t P(i , t) is given by the master equation:

d
dt

P(i , t) =
X

j 6=i

k
ji

P(j , t)�
X

j 6=i

k
ij

P(i , t) [2]

with i , j = I, N, M. This equation allows for exact solutions
of the probability of observing each state (N, M, or I) as func-
tions of time (details in Eq. S2). These solutions are complete in
the sense that they govern all time scales, giving a full descrip-
tion of the time evolution of the system from t =0 to t =1.
At large times (t !1), these solutions represent steady-state
behavior. The nonequilibrium steady-state population of the N
state P(N , t !1) is reached from any initial condition and is
given by (see Supporting Information for details):

P(N,1) =
kMI([C ], [T ])kIN + kMNkIM + kMNkIN

⌃([C ], [T ])
[3]

where ⌃([C ], [T ]) = kNI([C ], [T ])kMN + kIMkNI([C ], [T ]) +
kIMkMN+kINkNM+kNMkMI([C ], [T ])+kMI([C ], [T ])kIN+kIMkNM+
kMIkNI([C ], [T ])+kMNkIN. Note that this steady-state value of the
native yield depends on both the concentration of the chaperone
[C] as well as the ATP concentration [T]. If kNI = kMI =0, which
happens when either [C] = 0 and/or [T] = 0, the native popula-
tion becomes:

P(N ,1)
��
[C ]=0,[T ]=0

=
kMN

kMN + kNM

=
1

1 + e��GNM/k
B

T

⌘ Peq

N

, [4]

which is the expected result at thermodynamic equilibrium (Peq

N

)
between the two states, N and M.

Remarkably, the behavior of the steady-state native substrate
yield P(N ,1) under the action of RNA chaperone CYT-19
is strikingly different compared with that of GroEL. While the
steady-state yield of the folded protein increases on increas-
ing the GroEL concentration, the steady-state yield of native
ribozyme decreases on increasing CYT-19 concentration. The
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contrasting behavior is fully explained by our model. Our the-
ory predicts that P(N,1) is a monotonically increasing function
of [C] if the inequality:

kATP
cat,N

kATP
cat,M

<
�
N

�
M

kIM

kIM + kATP
cat,M

[5]

is satisfied. On the other hand, if:

kATP
cat,N

kATP
cat,M

>
�
N

�
M

kIM

kIM + kATP
cat,M

, [6]

then P(N,1) will be a monotonically decreasing function of [C]
(see Supporting Information for details).

Substituting the parameters from Table S1 (see CYT-19–
Mediated Folding of Tetrahymena Ribozymes and GroEL-
Mediated Folding of Rubisco and MDH), we see that the
inequality in Eq. 6 is indeed satisfied by Tetrahymena ribozyme.
Similarly, the best fit parameters from Table S2 show that Rubisco
satisfies the inequality in Eq. 5, thus explaining the increase in
native yield of Rubisco as GroEL concentration is increased.

Generalized IAM and the N State Recognition Factor. Without chap-
erones, only a small fraction � of the original unfolded ensem-
ble reach the N state spontaneously. The rest, 1 � �, remain
trapped in long-lived metastable states. To rescue these kineti-
cally trapped proteins to the N state, the chaperone molecules
recognize and bind to the exposed hydrophobic regions of the
misfolded protein. The remaining fraction, (1��), is assisted by
GroEL, in all likelihood reverting it to the more expanded form,
and the whole process is repeated over and over again. The yield
of the N state as a function of such reaction cycles n is given by
Y

N

(n) = 1� (1� �)n . As n becomes large, the native yield can
theoretically reach Y

N

(n)! 1.
The generalized IAM (35) allows for the possibility of N state

recognition by the RNA chaperone, CYT-19, which was not con-
sidered previously (42). The chaperone is allowed to act on the
N state in addition to the M states of protein or RNA and redis-
tributes � again into �2 N states and �(1 � �) M states,
where  (0<< 1) is the degree of discrimination by the chap-
erone between the N and M states. A fraction (1 � )� of the
original native population remains unperturbed in the same N
state. It is easy to show that the net gain in the fraction of N
state after n iterations is given by �((1� �)(1� ))n�1 (where
n =1, 2, ...). The total yield of the N state after n iterations
Y

N

(n) (Fig. 3) is therefore Y
N

(n)=�+ �(1� �)(1 � ) + ...
+ �((1� �)(1� ))n�1, and the conditions of �< 1 and < 1
lead to:

Y
N

(n) =
�� (1� )n(1� �)n�

+ (1� )�
. [7]

The physical meaning of the discrimination factor, , is evi-
dent by making an approximate mapping of the long-time yield
Y

N

(n !1) to the equivalent expression in our master-equation
framework, P(N,1). By substituting �= kIN

kIN+kIM
into Eq. 7

and taking the limit n !1, we obtain Y
N

(1)= kIN
 kIM+kIN

,
while P(N,1) with k

MN

, k
NM

⌧ 1, and k
NI

⌧ k
IN

reduces to
P⇤(N,1)= kIN

(kNI/kMI)kIM+kIN
. Therefore,  is approximately the

ratio of two rate constants associated with chaperonin-induced
unfolding:

 ⇡ kNI([C ], [T ])
kMI([C ], [T ])

, [8]

which is in accord with the intuitive definition of  given in Eq.
7. It is worth noting that  depends on the chaperone ([C ]) and
ATP ([T ]) concentrations, which suggests that it is possible to
reduce  by increasing [C ] or [T ]. Evidently, for GroEL, ! 0
because kNI([C ], [T ]) is negligible.

CYT-19–Mediated Folding of Tetrahymena Ribozymes. Since the
discovery of self-splicing enzymatic activity in the group I intron
Tetrahymena thermophila ribozyme (43–45), the Tetrahymena
ribozyme has been the workhorse used to reveal the general prin-
ciples of RNA folding. In accord with the KPM (Fig. 1), the value
of � of the WT Tetrahymena ribozyme that attains catalytic activ-
ity in the absence of CYT-19 is only 6% to 10% (at 25 �C), while
the majority of ribozymes remain inactive (11, 13). In the case
of the Tetrahymena ribozyme, it is suspected that the formation
of incorrect base pairs stabilizes the misfolded conformations
(46). For example, to disrupt a six base-paired helix, a secondary
structure motif ubiquitous in RNA, the free energy barrier is
�G‡ = 10 to 15 kcal/mol (=5 stacks ⇥ 2 to 3 kcal/mol per stack).
The timescale ⌧ ⇠ ⌧

o

e�G‡/k
B

T with ⌧
o

⇡ 1 µs (47) for a sponta-
neous disruption of base stacks is estimated to be O(101). ⌧ .
O(105) s. Thus, once trapped into a mispaired conformation, it
is highly unlikely to autonomously resolve the kinetic trap on a
biologically viable time scale (46).

We first analyze the ability of CYT-19 to facilitate the folding
of Tetrahymena ribozyme. Time-resolved kinetics of two variants
[P5a mutant and P5abc-deleted (�P5abc) ribozyme] as well as
the WT of the ribozyme were probed by varying CYT-19 and
ATP concentrations (30). We establish the validity of our the-
ory by using Eq. S2 to quantitatively fit an array of experimen-
tal data on the WT and P5a mutant (Figs. 4A and 5 A and B,
respectively). In the experiments, the fraction of native ribozyme
was probed as a function of time, under different initial con-
ditions: (i) starting from completely folded (N) ribozymes, (ii)
starting from primarily misfolded (M) ribozymes, and (iii) CYT-
19 chaperone inactivated by addition of proteinase K. To probe
the effects of CYT-19 and ATP on the production of active (N)
state, CYT-19 was varied for cases i and ii, and ATP concentra-
tion was varied for case i. In total, we used our theory to fit five
sets of data for the WT (Fig. 4A) and 11 sets of data for the P5a
variant (Fig. 5 A and B) ribozyme. By accounting quantitatively
for the dataset, we extracted the best fit parameters, given in
Table S1.

The overall trends in the parameters, extracted by simulta-
neous fit of the available data, are consistent with the direct
experimental measurements and estimates (see Table S1). Note
that some of the experimental results cited in Table S1 were
performed under different conditions (temperature, Mg2+ ion
concentration, or absence of CYT-19) than the experiments
analyzed using our theory. These differences could affect the var-
ious rates and are pointed out in Table S1. For the P5a mutant,
the fraction � of ribozymes that fold directly to the N state was
estimated to be 0.09 (30), while � (Eq. 1) calculated from our

Fig. 3. Generalized IAM for proteins and RNA, showing the effect of vary-
ing  on the yield of the N state. Shown is the plot of the yield, YN(n) (see
Eq. 7), as a function of number of cycles n. The native fraction in the limit of
large n therefore depends on , the efficiency of chaperone recognition of
the N state: = 0 (red), = 0.01 (blue), = 0.05 (green), = 0.3 (brown),
and = 1.0 (black).
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A B

Fig. 4. Analysis of CYT-19–mediated folding of the WT Tetrahymena
ribozyme. Circles represent experimental data, while the curves are plots
of Eq. S2. The five sets of data in A have been fit simultaneously to deter-
mine the best parameters for the WT (given in Table S1). (A) Kinetics of
WT ribozyme in 2 mM ATP concentration for various concentrations of CYT-
19: no CYT-19 (brown), 1 µM CYT-19 (red), 2 µM CYT-19 (blue), and 3 µM
CYT-19 (pink). The curve in green is obtained for a mixture of native and
misfolded WT ribozymes when proteinase K is introduced to inactivate CYT-
19. (B) Dependence of kobs of WT ribozyme on CYT-19 (data from figure 1d
of ref. 30). The curve is the CYT-19 dependence of the second eigenvalue
|�2| obtained from our model (see Supporting Information), with parame-
ters obtained from the fits in A. Given the large experimental uncertainty,
only the trend “kobs increases as [C] increases” is meaningful.

fitted values of kIM and kIN is 0.10 � 0.12. The free energy dif-
ference, �GNM, calculated from kNM and kMN gives 2.6 k

B

T .
This value is in rough accord with experimental results showing
that the N state of P5a is less stable compared with the WT with
�GWT

NM ⇠ 10k
B

T (11, 48).
For all three variants of the ribozyme, one dominant eigen-

value (|�2|⇡ k
obs

) of the master equation formulation describes
the overall kinetic behavior of the three-state model (see Sup-
porting Information). Thus, the time evolution of the fraction of N
state is primarily governed by the exponential term e�|�2|t , mak-
ing |�2| comparable to the experimentally observed rate k

obs

. To
assess the effect of varying ATP and CYT-19 concentrations on
the chaperone-induced unfolding kinetics of the native ribozyme,
we compared |�2| (computed from the parameters in Table S1)
with data on k

obs

as a function of CYT-19 (Fig. 4B for WT and
Fig. 5C for P5a) and ATP concentration (Fig. 5D for P5a). The
reasonable agreement of these curves with the experimental data
and the best fit parameters with their corresponding experimen-
tally measured values indicate that our kinetic model faithfully
describes CYT-19–mediated folding/unfolding of Tetrahymena
ribozyme. The agreement is especially satisfactory given the large
scatter in the experimental data.

The ratio kMI/kNI, which quantifies how indiscriminately the
chaperone unwinds both the N and M states, is roughly 40 to 80
in the ribozyme 0.5 � 5µM concentration range of CYT-19 and
at 1 mM ATP using the parameters for the P5a variant in Table
S1. We obtained qualitatively similar results if parameters from
the WT are used. Since more of the P5a parameters could be
robustly fit, we report kMI/kNI for only the P5a variant.

Finally, to test the importance of the N state recognition by
CYT-19, we analyzed how the long-term N state yield (Eq. 3)
changes due to perturbations of the parameter �

N

around the
best fit values of the WT ribozyme (Fig. S2). We also perturbed
some of the other parameters that could conceivably be changed
by making mutations in the chaperone domains—for example,
the ATP hydrolysis rates and the binding constant �

M

(Fig. S2).
Interestingly, P(N ,1) is most sensitive to changes in �

N

com-
pared with the other parameters (Fig. S2), thereby indicating that
changes in recognition and binding of CYT-19 to native RNA
can result in significant shifts in the final N state yield.

Additional Remarks for RNA Chaperones. Besides ATP-driven
rearrangements, certain DEAD-box proteins drive ATP-inde-
pendent conversions between RNA structures as well (49, 50).

However, the ATP independent process is highly inefficient and
occurs at much lower rates than the ATP-driven structural rear-
rangements only when [protein] � [substrate] (49, 50). In addi-
tion, Yang et al. (49) demonstrate that only the ATP-dependent
rearrangements lead to substrate concentrations that are out
of equilibrium. The ATP-independent pathways lead to equi-
librium concentrations, exactly as our model predicts. There-
fore, while the ATP-independent pathways are no doubt present,
they are much slower, and hence the ATP-dependent pathways
dominate.

Finally, although the Tetrahymena ribozyme is not a natural
substrate for CYT-19 and therefore may not refold with maxi-
mal efficiency, our focus has been on explaining the differences
in refolding driven by different concentrations of CYT-19. This
analysis allowed us to show that regardless of the detailed mech-
anisms, the action of the chaperone is nonequilibrium in nature,
with the thermodynamic driving force being ATP hydrolysis. In
the presence of CYT-18, the molecular details of the RNA chap-
erone acting on Tetrahymena ribozyme will most likely be altered,
but the nonequilibrium nature of the chaperone action captured
by the three-state model will still be maintained.

GroEL-Mediated Folding of Rubisco and MDH. Rubisco is a strin-
gent substrate for GroEL in the sense that the full machinery
including ATP and GroES is required to ensure folding. In a
previous study, the GroEL-assisted folding of Rubisco as a func-
tion of GroEL concentration was reported (17). Starting from
acid-denatured Rubisco (in kinetically trapped M states), the
yield of the N state increased with time upon addition of the
chaperonin system (GroEL and GroES). Using our theory, we
simultaneously fit the nine time-evolution curves, correspond-
ing to nine different concentrations of GroEL using Eq. S2.

A B

C D

Fig. 5. Analysis of CYT-19–mediated folding of the P5a variant of Tetrahy-
mena ribozyme. The circles and inverted triangles represent experimental
data, while the curves are plots of Eq. S2. The 11 sets of data in A and
B were fit simultaneously to determine best fit parameters (given in Table
S1). (A) CYT-19 (1 µM)-induced kinetics starting from the native P5a vari-
ant ribozyme in 5 mM Mg2+ at various ATP concentrations: no ATP (brown),
100 µM ATP (blue), 200 µM ATP (red), 400 µM ATP (green), 1 mM ATP (pink),
and 2 mM ATP (black). (B) Kinetics of P5a variant folding for different CYT-
19 concentrations. Starting conditions were primarily native (circles) or pri-
marily misfolded (triangles) P5a variants. Cyt-19 concentrations are 0.5 µM
(blue) and 1 µM (red). The curve in green is obtained for a mixture of native
and misfolded P5a variant ribozymes when proteinase K is introduced to
inactivate CYT-19. (C and D) Dependence of kobs of the P5a variant on CYT-
19 (data from figure S3 of ref. 30) and ATP concentration (data from figure
S4c of ref. 30), respectively. The lines are CYT-19 or ATP dependence of the
second eigenvalue |�2| obtained from our model, with parameters obtained
from the fits in A and B.
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From the results in Fig. 6, we draw the following general con-
clusions: (i) The excellent fit in Fig. 6A shows that the model
quantitatively captures the kinetics of GroEL-assisted folding of
Rubisco; (ii) the folding rate increases nonlinearly with GroEL
concentration; and (iii) most importantly, the dependence of
P(N , t ⇡ 60mins) on chaperonin concentration shows that equi-
librium is not reached at long times, despite GroEL being in far
excess of the concentration of Rubisco. This crucial point, which
also holds for CYT-19–assisted folding of Tetrahymena ribozyme,
is further discussed below.

The fitted parameters for GroEL-mediated folding of Rubisco
(shown in Table S2) are consistent with previous experimental
and theoretical results. From our fits, we obtain the partition fac-
tor �⇠ 0.01 remarkably close to the expected value from exper-
iments and a previous theory (17). The binding rate of GroEL
was measured to be 107 � 108 M�1s�1 (51), while we obtain
�
M

⇡ 0.7⇥ 107M�1s�1. We compare the parameter values pre-
dicted using an entirely different kinetic model, describing the
coupling between GroEL allosteric transitions during the folding
of Rubisco (27). Though the details of the model are completely
different from the present work, we can compare some results of
both the models. Our estimate of the GroEL binding rate is con-
sistent with the value of 107M�1s�1, and �, extracted from their
fits, was 0.02. The consistently small value of the partition factor
�(⇡ 0.01 � 0.02) implies that in a cycling system, which is most
relevant for in vivo function of GroEL, only about 1% to 2% of
Rubisco reaches the folded state in the absence of a chaperone.

We should point out that unlike the ribozyme analysis, there
is not enough data in the GroEL–Rubisco experiment to extract
kNM and kMN (and hence �GNM) accurately. However, this does

A B

C D

Fig. 6. Using the kinetic model to analyze GroEL-assisted folding of Rubisco
and MDH. (A) Quantitative fits of a time-dependent increase of folded
Rubisco at various GroEL concentrations and 1 mM ATP using our kinetic
model (data taken from ref. 17). Note that the y axis was converted to a frac-
tion between 0 and 1 by dividing Rubisco concentrations by 50 nM, which
was the starting concentration of acid-denatured protein in ref. 17. The con-
centrations of GroEL are (from bottom to top) 0, 1, 2, 5, 10, 20, 30, 50, and
100 nM. A single set of parameters, listed in Table S2, fits all of the curves.
The dependence in the steady-state values of P(N, t) (t ⇡ 60 min) is an indi-
cation of the departure from equilibrium. In all cases, P(N, t) (t ⇡ 60 min) is
less than the equilibrium value. (B) Dependence of the rate kobs as a function
of GroEL concentration for folding of Rubisco. (C) Fits of time-dependent
increase of native MDH at various GroEL concentrations and 500µM ATP. Ini-
tial concentration of denatured MDH (dMDH) was 0.5 µM. Concentrations
of GroEL are (from bottom to top) 0, 0.05, 0.1, 0.2, 0.5, and 0.75 µM. (D)
Dependence of the rate kobs as a function of GroEL concentration for fold-
ing of MDH. In all panels the dots represent data from experiments, while
the curves represent theoretical predictions.

not affect any of the general results of this paper, as both kNM
and kMN are small compared with all other rates and do not affect
the values of the other parameters. Consistent with the idea that
GroEL is much more selective in unfolding only the M states
compared with CYT-19, we find using Eq. 8 and the parame-
ters in Table S2 that ⇡ kNI/kMI ⇠ (6 � 8)10�3 for GroEL in
the concentration range between 0.5 � 5µM and 1 mM ATP
concentration. Compared with the values of (0.0125 � 0.025)
that we found for the ribozyme system, this result shows that
GroEL is indeed much more effective in discriminating between
the M and N states. The steady-state yield of the N state as
a function of  (Fig. 3), which can be altered by mutations
(28), is a highly sensitive function of . Finally, we also use
our model to analyze refolding data on the protein MDH.
The excellent fit of data to our theory (Fig. 6C, parameters
in Table S3) further validates the use of the stochastic three-
state model to describe chaperone-assisted refolding of proteins.
It is worth noting that even at substoichiometric quantities of
GroEL, substantial yield of the N state is obtained (Fig. 6 A
and C), albeit at lower rates (52). This is in contrast to what
is expected in the folding assisted by the single ring GroEL
mutant (SR1) from which GroES disassociates in 300 min. In
this case, the maximum native yield is set by the concentration
of SR1. In other words, each SR1 can at best process only one
substrate molecule on time scales less than 300 min, which is
far in excess of the typical bacterial cell doubling time. Simi-
lar to Tetrahymena ribozyme and Rubisco, the long-time native
yield of MDH changes as the GroEL concentration changes,
indicating that the steady state reached is far from equilibrium.
Despite the fundamentally different mechanistic functions, our
model provides a unified description of the action of both GroEL
and CYT-19.

Protein and RNA Chaperones Function Far from Equilibrium. The
quality of our fits in Figs. 4–6 and the consistency of the fitted
parameters with previous experimental results prove the validity
of the theory to describe the general behavior of both protein
and RNA chaperones. An important conclusion of our work is
that the steady-state yield of N states P(N,1) does not approach
a Boltzmann distribution dictated by equilibrium thermodynam-
ics (see Supporting Information for more details). The value of
P(N,1) is a function of both the chaperone concentration [C]
as well as the ATP concentration [T], as is evident both from Eq.
3 and from the experimental data (Figs. 3–5). This is evidence
of departure from equilibrium. For example, the experimentally
measured stability of the WT ribozyme �GWT

NM ⇠ 10k
B

T (11,
48) indicates that the equilibrium fraction of N state should be
⇠ 0.99. The steady-state fractions of WT ribozyme in the pres-
ence of CYT-19 are, however, much less (Fig. 4A). Similarly,
since we calculated the stability of the P5a variant of Tetrahymena
ribozyme to be 2.6k

B

T , equilibrium thermodynamics would pre-
dict a yield Peq

N

=0.93. Clearly, this yield is not reached for most
concentrations of the chaperone (Fig. 5 A and B). The steady-
state yields depend on both ATP and CYT-19, an indication that
equilibrium is not reached. Since �GNM for Rubisco or MDH
is not known to the best of our knowledge, we could not do the
same analysis on Rubisco or MDH to estimate the native yield
predicted by equilibrium thermodynamics. However, the obser-
vation that the steady-state yield of the N state changes with
GroEL concentration (Fig. 6 A and C) shows that equilibrium
is not attained in the Rubisco–GroEL/MDH systems either. In
addition, it is clear from the rate parameters determined in our
model that the local detailed balance condition is broken and
that a nonzero probability current is established between any two
states in the three-state model, further demonstrating that the
steady state reached by the chaperone and the system is far from
equilibrium (see Supporting Information for details).
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Effect of Aggregation. Note that our three-state model neglects
any possibility of aggregation, which introduces at least one and
likely many additional parameters. Could the different steady-
state yields of substrate at different concentrations of chaper-
one (especially substoichiometric values; see Fig. 6 A and C)
be a consequence of substrate aggregation? From the results in
Table S2, we calculated the chaperone-driven rate kMI that pri-
marily brings misfolded Rubisco back into circulation (kMN is
much smaller and can be neglected for this analysis). For the
experiments shown in Fig. 6A, 50 nM denatured Rubisco was
used, so GroEL concentrations of 1, 2, 5, 10, 20, and 30 nM
are substoichiometric. The corresponding values of kMI for these
GroEL concentrations as predicted by our theory are 0.39, 0.77,
1.86, 3.58, 6.64, and 9.29 min�1, respectively. On the other hand,
using the estimate of 0.001 nM�1 min�1 for the second-order
rate constant for Rubisco aggregation obtained by an elaborate
framework (27) and using 50 nM for the misfolded Rubisco con-
centration (setting an upper limit for the aggregation rate), we
find that the aggregation rate is 0.05 min�1. Note once again
that this is an upper limit, and the true aggregation rate will
be smaller since not all of the 50 nM Rubisco will be in the
M state. Clearly, the aggregation rate is an order of magnitude
smaller than kMI for the smallest GroEL concentration used
in Fig. 6A (1 nM), while it is over two orders of magnitude
smaller when the GroEL concentration is 30 nM. This clearly
demonstrates that even though aggregation could be present,
it is much slower than the dynamics within the three states of
the substrate. As a result, a steady-state probability current will
be set up within the three states of I, M, and N on time scales
faster than the cumulative rate of aggregation, resulting in the
different steady-state concentrations observed for the different
GroEL concentrations. These calculations are also in accord
with the experimental observations of Rubisco (17) and MDH
(36), where no visible aggregation was observed. Therefore,
while aggregation likely plays some role in establishing the final
steady-state yields, our calculations show that it makes a very
minor contribution compared with the role of nonequilibrium
dynamics.

Maximization of the Finite-Time Yield by Iterative Annealing and
in Vivo Regulation of Chaperone Concentration. Do chaperones
maximize either the absolute yield of the N states or the fold-
ing rate? Our theory suggests a general answer to this ques-
tion in the unified scenario of both RNA and protein chaper-
ones. Using the parameters in Tables S1 and S2, the steady-state
native yield P(N,1) is plotted for both Rubisco and Tetrahy-
mena ribozyme in Fig. 7 A and B. The figure highlights that
increasing the chaperone concentration results in completely
opposite behavior of the native yield for Rubisco and Tetrahy-
mena ribozyme. This immediately suggests that the absolute
value of the yield is not maximized, since increasing CYT-19
concentration decreases the native yield of the ribozyme (Fig.
7B). The folding rate (k

obs

) is not maximized either—Fig. 4B
for the WT ribozyme and Fig. 5C for the P5a variant both
show that the folding rate is an increasing function of CYT-
19 concentration, even around 4 � 6µM . Our theory predicts
that the folding rate saturates at much larger CYT-19 con-
centration (⇠ 80µM ). At such high concentrations, however,
the native yield of ribozyme would become very low (Fig. 7B),
strongly indicating that neither the folding rate nor the nonequi-
librium steady-state yield is maximized. This also suggests that
the CYT-19 concentration cannot be arbitrarily large under in
vivo conditions and that the chaperone concentrations must be
regulated.

Interestingly, the product �
NE

= |�2|P(N ,1) quantifying the
balance between folding rate and amount of steady-state yield
reaches saturation at low values of chaperone concentration for
both protein and RNA as shown in Fig. 7 C and D. �

NE

is a

A B

C D

Fig. 7. Maximization of the finite-time yield by iterative annealing. (A and
B) Steady-state yield of the N state of Rubisco (A) and ribozyme (B), as func-
tions of chaperone concentration. (C and D) Plots of �NE = |�2|P(N,1) for
protein (C) and ribozyme (D), as functions of chaperone concentration. The
curves in A and C were obtained using the best fit parameters for the GroEL–
Rubisco system, given in Table S2. The curves in B and D have been produced
using the best fit parameters for the mutant P5a ribozyme, given in Table
S1. For all of the curves, the ATP concentration [T] was set to 1 mM. The
qualitative results do not change for other concentrations of ATP.

monotonically increasing function of the chaperone concentra-
tion, reaching saturation values at ⇠ 0.5�1µM for both the RNA
and the protein. The same plot for MDH is shown in Fig. S1.
This intriguing result shows that chaperone concentrations may
well be regulated to be in the range of a few µM such that �

NE

is maximized (Fig. 7 C and D), thereby allowing for higher native
yields in short biologically relevant times.

Finally, rough estimates of chaperone concentrations in vivo
also support our results suggesting the maximization of �

NE

.
There are 10,300 molecules of the yeast RNA chaperone
Mss116p (53, 54), which is structurally similar to CYT-19 and
catalyzes the efficient splicing of yeast mitochondrial group I
and II introns (54). Given an average yeast volume of 37 µm3

(55), the concentration of Mss116p is ⇠ 0.5µM , which is in the
saturation region of Fig. 7D. GroEL concentration in vivo is
about 5.2 µM (there are 1,580 14-mer GroEL molecules in a
volume of 1 µm3 in Escherichia coli, with the functional unit
being the 7-mer). As can be seen from Fig. 7C and Fig. S2,
a concentration of 5.2 µM is in the saturation region as well.
These two results provide additional support to the idea that
by functioning out of equilibrium it is possible to maximize the
native yield in biologically relevant time scales under in vivo
conditions.

Concluding Remarks
With a doubling time of about 2 hours, Tetrahymena are some
of the fastest multiplying free-living eukaryotic cells (56). There-
fore, the viable time scale for Tetrahymena ribozyme folding to
the N state should be on the order of a few hours. Though a large
fraction of the ribozyme (1� � with �⇡ 0.1) misfolds and stays
kinetically trapped over time scales of days in vitro (11), experi-
ments show that the addition of CYT-19 can accelerate the fold-
ing process to a matter of minutes (30). Surprisingly, however,
increasing the CYT-19 concentration decreases the final yield of
the N states, in stark contrast to GroEL-mediated folding of pro-
teins, where increasing the chaperone concentration increases
the native yield at long times.

In this work, we have developed a theoretical model to study
the widely contrasting experimental results on protein and RNA
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chaperones. The representation of assisted folding of protein
or RNA using a three-state stochastic model allowed us to
explore the concepts of the kinetic partitioning factor (�), native
population at thermodynamic equilibrium (Peq

N

), and biologi-
cally relevant nonequilibrium steady-state yield of the N states
[P(N ,1)]. By using a unified framework to analyze a wide array
of data from CYT-19–dependent Tetrahymena ribozyme folding
experiments and GroEL-mediated Rubisco and MDH folding
studies, we show unequivocally that thermodynamic equilibrium
is not attained in these systems. Rather, using energy from ATP
hydrolysis. the chaperones drive the substrates out of equilib-
rium, thereby promoting higher native yields in short, biologi-
cally relevant time scales. This purely nonequilibrium effect is a
result that is distinct from earlier experimental and theoretical
works that have suggested interesting implications for the role
of out-of-equilibrium dynamics on the conformational cycles of
chaperones (57) and on the affinity of chaperones for their sub-
strates (58).

The time to increase the native yield from � to Peq

N

in
the absence of chaperones is beyond biologically meaningful
time scales. For example, ⌧

M!N

⇡ 104 min in the Tetrahymena
ribozyme (11), which is far in excess of Tetrhymena cell doubling
time. This must imply that the functions of molecular chaperones
have evolved to maximize the yield in a given time, rather than
the absolute yield. Assisted folding does not maximize the fold-
ing rates (k

obs

) either, as erroneously stated in studies based on
the efficacy of artificial single mutant (SR1) of GroEL in res-
cuing SPs. The current work debunks the conclusions of such
studies, which have inferred the function of GroEL based on
SR1, which is at best a useful model in probing confinement
effects on protein folding. Such studies have no relevance to
the function of the full chaperonin machinery either in vitro or
in vivo.

Just like error-correcting machineries in cellular processes (59,
60), molecular chaperones use energy from ATP hydrolysis to
stochastically help fold biomolecules into the functionally active
form on biologically meaningful time scales. Our work shows that

both the RNA and protein chaperones, which bring systems out
of equilibrium, have evolved to promote the finite-time yield of
the N state and not simply the absolute yield or folding rate as
conventionally surmised. Our results provide a unified frame-
work for the role of chaperones in both protein and RNA fold-
ing and may have important implications in our understanding of
both protein and RNA homeostasis (61, 62).

Methods
Theory. The theory is based on the kinetic pathways outlined in Fig. 2, which
is translated into the master equation given in Eq. 2. The solution to Eq. 2
and additional analyses presented in the main text can be found in Support-
ing Information.

MDH Experiments. MDH was denatured in 6 M freshly prepared urea at a
final concentration of 50 µM for an hour. The recovery of enzymatic activ-
ity from the dMDH refolded in the presence of chaperonins was monitored
spectroscopically. We diluted dMDH by 100-fold to a solution containing
50 mM Tris–OAc, pH 7.5, 100 mM KOAc, 10 mM Mg(OAc)2, 0.2 mM PEP,
1 mM DTT, 5 units PK, 12.5 µM GroES, plus GroEL of concentration as
indicated in the Fig. 6 legend. MDH refolding was carried out at 30 �C.
The GroEL-assisted MDH refolding was initiated by addition of 1 mM ATP.
At various time points, 10 µL of this refolding reaction was removed and
diluted to the 890 µL refolding quench solution containing 100 mM TrisOAc,
pH 7.5, 50 mM EDTA, 0.15 mM NADH, and 1 µM GroEL subunit (to cap-
ture free dMDH) and incubated on ice for at least 10 min before being
subjected to MDH activity assay. The assay was carried out at 30 �C and
initiated by addition of 0.5 mM oxaloacetate into the refolding quench
solution. The decrease in absorbance at 340 nm was monitored over 4 min.
The slopes of the steady-state trace of MDH at different time points were
normalized to that of native MDH of the same concentration (5.6 nM) and
expressed as percentage of MDH activity recovered. We should add that
there was no evidence of aggregation of MDH even in the absence of GroEL,
which justifies the neglect of aggregation pathways in the theoretical
formulation.
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SI Solution of the Three-State Model
Denoting by ~P(t) a column vector with components P(i , t), Eq.
2 can be cast into a matrix form: d

dt

~P(t)=W ~P(t), where the
rate matrix W is

W =

0

@
�(kIN + kIM) kNI kMI

kIN �(kNI + kNM) kMN
kIM kNM �(kMI + kMN)

1

A [S1]

For the rate matrix in Eq. S1, ~P(t) is given by:

~P(t) = c1~u1e
�1t + c2~u2e

�2t + c3~u3e
�3t [S2]

where �1, �2, and �3 are the eigenvalues of W and ~u1, ~u2, and
~u3 are the corresponding eigenvectors. The first eigenvalue �1 is
equal to 0, while �2,�3 < 0 (1). Since �1 = 0 (and the other two
eigenvalues are negative), c1~u1 represents the steady-state (t !
1) solution of Eq. S2. If |�2| ⌧ |�3|, Eq. S2 effectively describes
a single exponential relaxation to the steady state, with |�2| the
observed rate for the relaxation—that is, |�2| ⇡ k

obs

. The coef-
ficients c1, c2, and c3 are constants determined from the initial
conditions—the fraction of substrate in I, M, and N at time t = 0.
In all of the experiments analyzed later, three types of initial con-
ditions arise: All of the substrate begins in state M [P(M, 0) =
1], all of the substrate begins in state N [P(N, 0) = 1], and
the substrate is in a mixture of states. The last initial condition
was needed only for analyzing some of the ribozyme data (Figs.
3 and 4), and for these cases, P(N, 0) was obtained directly
from the experimental data at t = 0 and P(M, 0) was set to
1� P(N, 0).

SI The Long-Time Steady State is Far from Equilibrium
To assess whether the long-term steady state of Eq. S2 is an equi-
librium or nonequilibrium solution, we calculate the probability
current between any two states of the model. This current J is
the same between any two states of our three-state model and is
defined as:

J = k
ij

P(i ,1)� k
ji

P(j ,1), [S3]

where i , j = I, M, N. Using Eq. S2 with t ! 1, the current J is
given by:

J =
kIMkMNkNI � kINkMIkNM

(kIM + kMI + kMN) kNI + kMIkNM + kIM (kMN + kNM) + kIN (kMI + kMN + kNM)
. [S4]

The steady state reached is out of equilibrium, as in the long
time limit a nonzero (but constant) probability current J exists
between any two states of the system. As is evident from Eq. S4,

only when both kNI = 0 and kMI = 0, which is realized either
when [C] = 0 or [T] = 0 or both, the current becomes zero, which
is characteristic of equilibrium.

SI Parameter Estimates for RNA and Proteins
To analyze the fraction of native substrate as a function of time,
we fit Eq. S2 to experimental data using a custom-written nonlin-
ear least squares method in Mathematica (2). The least squares
method of minimizing �2 values is equivalent to maximizing a
log-likelihood function, with the assumption that errors in the
mean fraction of native substrate are Gaussian-distributed. As
can be seen from Tables S1–S3, a number of parameters could
not be uniquely identified from the fits. To find ranges of these
parameters over which the fits did not appreciably change, we
varied each parameter individually around the best fit value,
keeping all other parameters fixed, and computed the change in
the minimum �2. We reported parameter ranges that allowed
the �2 value to increase by 1 from the minimum. Quantitatively,
this means that a parameter resulting in an increase of 1 for the
�2 is exp(�1/2) ⇠ 60% as likely to be correct as the best fit para-
meter value.

SI ���NE for GroEL-Mediated Folding of MDH
Fig. S1 shows a plot of �

NE

for the protein MDH as a function
of GroEL concentration. Similar to Rubisco and Tetrahymena

ribozyme analyzed in the main text, this is an increasing function
of chaperone concentration, saturating at GroEL concentrations
of approximately 2� 3µM . This finding and the observation that
the in vivo GroEL concentration is approximately 5.2 µM (see
Maximization of the Finite-Time Yield by Iterative Annealing and

in Vivo Regulation of Chaperone Concentration) further support
our prediction that GroEL maximizes �

NE

.

SI Predictions for Possible Mutations
Having obtained the best fit parameters for the ribozymes and
proteins (Table S1– S3), we can now modify the rates of some
of the important parameters to predict the outcome of muta-
tions that could conceivably be performed. The results, shown
in Fig. S2 for the WT ribozyme and Fig. S3 for MDH, suggest
that the most sensitive mutation would be one that changes the
binding of the chaperone to native ribozyme or protein. Inter-
estingly, our analysis predicts that other possible mutations

(which would change ATP hydrolysis rates or binding rates
of chaperone to the misfolded ribozyme/protein) would hardly
change the final yield of N states.

1. van Kampen NG. (2007) Stochastic Processes in Chemistry and Physics. (Elsevier). 2. Wolfram Research Inc. (2017) Mathematica, Version 11.1. Available at wolfram.com.
Accessed December 4, 2017.
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Fig. S1. Plot of �
NE

= |�2|P(N,1) as a function of GroEL concentration (7- or 14-mers of GroEL). The concentration of MDH was 0.5µM.

Fig. S2. Effect of possible mutations on the final yield of N states in the WT ribozyme–CYT-19 complex. Parameters were fixed to the best fit results with [C] =
1 µM, [T] = 2,000 µM, and only �

M

(A), �
N

(B), k

ATP
cat,M (C), and k

ATP
cat,N (D) were varied to observe the effect on the fraction of N states. Arrows indicate the

position of the best fit value around which the parameter is being varied.
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Fig. S3. Effect of possible mutations on the final yield of N states in the MDH–GroEL complex. Parameters were fixed to the best fit results with [C] = 1 µM,
[T] = 2,000 µM, and only �

M

(A), �
N

(B), k

ATP
cat,M (C), and k

ATP
cat,N (D) were varied to observe the effect on the fraction of N states. Arrows indicate the position of

the best fit value around which the parameter is being varied.

Table S1. Best fit parameters extracted by fitting Eq. S2 to the experimental data (Eq. S3) obtained at 25 �C and 1 mM (WT) and 5 mM
(P5a and E�P5abc) Mg2+ ion concentrations

�
N

, �
M

, k

ATP
cat,N, k

ATP
cat,M, K

ATP
m,N, K

ATP
m,M, kNM, kMN,

Best fit kIN, min�1
kIM, min�1 M�1min�1 M�1min�1 min�1 min�1 µM µM min�1 min�1

WT, fit 0.2* 1.6* 1.1 ⇥ 105 � 50 ⇥ 106 > 10 > 10 > 1 > 1 10�6 0.05
WT, exp 0.37 ± 0.10 (1) 1.5 ± 0.3 (1), 2.4† 300 to 600 (2) 50 to 500 (2) 10�9 (3)‡ 0.05 (4)§

P5a var. 0.7 5.11 to 6.1 13.6 ⇥ 105 � 15 ⇥ 107 7 to 30 100 to 400 > 3000 700 to 900 0.002 0.032
(fit)

P5a var., 4.75¶ (4) 51.13†

exp
E

�P5abc, 1.8* 11.07* 6.8 ⇥ 106 � 20 ⇥ 106 > 2 > 2 > 800 > 800 0.0615 0.0614
fit

E

�P5abc, 0.28 (3) 1.7† 0.008 (3)‡ 0.011 (3)‡

exp

For comparison, we list the corresponding rates from direct experimental measurements (in bold) and the indirect (details in the footnotes below) estimates.
The experimental rates were determined at 25 �C but with different Mg2+ ion concentrations, 10 mM in ref. 1 and 10 to 50 mM in ref. 3.
*Because of insufficient data for extracting unique parameter values, we constrained the ratio of kIM and kIN for the WT and E

�P5abc while fitting to reproduce
experimental results for � (1, 5–7).
†These values of kIM have been estimated from the experimentally determined values of kIN and �.
‡The rates k

MN

= 10�4
min

�1 and k

NM

= 10�9
min

�1 were obtained in experiments without the chaperone CYT-19. See footnote d for more details.
§This value of kMN obtained in ref. 4 is higher than what was found in experiments in the absence of chaperone (3). The reason, as discussed in supplementary
figure 2 of ref. 4, is the presence of a KCl buffer in the preparation of CYT-19.
¶This rate was not obtained directly at 5 mM Mg2+ ion concentration but obtained by linear extrapolation from higher Mg2+ concentrations (4).
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Table S2. Best fit parameters determined by fitting Eq. S2 to experimental data on GroEL-mediated folding of Rubisco (1)

kIN, kIM, �
N

, �
M

, k

ATP
cat,N, k

ATP
cat,M, K

ATP
m,N, K

ATP
m,M,

Fit min�1 min�1 M�1min�1 M�1min�1 min�1 min�1 µM µM kNM, min�1
kMN, min�1

Value 0.25 20.36 27 ⇥ 105 389 ⇥ 106 0.02 48 � 52 < 40 60 � 145 0.0094 - 0.01 10�6 � 2 ⇥ 10�4

1. Todd MJ, Lorimer GH, Thirumalai D (1996) Chaperonin-facilitated protein folding: Optimization of rate and yield by an iterative annealing mechanism. Proc Natl Acad Sci USA

93:4030–4035.

Table S3. Best fit parameters determined by fitting Eq. S2 to experimental data on GroEL-mediated folding of MDH

Fit kIN, min�1
kIM, min�1 �

N

, M�1min�1 �
M

, M�1min�1
k

ATP
cat,N, min�1

k

ATP
cat,M, min�1

K

ATP
m,N, µM K

ATP
m,M, µM kNM, min�1

kMN, min�1

Value 0.366 0.37 < 103* 1.7 ⇥ 106* > 0.1† > 20 † < 2000‡ < 2000‡ 0.025 7.78 ⇥ 10�3

*Because of insufficient data for extracting unique parameter values, the additional constraint of �
M

> �
N

was maintained while fitting to data. This is physi-
cally reasonable since the chaperone is expected to bind more efficiently to misfolded protein rather than native protein and was found to be the case for the
unconstrained fit for Rubisco shown in Table S2.
†Because of insufficient data for extracting unique parameter values, the k

cat

values were constrained to be less than 5000 min

�1, since most enzymes fall in
this range (1).
‡Because of insufficient data for extracting unique parameter values, the K

m

values were constrained to be less than 10000 µM, since most enzymes fall in this
range (1).
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