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ABSTRACT Molecular chaperones are machines that consume copious amounts of ATP to facilitate the folding of misfolded pro-

teins or RNA to their functionally competent native states by driving them out of equilibrium. Because the folding landscapes of bio-

molecules with complex native state topology are rugged, consisting of multiple minima that are separated by large free energy 
barriers, folding occurs by the kinetic partitioning mechanism according to which only a small fraction of the molecules reach the 
folded state in biologically viable times. The remaining fraction is kinetically trapped in a manifold of misfolded states. Folding of 
such recalcitrant proteins and RNA requires chaperones. Although the protein and RNA chaperones are profoundly different in their 
structure and action, the principles underlying their activity to produce the folded structures can be understood using a unified theo-

retical framework based on iterative annealing mechanism. Our theory, which quantitatively explains a number of experimental data, 
shows that both these machines have evolved to maximize the steady-state yield on biological times. Strikingly, the theory predicts 
that only at a moderate level of RNA chaperone activity is the yield of the self-splicing pre-RNA maximized in vivo.

INTRODUCTION

The thermodynamic hypothesis, formulated by Anfinsen 
(1,2), asserts that the information needed to spontaneously 
reach the unique three-dimensional (3D) folded states of pro-

teins is fully encoded in the primary sequence (1). In other 
words, protein folding is a self-assembly process. This expec-

tation is borne out in numerous in vitro experiments on pro-

teins with simple topologies and is the basis of structure 
prediction (3) and protein design (4). In addition to the unique-

ness of the native fold, rapid folding kinetics could be impor-

tant for sustaining high fidelity of biological functions, as 
already implied by experiments showing the recovery of RNa-

seA activity upon urea denaturation and subsequent renatur-

ation upon depleting urea (5). However, not all proteins fold 
spontaneously (6,7) with sufficient yield. Such proteins are

either long and/or their folded states have complex topologies. 
As a result, they are kinetically trapped in deep minima from 
which transition to the folded state takes place on timescales 
that are too long to be biologically viable.

Trapping in metastable native-like states is a lot more 
common in RNA than in proteins. Indeed, the folding ki-

netics of even RNA with simple architecture, such as hair-

pins, occurs in stages that is explained by the tendency to 
populate multiple intermediates (8,9). In general, a typical 
spectrum of RNA shows that there are several low-lying ex-

citations that are easily accessible from the folded state. The 
free energy barriers separating such states from the folded 
state in ribozymes are large. Consequently, the transition 
times from the misfolded to the folded state could be hours 
or longer (10,11). The rescue of such recalcitrant proteins 
and RNA requires molecular chaperones, which likely 
evolved over a billion or more years ago, in bacteria (12).

The purpose of this article is to synthesize experimental 
and theoretical developments to create a unified framework,
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SIGNIFICANCE Proteins and RNA that do not fold spontaneously with sufficient yield require molecular chaperones to 
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based on the iterative annealing mechanism (IAM) (6,13), to 
understand the action of protein and RNA chaperones. For 
concreteness, we focus on the Escherichia coli GroEL/ES 
machinery (referred to as chaperonins) and the seemingly 
unrelated RNA enzyme CYT-19. Although both of these 
systems have been separately investigated (14–18), there 
are only a handful of works (19–23) that have provided a 
common description by invoking nonequilibrium mecha-

nisms. Let us briefly introduce these two molecular ma-

chines. 1) Although the identities of the proteins that are 
helped by GroEL, belonging to the heat shock family 
HSP60, during the cell cycle, are not precisely known, it ap-

pears that only a small percent of the E. coli. proteome (24) 
may recruit the GroEL machinery to assist in the folding 
process. It is worth noting that assisted folding occurs 
without violating the tenets of the Anfinsen hypothesis. In 
other words, the sequence encodes the topology of the 
folded structure as well as the folding mechanism. We has-

ten to add that the possibility of chaperone redundancy im-

plies that the fraction of proteins that are helped by 
chaperones could be larger than estimated previously (24). 
Given the rate of polypeptide synthesis E. coli. is substantial 
(≈60,000 chains/s (24)), it is unlikely that all of them could 
be chaperoned to the folded state, especially considering the 
mechanisms used by various chaperones are different.

Importantly, GroEL is a promiscuous machine that assists 
the folding of proteins whose native states are structurally 
unrelated (25), implying it is blind to the architecture of 
the folded proteins. 2) That proteins can facilitate the 
folding of RNA has been known over 40 years thanks to a 
pioneering, but often overlooked, study (26), which showed 
that tRNA could be reconstituted upon addition of proteins 
that potentially bind to single-stranded regions of RNA, 
which are presumably exposed in the misfolded states. 
More recently, it has been shown definitely that the ATP-

consuming DEAD-box protein CYT-19, found in Neuros-

pora crassa and the related Mss 116 in yeast, has chaperone 
activity (27,28). Importantly, the absence of CYT-19 in mu-

tants of Neurospora crassa resulted in the accumulation of 
misfolded states of group I intron. Like GroEL, the fungi-

derived CYT-19 is also promiscuous in the sense that it ex-

hibits chaperone activity toward RNA from other organisms 
(27,29). Despite considerable differences between these two 
machines, which we explain below, the IAM provides a sin-

gle unified framework that quantitatively explains all the 
available experiments and provides a platform to anticipate 
universal features of chaperone activity.

THEORETICAL BACKGROUND 

Kinetic partitioning mechanism

The need for chaperones is illustrated by considering spon-

taneous folding of RNA and proteins with complex topol-

ogy. The folding landscapes of these biomolecules are

rugged (30–33), consisting of multiple minima separated 
by large free energy barriers that are difficult to cross in bio-

logically relevant times. The conformations in the ensemble 
of misfolded states are frustrated. There are two sources of 
frustration. Energetic frustration is one, arising from 
competing interactions between distinct arrangements of 
the amino acid residues (6,34–36) (or nucleotides (37)). 
As a result, not all favorable interactions at a specific residue 
or a nucleotide location can be simultaneously satisfied 
(6,37). On the other hand, the more severe topological frus-

tration (30,38) is caused by the incompatibility between sta-

ble structures formed on local length scales and the global 
native fold. The structures in the topologically frustrated 
states have strong similarity to the native state (38,39). 
Because of the rough free energy landscape, long-lived mis-

folded native-like metastable states readily form during the 
folding reaction. This is indeed the case in the folding of Ru-

bisco (6,40) and Tetrahymena ribozyme (10).

The kinetic partitioning mechanism (KPM), which fol-

lows from the description of the rugged folding landscape, 
provides a unified theory (6,30,37–39) to describe folding 
of both RNA and proteins under nonpermissive conditions 
in which the yield of the folded state is paltry. According 
to KPM, only a small fraction, Φ, of molecules reaches 
the native state. The remaining fraction is trapped in one 
of the many minima for arbitrarily long times. The noncon-

vexity of folding landscape engenders multiple parallel 
folding pathways, giving rise to folding kinetics that are 
best fit to a multiexponential function,

P N (t) = 1 − Φe − t = τ f − 
∑ 

i

ϕ s;i e 
− t = τ s;i : (1)

Here, τ f is the time for reaching the native state by the fast 
route, and ϕ s,i and τ s,i are those associated with slow routes. 
It should be stressed that the relations τ s,I ≫ τ f are satisfied. 
Conservation of flux implies that Φ + 

∑ 
i ϕ s,i = 1 should be 

satisfied.

For small, fast-folding globular proteins, τ f ∼ O(1) ms 
and Φ ≈ 1. However, this is not the case for proteins with 
complex topology, whose folding landscape is rugged, as 
illustrated in Fig. 1. Navigation in such a landscape gives 
rise to predominantly slow track trajectories whose kinetics 
is best described by the KPM (Eq. (1)). With the assumption 
that the ensemble of folding intermediates satisfies the 
condition 

∑ 
i ϕ s,i = 1 − Φ and τ s,I ≈τ s , P N (t) in Eq. (1) sim-

plifies as

P N (t) ≈ 1 − Φe − t = τ f − (1 − Φ)e − t=τ s

→ Φ 
( 
1 − e − t = τ f ) :

(2)

The expression after the arrow, describing the transition 
from misfolded intermediates, to the native state is prohibi-

tively long, τ s ≫τ f . In this case, even if the stability of the 
native state is far greater than the intermediate state, 
ΔG MN = G N -G M ≪0, direct transitions from the misfolded
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intermediates to the native state are effectively forbidden on 
a biologically relevant time or on in vitro timescales. As a 
result, Φ(1 − e − t=τ f )→Φ for t≫τ f , and only the fraction Φ 
of the entire population reaches the native state.

By assuming that the folding landscape in Fig. 1 may be 
mapped onto a three-state model consisting of {U}, {M}, 
and N, the ‘‘partition factor,’’ Φ, is determined by the ratio 
of initial collapse rates of an ensemble of unfolded confor-

mations ({U}) to the native state (N) and misfolded interme-

diates ({M}),

Φ = 
k UN

k UM + k UN

: (3)

We note that {U} can be replaced with {I}, a notation 
used in our studies on RNA (19,23), where it was made 
explicit that the initial state of IAM corresponds to an 
ensemble of collapsed intermediates that could contain re-

sidual secondary structures, instead of fully unfolded states. 
Once trapped in long-lived kinetic intermediates in which 
the hydrophobic patches are not fully sequestered to the 
interior of the structure, functionally incompetent misfolded 
proteins could accumulate, potentially forming protein 
aggregates, which are likely to be deleterious the cell. Simi-

larly, errors in basepairing or incorrect topological arrange-

ment of reformed helices would result in metastable states 
with long lifetimes.

Several in vitro experiments on RNA and proteins have 
been interpreted in terms of the KPM. 1) Folding of hen 
egg white lysozyme near room temperature and neutral 
pH showed that Φ = 0.15 (7) can be increased to

Φ = 0.25 (41) by changing pH. The partition factor Φ can 
be increased or decreased not only by changing the external 
conditions but all also by mutations (42,43). 2) The value of

Φ for Rubisco is (0.02–0.05) (44), which makes it a strin-

gent substrate for GroEL. 3) The first ensemble experi-

mental measurements on Tetrahymena ribozyme showed 
that Φ ≈ 0.08 (10), which was subsequently confirmed in 
single-molecule experiments (45). Interestingly, upon stabi-

lization of a point mutation that stabilized the P3 pseudo-

knot using a single point mutation increases by a factor of 
eight (42).

GroEL-GroES machinery

To facilitate folding and maintain protein homeostasis, cells 
overexpress molecular chaperones, particularly under 
conditions that trigger aggregation, such as during heat 
shock. Although first known in the context of genetics of 
bacteriophage assembly and the synthesis of the large sub-

unit of ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) over 40 years ago (46,47), it was only in the 
late 1980s (48,49) that it became clear that GroEL-GroES 
machinery is involved in the rescue of heterologously ex-

pressed proteins. GroEL is a barrel-shaped heptameric olig-

omer with a sevenfold symmetry with a large central cavity 
(50), which naturally suggests that the substrate protein is 
merely sequestered in the Anfinsen cage till the native state 
is reached (51,52). Recent developments have demonstrated 
that the neither the passive nor the active cage Anfinsen 
model, which argues that the protein folding rate is acceler-

ated by confinement effects (53,54), is relevant in the func-

tion of GroEL. Several experiments support the theory 
based on IAM. 1) When challenged with a misfolded sub-

strate protein and supply of ATP, the GroEL machinery 
springs to action by undergoing large conformational 
changes, by twisting the barrel and doubling the volume 
of the central cavity (55,56). These allosteric transitions, 
requiring ATP binding and hydrolysis (57,58), are required 
in helping proteins fold, implying the GroEL/ES plays an 
active role in its function. 2) Furthermore, ATP binding 
and hydrolysis exert mechanical stress to the encapsulated 
proteins, which destabilizes the misfolded proteins 
(59–61). 3) Thanks to experiments from several labora-

tories, it is now firmly established that the symmetric (or 
‘‘American football’’) complex is the functional unit 
(40,62–69). These experiments show that when challenged 
with substrate proteins the GroEL/ES becomes a parallel 
processing machine, discharging all the ligands with each 
round of the catalytic cycle, maximizing the number of

FIGURE 1 Rugged folding landscape and the 

kinetic partitioning mechanism (38), highlighting 

the multiple parallel pathways to the native state 
(N). The ensembles of unfolded states and folding 

intermediates are denoted by {U} and {M}, 

respectively. The yield of the folded state of the 

fast-track molecules (white path) is quantified by 
the partition factor Φ. The green lines are the 

slow trajectories. The fast trajectory in white 

with an arrow reaches the folded state without be-

ing kinetically trapped in a deep local minimum. 
The three-state reaction scheme on the right sim-

plifies the KPM, thus enabling an analytical solu-

tion to the kinetic model (38).

IAM for chaperones
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iterations (by minimizing the residence time of the substrate 
proteins in the cavity), thus enhancing the production of the 
native material, as predicted by the IAM (see below).

The action of GroEL conformation on the (1 − Φ) popu-

lation of misfolded proteins ({M}) is to unfold (at least 
partially) (70) the conformations in the {U} state and offer 
another chance to refold. It is worth noting that when encap-

sulated in the cavity, the substrate protein undergoes parti-

tioning rapidly, either to the folded or to one of the 
misfolded states, on timescales that are less than substrate 
residence time in the Anfinsen cage. In other words, when 
the substrate protein folds, it does so in the cavity. In the sec-

ond round of folding, Φ(1 − Φ) would fold to the native 
state, and the fraction, (1 − Φ) 2 , would again misfold. 
When this process is repeated n(=t/τ 0 ) times, where τ 0 is 
the time associated with a single cycle of chaperone action, 
which has been shown to be τ 0 ≈ 2 s, and t is the time dura-

tion of the entire process, the fraction (1 − Φ) n still remains 
misfolded, which implies that the fraction 1 − (1 − Φ) n rea-

ches the folded state. Thus, the yield of native state after 
n-cycle of chaperone action is obtained as

P N (n) = 1 − (1 − Φ) 
n 
→ 
Φ ≪ 1

n = t=τ 0
1 − e − Φt=τ 0 : (4)

This is the gist of IAM of chaperone-assisted protein 
folding, which is reminiscent of the simulated annealing 
protocol (14) for solving the optimization problem in com-

puter science (71) and the stochastic resetting in target-

search processes (72,73). Then, if there are equal amounts 
of GroEL/ES chaperonin system and proteins in the cell, 
the time required for a GroEL/ES particle to produce the 
100% population of native states of the Rubisco with

Φ ≈ 0.05 is around 40 s.

Here, it is worth noting that the steady-state yield of 
native state is 100%, i.e., P N (n→∞) = 1. The resulting sit-

uation is fundamentally different from an expectation based 
on the landscape picture at thermal equilibrium, where the 
native state yield should be dictated by the Boltzmann dis-

tribution, P eq 
N = 1=(1 +e − ΔG MN =k B T ). One might argue

that for sufficiently large stability of the native state, 
ΔG MN ≪0, such that folding landscapes are funneled, the

native yield may be approximated to the unity (P
eq
N ⪅1).

However, the steady-state expression for the folded state us-

ing the theory based on the IAM does not coincide with the

Boltzmann distribution, P N (n →∞) ∕= P eq 
N . Given that the

operation of GroEL chaperonin cycle requires free energy 
consumption of ∼(3–4) ATP molecules per cycle (65), the 
chaperone-assisted folding of proteins should be viewed as 
a far-from-equilibrium process where free energy is contin-

uously injected and dissipated from the system (74–76). The

distinction of P N(∞) from P eq
N , which may not immediately

be clear for GroEL-assisted folding of a protein with large 
stability, is further clarified by discussing RNA chaperones 
whose action on RNA molecules is different from GroEL.

RNA chaperones can destabilize the RNA conformation in 
the native state as well as the misfolded conformation. 
This aspect will be discussed in the next section.

RNA chaperones

Just like proteins, the folded state of RNA is encoded in the 
primary sequence. Although there are exceptions, it is 
thought that RNA folding is hierarchical that begins by first 
forming a secondary structure, followed by establishment of 
tertiary contacts between preformed secondary structural 
motifs (37). The catalytic (self-cleavage) activity of Tetra-

hymena ribozyme, which is one of the most extensively 
studied model systems for RNA folding, requires that it be 
folded correctly. However, experiments complemented by 
theoretical arguments based on KPM show that only

Φ < 0.1 for molecules reach the folded state spontaneously, 
which means that the majority of molecules are kinetically 
trapped (10). For instance, the partition factor Φ is as small 
as 0.08 during in vitro folding of Tetrahymena ribozyme 
(10). Incorrect formation of these structural motifs gives 
rise to a functionally incompetent ribozyme that compro-

mises its cleavage activity. Fig. 3 A shows the two secondary 
structure maps of RNA. For this structure to properly self-

assemble, five tertiary contacts between the preformed heli-

ces (indicated by aqua-colored arrows) should be correctly 
form (77–81). In particular, the pseudo knot formation, 
defined by the P3 helix, is critical. Without the P3 helix, 
the two major domains cannot be consolidated. Often during 
the folding process, an alternative helix (Alt-P3) is formed, 
resulting in a topological trap, whose corresponding struc-

ture is catalytically inactive (42).

Because Φ is small, folding of RNAs such as Tetrahy-

mena ribozyme requires chaperones in vivo. DEAD-box 
protein CYT-19 is one of the general RNA chaperones, 
which belongs to superfamily 2 (SF2) helicase family, con-

sisting of core helix domains and Arginine rich C-terminal 
tail (18,27,28,82,83). If RNA has surface-exposed helices 
or tertiary interaction motifs, as would be the case in the 
misfolded states, CYT-19 could recognize them and locally 
unwind the duplex into single strands. The unwinding pro-

cess requires ATP consumption, which implies that CYT-

19 activity is also a nonequilibrium process.

What distinguishes CYT-19 from GroEL is that CYT-19 
can not only deactivate the native ribozyme but can also un-

wind the surface-exposed helices of the misfolded ribozyme 
(84). Under less stabilizing condition, ribozymes show low 
cleavage activity as a result of deactivation by CYT-19, and 
this trend is amplified at higher CYT-19 concentration (84). 
Such a scenario of deactivation of native state is not 
included in the IAM of GroEL in Fig. 2 because GroEL typi-

cally does not recognize the folded state. It was also found 
that the ribozyme at steady state (t→∞) in the presence of 
CYT-19 does not necessarily reach the unity as is predicted 
for GroEL-assisted folding yield of protein.
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By considering the extent of chaperone-mediated disrup-

tion of native ribozyme relative to the misfolded ribozyme 
in terms of a factor κ (0≤κ ≤ 1), one can follow a similar 
line of reasoning described previously (19,22,74) to derive 
the RNA chaperone-assisted folding yield of native ribo-

zyme after the n-th round of chaperonin action:

P κN(n) = Φ 
1 − (1 − κ) n (1 − Φ) 

n

κ + (1 − κ)Φ
: (5)

This is the generalized expression of native yield by chap-

erone-assisted folding of biopolymers. The steady-state 
yield of the native state is give by

P κN(∞) =
Φ 

κ + (1 − κ)Φ 
: (6)

Note that Eq. (4) is recovered by setting the factor κ = 0 in 
Eq. (5). In fact, the landscape model depicted in Fig. 3 B can 
be mapped onto the three-state kinetic model involving {U}, 
{M}, and N by incorporating the chaperone-mediated 
reverse transitions from {M} to {U} and from N to {U}, 
which are missing in Fig. 1. Such a model allows us to ex-

press the steady-state (t→∞ or n→∞) yield of native state in 
terms of the six rate constants. Furthermore, under the con-

dition relevant to our discussion of chaperone-assisted 
folding of biopolymers, i.e., k NM , k MN ≪1, and k UN ≫k NU , 
it is straightforward to obtain,

P κN(∞)≈ 
k UN(

k NU ([C]; [T])

k MU ([C]; [T])

) 

k UM + k UN

: (7)

Inserting the expression of the partition factor Φ (Eq. (3)) 

into Eq. (6) gives P κN(∞)≈ k UN

κk UM +kUN 
. Thus, the factor κ is 

the ratio of chaperone-induced unfolding rate from native 
and misfolded state:

κ = 
k NU ([C]; [T]) 

k MU ([C]; [T])
; (8)

where [C] and [T] are the chaperone and ATP concentra-

tions, respectively, thus making it explicit that chaperone-

induced unfolding rates depend on [C] and [T].

Although the expression is simple, Eq. (7) along with Eq. 
(8) is of great significance. First, steady-state yield of native 
state is less than one unless κ is zero, which is consistent 
with measurements (84). Second, the relative disruption fac-

tor κ is the ratio of two unfolding transition rates, both of 
which depend on the concentrations of chaperone and 
ATP. In the absence of ATP or chaperone (k NU , k MU = 0), 
the majority of Tetrahymena ribozymes (1 – Φ ≈ 0.92) are 
trapped in the misfolded conformations devoid of catalytic 
power. Given that ∼100 ATP molecules are consumed by 
the action of RNA chaperone to fully refold a single mis-

folded ribozyme (23,83), one cannot stress enough the out-

comes arising from the energy-expending, nonequilibrium 
nature of chaperone-assisted folding. This key prediction 
of the theory is a manifestation of the non-Boltzmann

steady-state yield of native state (Pss
N ∕= P N eq), violation of

detailed balance, and generation of nonvanishing reaction 
current in the three-state kinetic model (see Ref. (19) for 
the further details).

We note that the three-state model discussed here may be 
extended to include multiple misfolded state ensembles, 
such that the {M} ensemble can be further classified as 
{M 1 }, {M 2 }, … states, to be consistent with the experi-

mental classifications of Tetrahymena ribozyme, as have 
been analyzed in Ref. (23) (see Figure 3 and Table 2 
therein). For the model with m misfolded state ensembles 
and a unique native state, the expressions for Φ and κ can 
straightforwardly be extended to

Φ = 
k UN 

k UN + 
∑m

i = 1 k UM i

(9)

and

κ = 
k NU ([C]; [T])

∑ m
i = 1 k M i U ([C]; [T]) 

: (10)

FIGURE 2 Changes in the subpopulations of protein while the protein conformations are iteratively annealed to their native state through the GroEL-

GroES chaperonin-assisted folding. As illustrated, in the symmetric functional unit the substrate proteins can be present in both the chambers, thus making 
GroEL/ES a parallel processing machine. The residence time in the cavity is minimized in the presence of the substrate protein.

IAM for chaperones
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The inclusion of multiple states comes at the expense of 
several additional parameters, which would be hard to deter-

mine experimentally. Our previous study has shown that the 
three-state model accurately explains the experimental 
data (19).

RNA folding in cells

Self-splicing reaction involving the removal of the noncod-

ing intron occurs in the absence of proteins. However, RNA 
must be folded, which as described above requires DEAD-

box proteins. To account for RNA folding and the splicing 
reaction simultaneously, we created a theory (23) by extend-

ing the IAM to assess the effect of RNA chaperone on the 
yield of the self-spliced pre-RNA (SP), which is the main 
product of the catalytic activity of the group I intron Tetra-

hymena ribozyme (Fig. 4 A). Fig. 4 B shows the kinetic 
network that describes the interplay between the folding dy-

namics of Tetrahymena ribozyme, chaperone-mediated 
unfolding, and self-splicing reactions as well as the degrada-

tion of the transcript. Pre-RNA, synthesized during tran-

scription, first reaches the I state, followed by folding to 
the N state or misfolding to the M state of the ribozyme, 
as described by the KPM. Self-splicing of the catalytically 
competent state of ribozyme ensues to yield the state de-

noted by SP. The self-splicing rate (k s ) is typically greater 
than the folding rates (85,86). Moreover, folding rate is 
much faster than the degradation rates (k d ≪k IM , k IN ≪k s ), 
which is assumed to be independent of the RNA conforma-

tion. Let the chaperone-mediated unfolding be keff
MI and keff 

NI .

Given that the transitions between M and N states are pro-

hibitively slow, k NM ≪1 and k MN ≪1, the expression of the

steady-state population of SP (Pss
SP) is straightforward to 

derive, as described in detail in the supporting material 
given in our theory (23).

Fig. 4 C shows the chaperone activity-dependent steady-

state yield of P ss 
SP for various values of the relative disruption

factor, κ. Of particular note is that for κ ∕= 0, P ss 
SP varies non-

monotonically with the unfolding activity of RNA chaper-

ones (keff
MI), reaching a maximum at 

keff 
MI ≈

̅̅̅̅̅̅̅̅̅̅ 
k IM k s

κ

√ 

; (11) 

which is equivalent to keff
MIk

eff
NI ≈k IM k s . This shows that RNA

splicing is maximized only at a moderate level of RNA 
chaperone activity. To attain the maximum yield of SP, the 
chaperone activity should be large enough to rescue pre-

RNA from the misfolded states (keff
MI > k IM ), whereas the

chaperone-mediated unfolding of native state must not over-

whelm the rate of splicing (keff
NI < k s ).

DISCUSSION 

Nonequilibrium effects

We showed previously that the steady values of the yield of 
the native states of CYT-19 mediated folding of Tetrahy-

mena ribozyme and its variant as well as GroEL-assisted 
reconstitution of Rubisco and malate dehydrogenase 
(MDH) do not approach the Boltzmann distribution (see 
Figs. 4–6 in (19)). This implies that chaperones drive the 
substrate population out of equilibrium (19), thus increasing 
the accessibility of the native state on a biologically relevant 
timescale. What matters for the cellular function is that the 
supply rate of native enzyme production (P N /τ) must match 
the cellular demand, not the yield of native state (P N ) per se. 
The situation is analogous to the tradeoff between 
efficiency of heat engines (Carnot engine for example) 
and generation of maximal power. Although maximum Car-

not efficiency is achieved when operated under quasi-static 
conditions, power generation would be compromised. From

FIGURE 3 Kinetic paritioning mechanism of RNA folding and iterative 

annealing mechanisms by RNA chaperones. (A) Illustration of in vitro 
folding of Tetrahymena ribozyme via kinetic partitioning. One of the major 

causes of misfolding due to the formation of Alt-P3 helix in the secondary 

structure is highlighted together with the differing pathways on the folding 

landscape. The partition factor is only Φ ≈ 0.08. (B) A folding landscape 
highlighting the role of ATP-burning RNA chaperone, CYT-19, and its map-

ping onto the three-state kinetic model. Illustration of in vitro folding of 

Tetrahymena ribozyme via kinetic partitioning. One of the major causes of 

misfolding is the formation of Alt-P3 helix in the secondary structure, which 
is highlighted together with the differing pathways on the folding landscape. 

The partition factor is only Φ ≈ 0.08. A folding landscape showing the role of 

ATP-burning RNA chaperone, CYT-19, and its mapping onto the three-state 
kinetic model.
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the perspective of power generation, it is more important to 
operate the engine at a fast rate (nonequilibrium conditions) 
than in the quasi-static limit where the thermodynamic effi-

ciency is maximized, with zero power. This well-known 
concept (power-efficiency tradeoff), in macroscopic heat 
engines, is also valid in microscopic engines in a stochastic 
fluctuating environment (74,87–89), and it is also found in 
the function of chaperones, which existed several billions 
years (12) before manmade steam engines were invented. 
It is clear that as long as cells tolerate misfolded enzymes 
(errors), execution of biological functions is determined 
by the production rate of catalytically active enzymes 
even at the expense of lavish consumption of ATP.

Chaperones solve an optimization problem

A general question that arises in the functions of biological 
motors is what is being optimized given the available re-

sources in the cell (74). It is difficult to answer this question 
in complete generality because various biological machines 
have evolved at different periods to perform a myriad of 
totally unrelated functions. For instance, in the case of the 
well-studied molecular motors that ferry cargo (kinesin, 
myosin, and dynein) by walking on polar tracks, one could 
wonder if evolution has optimized processivity or speed. 
Although concepts from nonequilibrium statistical physics, 
especially thermodynamic uncertainty relations (75,90–92) 
and information theoretic approaches (93), have given in-

sights, the answer might depend on the system under consid-

eration. However, in the context of chaperones, one can 
make a clear prediction that is supported by experimental 
data. This is vividly illustrated in Fig. 5, which contrasts 
the steady-state yields of Rubisco and Tetrahymena ribo-

zyme when the concentration of GroEL and CYT-19 is var-

ied. In the presence of GroEL, which preferentially 
recognizes the misfolded states of proteins, the steady-state 
yield (P N ) of native Rubisco increases as the concentration 
of GroEL is increased. In sharp contrast, increase in the con-

centration of CYT-19 reduces P N of the functional Tetrahy-

mena ribozyme. The solution to the master equation (19,23) 
associated with the reversible three-state model (Fig. 3 B) 
indicates that these opposing trends originate from the 
distinct actions of the two chaperones on Rubisco and Tetra-

hymena ribozyme, which is quantified with different value 
of κ (Eq. (8)). The value of κ ≈ 0 for GroEL on Rubisco, 
and κ ≈ 0.13 for CYT-19 for Tetrahymena ribozyme (23). 
Strikingly, the IAM theory predicts that P N /τ (τ is the 
longest relaxation time (≈ the folding time) needed to reach 
the steady state) is an increasing function of the chaperone 
concentration for both GroEL and CYT-19 (Fig. 5 B). In 
other words, for a given concentration of chaperone, the 
product of the steady-state yield and the folding rate serves 
as a good indicator of the action of chaperone.

Lavish consumption of ATP

It is important to calculate the thermodynamic cost incurred 
in the process of annealing the structures. Both machines 
consume copious amounts of ATP in the process of rescuing 
misfolded structures. The theory shows about 125 ATP mol-

ecules are consumed to drive a single Tetrahymena ribo-

zyme depending on the concentration of CYT-19 (23). 
Similarly, GroEL/ES systems burn between 60 and 120 
ATP molecules in order to fold a single Rubisco molecule 
(6). Notwithstanding the argument that this is a mere frac-

tion of the cost needed to synthesize the protein and RNA,

FIGURE 4 Effect of RNA chaperone on the self-splicing yield of preRNA. (A) Schematic of group I intron splicing of preRNA leading to the production of 

mRNA transcript. (B) Kinetic network model combining chaperone-mediated folding and the self-splicing of pre-RNA. RNA degradation rate is k d that could 

occur from all the relevant states. Experiments (27,85,86) suggest that k s is greater than k I→M and k I→N and k d < k I→M ; k I→N < k s where k s is the splicing rate.

(C) The yield of the self-spliced preRNA as a function of chaperone activity (kMI
eff ), at different values of the recognition factor, κ. The rate constants (k I→M ,

k M→N , k N→M , k d , and k s ) used in the kinetic model (B) are listed in the caption to Fig. 5 B in (23). The star symbol is evaluated at keff
MI≈7:5 min − 1 (the saturation

value in inset) with κ = 0.13.

IAM for chaperones

Biophysical Journal 125, 2801–2811, June 16, 2026 2807



it has to be concluded that these machines are inefficient. 
These findings suggest that to maintain cellular homeosta-

sis, minimization of error in protein and RNA functionality 
is prioritized over the high thermodynamic cost.

Evolutionary considerations

It is interesting to assess the potential evolutionary implica-

tions in light of several experiments (46,94,95). Of interest 
here are the early experiments, which showed that overex-

pression of GroEL facilitated assembly of heterologously 
expressed Rubisco subunits (96). Similarly, overexpression 
of GroEL/ES suppressed effects of temperature-sensitive 
mutants of coat protein (97), by enhancing folding effi-

ciency and the stability of the protein, which could have 
been an early demonstration of nonequilibrium effects 
(19). More recently (98), using experiments combined 
with a kinetic model showed that chaperonins rescue the 
growth of E. coli deleterious DHFR mutants. In particular, 
the growth rate of the mutant strains was correlated with 
overabundance of folded DHFR, which in turn depended 
on GroEL/ES concentration. In formulating the IAM (6), 
we proposed that the GroEL/ES machinery could positively 
affect potentially deleterious effects of mutations. In case of 
deleterious mutations, the partition factor would decrease. 
The ability of chaperonins to rescue these conformers and 
allow them multiple chances to advance to the folded state 
explains experimental observations (96,97). In fact, RNA 
chaperones are also shown to contribute to the fitness of 
the host organism by reducing mutational load (99). Evolu-

tion also searches for new biological activities by mutating

existing genes. In such cases, chaperonins would ensure that 
a mutant protein would explore the folding landscape by 
avoiding trapping in deep local minima. When sufficient 
mutations accumulate, an earlier kinetic trap could evolve 
to a new energy minimum with an altered function. These 
considerations suggest that chaperonins and the optimiza-

tion of folding by IAM must have been a significant early 
evolutionary event.

CONCLUDING REMARKS

We have presented a common theoretical framework to 
quantitatively account for the functions (facilitate the 
folding of proteins and RNA that cannot do so spontane-

ously) of two seemingly unrelated molecular machines 
that must have appeared early in evolution. There are a 
couple of differences between GroEL/ES and CYT-19, the 
two chaperones used to illustrate the theory. 1) The anneal-

ing action of GroEL arises as a result of the changes in the 
microenvironment that the substrate protein experiences as 
result of ATP and GroES binding. Not only do these events 
double the volume of the central cavity, but the cavity 
changes from being hydrophobic before binding to hydro-

philic after binding. It is the change in the microenviron-

ment that serves as the mechanism of annealing action 
of GroEL. It is likely that our theory is applicable to the 
function of mitochondrial Hsp60, whose architecture is 
strikingly similar to GroEL/ES machine (100). 2) CYT-19 
interacts with single-stranded or unstable regions of RNA, 
which occur readily when it misfolds. The helicase activity 
unfolds the helices in an ATP-dependent manner, thus

FIGURE 5 Maximization of finite time yield of 

the native state by chaperones. (A) Steady-state 

yield (P N ) of Rubisco (left) and Tetrahymena ribo-

zyme (right) as a function of the corresponding 

chaperone concentration. (B) The steady-state 

yield per unit relaxation time of chaperone-assis-

ted folding (P N /τ) as a function of the chaperone 

concentration. In both cases, P N /τ is an increasing 

function of the chaperone concentration in contrast 

to P N in (A).
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altering the folding landscape of the RNA. In this sense, 
CYT-19 is more actively engaged in interaction with mis-

folded structures than GroEL. During each catalytic cycle, 
the unfolding process places the RNA in different regions 
of the rugged folding landscape from which folding can 
commence anew. Unlike GroEL, the structural basis of 
ATP binding, hydrolysis rates, the mechanism of release 
of the RNA (folded or not), and the extent of processivity 
of the helicase are not known. 3) The most striking differ-

ence between the two machines lies in the interaction with 
the misfolded structures. GroEL predominantly recognizes 
only misfolded structures in which the hydrophobic residues 
are exposed. In sharp contrast, CYT-19 interacts with both 
misfolded as well as the native state. The less stable mis-

folded structures are recognized by CYT-19 with greater 
probability than the folded state.

Despite these differences, the theory based on the IAM 
quantitatively accounts for all the experimental observations 
(19). A striking prediction of the theory is that the action of 
protein and RNA chaperones may be universal in that they 
both maximize the native state yield on biological times 
by operating out of equilibrium. Importantly, extension of 
the theory predicts that, under cellular conditions, chap-

erone-mediated folding of group I intron ribozyme and the 
self-splicing reaction compete. Thus, the IAM theory pre-

dicts that to maximize the yield of the cleavage reaction, 
the chaperone should disrupt the conformations of the 
unfolded structures but not the native state before the 
splicing reactions. These two opposing requirements place 
bounds on the differences between the stabilities of the 
native and misfolded structures and the various kinetic rates 
in Fig. 4. Our prediction awaits experimental tests. Finally, 
we note that DEAD-box protein CsdA was shown to accel-

erate ribosome assembly by means of IAM (101), thus es-

tablishing the generality of the theory.
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