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Abstract For the last 20 years, a large volume of

experimental and theoretical work has been undertaken to

understand how chaperones like GroEL can assist protein

folding in the cell. The most accepted explanation appears

to be the simplest: GroEL, like most other chaperones,

helps proteins fold by preventing aggregation. However,

evidence suggests that, under some conditions, GroEL can

play a more active role by accelerating protein folding. A

large number of models have been proposed to explain how

this could occur. Focused experiments have been designed

and carried out using different protein substrates with

conclusions that support many different mechanisms. In the

current article, we attempt to see the forest through the

trees. We review all suggested mechanisms for chaperonin-

mediated folding and weigh the plausibility of each in light

of what we now know about the most stringent, essential,

GroEL-dependent protein substrates.

Keywords GroEL � Passive � Active �
Obligate substrates � ACM � Stationary IAM

Introduction

Proteins in vivo fold in a very different environment than

they do in in vitro experiments. In vivo proteins are man-

ufactured by ribosomes in a highly crowded environment

that does not resemble buffers used in in vitro experiments

[1, 2]. A significant fraction of the protein chains in the cell

do not fold spontaneously, but interact with ‘‘chaperones’’.

These proteins (or protein complexes) can interact with the

non-native nascent chains as they extend from the ribo-

some, guiding them to organelles, across membranes, or

transporting them to other chaperones, or to the proteolytic

machinery [2–8]. Chaperones are believed to facilitate or

promote the folding of proteins which are unable to fold on

their own under cellular conditions. Promiscuous chaper-

ones such as GroEL/ES, DnaK/J, and trigger factor, are

involved in the folding of approximately 10–30% of the

proteins in Eubacteria, Eukarya and Archaea [3, 4, 7, 8].

Chaperones typically go through multiple large confor-

mational changes (typically driven by ATP binding and

hydrolysis) which alternately increase and decrease their

affinity for protein substrates [3–6]. The forces exerted by a

chaperone are strong enough to cause traumatic confor-

mational changes in the proteins bound to them [9–12].

The most exhaustively studied chaperone is GroEL. It

has been estimated that up to 5% of the proteins in Esch-

erichia coli depend on GroEL to fold [13]. GroEL is a

member of the HSP60 family of promiscuous type-I

chaperonins found in prokaryotes and in eukaryotic mito-

chondria. Chaperonins are a class of hollow cylindrical

chaperones. Their singular characteristic is that these

hollow cylinders can completely enclose (the majority of)

their protein substrates. While held within this container,

proteins appear to be able to continue folding [12, 14–18],

in some circumstances, at what appears to be an acceler-

ated rate [16, 19–22]. The effect that these cylindrical walls

have on the proteins contained inside is the subject of

considerable dispute.

GroEL (HSP60) helps a wide variety of proteins fold

with the aid of other chaperones. Together with GroES
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(HSP10), trigger factor, DnaK (HSP70), DnaJ (HSP40),

GrpE (nucleotide exchange factor, NEF), prefoldin (in

Eukarya and Archaea), and HSP90 (in Eukarya), GroEL

performs regular cell maintenance and is present at high

concentrations even in the absence of external stress [2, 3,

5, 7, 12, 23–26]. Under typical conditions, GroEL is

backlogged. At least 99% of GroEL chaperones are occu-

pied by substrate proteins [13]. Proteins which interact with

GroEL often interact first with other chaperones such as

trigger factor, DnaJ, DnaK, and, in the presence of stress,

small heat shock proteins. Some of these chaperones, like

DnaK/J, are present in much higher concentrations than

GroEL. It has been proposed that, in addition to other

functions, these chaperones act as a queue, temporarily

detaining excess denatured proteins until they either fold,

or bind to a GroEL ring once it becomes available [3, 5, 13,

23, 26]. This may help filter out the majority of proteins

which do not strictly need GroEL from clogging up the

comparatively scarce GroEL machinery [13].

GroEL consists of a pair of open cylinders stacked end

to end [27]. Each cylinder, constructed from seven identi-

cal 57 kDa peptides [28], is hollow and traditionally is

believed to accommodate proteins up to 60 kDa in size [8],

although larger potential substrates over 80 kDa have been

identified and characterized [13, 29–32]. Each cylinder can

also bind to nucleotides ATP/ADP, as well as GroES, a co-

chaperone which acts as a lid, closing the container and

sealing any substrate protein small enough to fit inside.

GroEL chaperonins, like many other chaperones, feature

patches of highly non-polar residues (the ‘‘apical domain’’)

allowing them to selectively recognize proteins with

hydrophobic chains which are exposed to the solvent [5,

28, 33–38]. The presence of exposed hydrophobic residues

is a characteristic typical of misfolded proteins and that

makes them prone to aggregation. The presence of an

analogous cluster of hydrophobic residues on the chap-

eronin enables GroEL to bind to a diverse set of misfolded

protein substrates, preventing aggregation and possibly

promoting folding.

There are many combinations of ways these molecules

could bind to the two rings of GroEL. Nevertheless, GroEL

appears to bind to substrate proteins, ATP, and GroES in an

ordered, regulated cycle. Many in vitro experiments have

been carried out to untangle the order of binding events in a

typical GroEL binding and release cycle in vivo, The two

rings of GroEL can communicate in an allosteric manner,

so that events in one cylinder trigger transitions in the other

cylinder [15, 21, 39–53]. Unfortunately, kinetics data from

in vitro experiments on GroEL are strongly context-

dependent and difficult to interpret. For example, the buffer

composition can change protein folding mechanisms and

kinetics [18, 54]. In addition, the concentration of dena-

tured substrate proteins [40, 52, 55, 56], the cation (K?)

concentration [56–61], and the gradual accumulation of

ADP [55, 62] can also significantly alter the GroEL cycle.

In search of a consensus view for the GroEL binding/

release cycle

Although details are still under investigation, the basic

cycle of GroEL binding and release is established, and is

shown in Fig. 1:

1. Under ordinary conditions, non-native proteins bind

rapidly to GroEL, or to other chaperones (typically

DnaJ, DnaK, and trigger factor), which deliver them to

GroEL [3, 4, 13, 23, 25, 63]. tunbound denotes the total

time the protein remains unprotected in the cytosol

during each cycle, which depends on the concentration

and binding kinetics of these available auxiliary

chaperones. (See ‘‘The role of HSP70/HSP40 and

other ancillary chaperones’’.)

2. Proteins experience denaturing stress during, or soon

after binding to GroEL [9–11, 64].

3. After binding, there is a lag period [10, 21, 40, 52, 64–

68] during which time the protein remains stuck to the

opening, and is unable to fold [58, 69–73].

4. The arrival of the co-chaperone, GroES, seals the

cylindrical cavity shut, releasing the protein into the

center of the cavity (called the ‘‘cis ring’’) during

Fig. 1 A drastically simplified view of the GroEL binding and

release cycle. Unfolded proteins either bind directly to GroEL, or

(more likely) bind to other chaperones (for example, DnaK/J) which

transport them to GroEL. Proteins are denatured and immobilized by

the chaperonin upon binding to an open ring (the ‘‘trans-ring’’) of

GroEL. After a delay, the arrival of a co-chaperone (‘‘GroES’’)

eventually frees the protein from the GroEL opening, and seals it

inside a closed container (the ‘‘cis-ring’’), where it can resume

folding. After another delay (tprotect, during which time ATP

hydrolysis occurs), the GroES ‘‘lid’’ disassociates, and the container

opens. The protein may or may not have succeeded in folding by this

time. If not, it may remain bound to the chaperone (see Fig. 4), or it

may be ejected into the cytosol where it will quickly bind to another

chaperone and repeat the cycle. The behavior of the opposite ring of

GroEL (bottom) has been omitted. (See Fig. 2)
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which time it is able to fold. After an additional delay,

during which ATP undergoes hydrolysis, the GroES

‘‘lid’’ eventually disassociates, and the protein can

either escape into the cytosol or remain bound to the

chaperone. If the protein has not yet folded, it will bind

to a chaperone and the cycle will begin again.

5. ATP binding and hydrolysis provides the energy to

repeat this cycle.

A consensus regarding the durations of tunbound, thold,

and tprotect has not yet been established in vivo. Folding is

generally believed to occur at least as rapidly in the pres-

ence of GroEL ? GroES ? ATP as it does in the bulk (in

vitro, under permissive conditions) [16] which implies that,

in these cases, tprotect should be significantly greater than

thold (under those conditions).

As discussed in ‘‘Emerging details’’, the durations of

tprotect, tunbound (and possibly thold) appear to be concentra-

tion dependent. Estimates of tprotect range from 3 to 25 s

[21, 40, 52, 56, 65, 66, 68], depending on temperature, as

well as the concentrations of non-native substrate proteins,

ions, and nucleotides [40, 55, 56]. Estimating tunbound is

difficult because the probability of binding to a chaperone

per unit time is proportional to concentration of available

GroEL/ES and DnaK/J chaperones in vivo. The concen-

tration of GroEL, for example, is known to be 2–5 lM in

E. coli [12, 74] (twice that for GroES [74], 50 lM for DnaK

[23, 25], and perhaps an order of magnitude lower for DnaJ

[75, 76]). However, 99% or more of GroEL chaperones

appear to be fully saturated with substrate protein [13]. This

makes it difficult to estimate the concentration of vacant

DnaK/J and GroEL rings available for binding.

The entire cycle of binding and release (for each ring, as

depicted in Fig. 1, in the presence of substrate protein,

GroES, and ATP) and requires between 3 s [55, 56, 65], up

to 30 s or more [20, 40, 52, 55, 77], depending upon

substrate concentration, nucleotide, and (K?) concentration

(see below). The cycle frequency increases from room

temperature to body temperature. Hence, under typical

conditions in vivo in E. coli, the faster estimates listed here

are probably more accurate (H. Rye, personal communi-

cation). According to the traditional model, the two GroEL

rings alternately take turns binding to, and hydrolyzing

ATP [17, 39–43, 45–47, 49, 50, 56, 78]. In that case, the

period of the entire (two-ring) cycle would be twice as

long, requiring from 7 s, to a minute or more. However,

some aspects of this model have been recently challenged

[62, 79].

Emerging details

Over time, a diverse set of data has accumulated which

complicates our understanding of the cycle. GroES, ADP,

and substrate protein do not necessarily disassociate from

GroEL simultaneously (as was depicted in Fig. 1). Some

substrate proteins remain bound to GroEL after the GroES

‘‘lid’’ unbinds. (See ‘‘The stationary iterative annealing

model’’ and ‘‘Estimating the fraction of time proteins are

exposed to the cytosol’’.)

ADP can also linger long after GroES has unbound

[52, 55, 56] (see Fig. 2a). Additionally, ATP hydrolysis in

the cis ring cannot proceed until ADP departs from the

opposite (trans) ring [45, 50, 52, 55, 80].

The delay in ADP departure appears to be substrate

concentration dependent. It is known that with a sufficient

excess of denatured substrate proteins (as is likely to exist

in vivo [13, 56]; H. Rye, personal communication),

GroEL/ES is ‘‘substrate driven’’, cycling at its maximum

frequency which is rate-limited by the hydrolysis of ATP

[40, 55, 56]. A recent experiment by the Lorimer group

[55, 56] shows that the interaction of denatured substrate

proteins with the open GroEL ring (the ‘‘trans’’ ring)

weakens its affinity for ADP and removes this delay

[55, 56]. At lower substrate protein concentrations (or

excess K? ions), the slow release of ADP appears to be the

rate-limiting step in the cycle [52]. It was suggested that

GroEL’s sensitivity to substrate concentration enables it to

respond to conditions in the cell, reducing the occupancy

time when the demand for chaperones is high, and slowing

down ATP consumption when the protein concentration

(and risk of aggregation) is low [40, 55].

A different model has been recently proposed by the

Funatsu and Taguchi groups [62, 79]. At sufficiently low

ADP concentrations and high GroES concentrations, both

rings of GroEL appear to be simultaneously able to bind to

nucleotide and GroES in order to form stable symmetric

GroES:GroEL:GroES ‘‘footballs’’ [22, 62]. These footballs

coexist with nearly equal quantities of GroEL:GroES

‘‘bullets’’ (where only one side of GroEL binds to GroES)

[22, 62]. Such high ATP and relatively low ADP concen-

trations may be typical in vivo within E. coli ([ATP]/

[ADP] & 7.90 mM/1.04 mM; see [62, 81].

One of several possible explanations for the coexistence

of bullets and footballs is the potentially slow rate of ADP

release (see Fig. 2b). This could be tested by varying the

concentration of free substrate protein (up to the saturating

concentration, approximately 5 lM [56]).

Substrate characterization

In order to properly understand the role of GroEL in pro-

tein folding, it is critical to characterize the nature of the

proteins that depend on chaperonins to fold. The central

question is: what is the obstacle that prevents these proteins

from folding?
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The majority of GroEL substrates need GroEL to avoid

aggregation

A recent exhaustive identification of GroEL substrates

identified a set of 85 proteins which are unable to fold in the

absence of GroEL/ES [13]. For the majority of these pro-

teins, aggregation emerges as the main obstacle to folding

[88]. This supports earlier evidence that GroEL substrates

tend to be aggregate prone [2, 4, 89–93]. Aggregation is a

pervasive problem that plagues more than just the relatively

small percentage of proteins which depend on GroEL to fold.

Nearly all proteins are capable of aggregating [90, 94, 95].

When manufactured (at approximately 30 lg/mL

concentrations) in a minimal expression system lacking

chaperones (the ‘‘PURE’’ system [88, 96, 97]), the majority

of cytoplasmic proteins in Escherichia coli are more likely to

aggregate than fold. This is reflected by the fact that, for the

majority of these cytoplasmic proteins, less than 50% were

recovered after synthesis and centrifugation [88]. This study

focused on measuring protein solubility during translation. It

is also possible that some proteins which escape aggregation

may fail to reach the native state. For cytoplasmic proteins,

the distribution of solubility was bimodal, consisting of two

distinct groups, which were designated ‘‘Agg’’ and ‘‘Sol’’,

corresponding to highly aggregate-prone and soluble pro-

teins, respectively. The great majority of obligate (‘‘class

Fig. 2 A composite view of the a ‘‘bullet’’, and b ‘‘football’’ variants

of the GroEL binding and release cycle. Here, we track the journey of

one protein (red) through the chaperone machinery. Slow, or

potentially slow, steps in the cycle are shown using arrows with

gray dashed lines. All other steps involving GroEL are comparatively

rapid in vivo (requiring approximately 1 s or less). These figures are a

hypothetical synthesis which attempt to smooth out the differences

between the conclusions of four recent experiments [52, 55, 62, 79],

and do not represent the views of these authors. Uncertainties and

conjectures were depicted in the figure with question marks. Note:

portions of Fig. 2b were sent to us in a personal communication from

H. Taguchi. a depicts the more traditional picture of the GroEL cycle:

each ring of GroEL takes turns alternately binding to GroES and

substrate protein. After protein binding, the subsequent binding of

ATP [52, 82] can further unfold the substrate protein [10, 11, 44, 52,

64]. ATP binding also provides enough energy (roughly 46 kcal/mol

per ring [83, 84]) to allosterically free GroES [85], and possibly the

substrate protein (yellow) from the opposite ring, less than 1 s later

[52]. The subsequent binding of GroES to the top ring eventually

frees the protein from the opening of GroEL and into the newly

formed ‘‘cis’’ chamber, where it can continue folding [10, 11, 21, 40,

52, 64–68, 86]. Meanwhile, ADP disassociates from the other

(bottom, trans) ring. ADP competes with both ATP [62] (light blue
arrow), and (in effect) substrate protein [55, 56] (green arrow) for the

open (trans) ring. b depicts the GroEL cycle at low ADP concen-

trations. At low [ADP], ATP and GroES are able to bind to both rings

of GroEL simultaneously [62, 79]; see also [22, 80, 87]. As an

example, in this figure, we depict hydrolysis occurring in the opposite

ring following ATP binding, in an alternating fashion. However, it is

not clear which ring of GroEL will hydrolyze ATP first.
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III’’) GroEL substrates appear to belong to the highly

aggregate prone ‘‘Agg’’ group [88].

Some GroEL substrates may fail to fold for other reasons

Surprisingly, a few of the proteins identified among the

most stringent (‘‘class III’’) substrates of GroEL [13]

belong to the ‘‘Sol’’ group. These consist of E. coli proteins

which remain mostly soluble when expressed in the

absence of chaperones. These proteins are listed in Table 1.

The identity of these proteins was provided by H. Taguchi

(personal communication). All these proteins were more

than 80% recoverable under PURE conditions (see Fig. 4c

of [88]). Additionally, two other stringent GroEL substrates

have been identified (gatY and dapA) which in vivo neither

fold nor precipitate the absence of GroEL [13]. It was

suggested that these two proteins simply fold too slowly to

escape proteolytic degradation. The fact that these proteins

are not highly aggregation prone suggests that GroEL may

play an active role in folding them. We are not aware of

any studies seeking to establish whether or not the soluble

proteins listed in Table 1 fold faster in the presence of

GroEL. We would like to suggest that such studies may be

extremely useful in reconciling the role of GroEL as an

aggregation preventer and/or a folding promoter.

In summary, while the nature of the majority of stringent

GroEL proteins suggests that the main role of GroEL

would be to prevent aggregation, it does not rule out that

GroEL may play a role in actively promoting the folding of

these molecules.

Overview

The aim of the present paper is to review the proposed

mechanisms for GroEL-mediated folding and assess their

plausibility. Is GroEL simply an aggregation–prevention

device, or can it (occasionally) perform a more active role

in folding proteins? A number of theoretical models have

been proposed that argue in either direction: Passive

models (aggregation prevention) and active models (fold-

ing promotion). We outline these models below and assess

them in light of what is known experimentally.

Passive models

Passive cage/ACM According to the Anfinsen cage

model (ACM), GroEL does not alter protein folding

kinetics or the folding pathways. The container formed by

GroEL ? GroES ? ATP simply provides a safe environ-

ment in which proteins can fold without associating with

other proteins [12, 14, 15, 89, 99–101].

Active models

IAM via ATP The traditional iterative annealing model

(IAM) says that the ATP-driven cycles of binding and

unbinding to GroEL accelerate folding by periodically

disrupting or destabilizing off-pathway misfolded states [9,

10, 22, 72, 73, 77, 80, 102–114]. We suggest that GroEL

may be able to accomplish this without releasing substrates

into the cytosol (the stationary IAM).

Table 1 GroEL substrates which are resistant to aggregation while folding

Name Locustag n SCOP Ess Description

ybaK ECK0475 159 d.116 No Protein binding, transcription regulator, DNA-dependent

pflA ECK0893 246 ? No Oxidoreductase, glucose metabolism

yfiF ECK2579 345 c.116 No Hypothetical methyl transferase, trmH family

suhB ECK2530 267 e.7 Yes Hydrolase, inositol-1(or 4)-monophosphatase activity, magnesium binding

smpB ECK2616 160 b.111 No Translation, RNA binding, Binds specifically to the ssrA RNA (tmRNA)

tldD ECK3233 481 ? No Suppresses the inhibitory activity of the carbon storage regulator (csrA)

rsd ECK3987 158 ? Yes Transcription regulator, DNA-dependent

gatY ECK2089 286 c.1 No Tagatose-1,6-bisphosphate aldolase gatY (TBPA)

dapA ECK2474 292 c.1 Yes Dihydrodipicolinate synthase (DHDPS)

The first seven rows describe the most highly soluble stringent (‘‘class III’’) GroEL substrates classified by [13, 88]. (Data provided by

H. Taguchi, personal communication, and also [13].) For each one of these proteins, fewer than 20% of them precipitated when expressed in a

minimal PURE system [88, 96, 97]. The first and second columns contain the K-12 gene names and K-12 locustags, respectively. n denotes the

number of amino acids in a monomer. The fourth column indicates the likely SCOP structural classification [98]. The fifth column indicates

whether the protein is ‘‘essential’’. (Columns 4 and 5 were taken from [13], supplemental table S3. SuhB is monomeric, and dapA is a

homotetramer.) The last two rows describe two additional stringent GroEL substrates examined by the Hartl group [13]. Neither of these proteins

aggregated in vivo, even in the absence of GroEL [13]. (gatY displayed low solubility when expressed in the PURE system [88]. PURE data for

dapA was not obtained.) Not all GroEL substrates were analyzed this way in vivo. These are two examples. We expect these lists of proteins will

be subject to future revisions. After submission, we were informed of new experimental evidence that a number of these proteins may not be
obligate GroEL substrates in GroEL/GroES-depleted cells. (See forthcoming publication by Fujiwara and Taguchi; H. Taguchi, personal

communication.)
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Active cage Chaperonins may accelerate folding by

modifying the static environment in which proteins fold by,

for example, smoothing the energy landscape [16, 115,

116], reducing the entropy of the unfolded state, [19, 20,

103, 116–124], providing new pathways for folding

[11, 19, 20, 103, 110, 124, 125], or modulating the solvent

behavior [122, 126–131].

Disaggregator/depolymerase Along with several other

chaperones [132–137], GroEL/ES has been observed to

reverse the early stages of aggregation [91]. Other chap-

erones, such as DnaK/J, are better suited for this task [136]

so we omit this topic from this review.

The Anfinsen cage model (passive cage)

On behalf of the set of aggregate-doomed GroEL sub-

strates, we ask: what is the most effective method for

preventing aggregation? Since aggregation and folding

are competing processes [90, 94, 135, 138–140], chap-

erones like GroEL could thwart aggregation in two ways:

(1) by preventing access to other proteins (passive), or

(2) by accelerating folding (active). For GroEL, the

majority of evidence points towards the passive strategy.

A large body of evidence suggests that stringent GroEL

substrates fold almost exclusively during the time they

spend sequestered inside the cage formed by

GroEL ? GroES ? ATP [12, 14–21, 40, 44, 52]. This

also appears to apply to type II chaperonins found in

Eukarya [141, 142]. In some cases, chaperonins like

GroEL appear to have a minimal effect on the behavior

of their protein substrates, altering neither the protein’s

folding pathway [143–147], nor accelerating the protein’s

folding kinetics [16–18]. These observations suggest that

chaperonins’ role is simply to encapsulate their sub-

strates, and prevent association with other proteins (and

simulate an ‘‘infinitely dilute’’ environment). Chaperonins

reduce the time that proteins spend unprotected in the

cytosol (‘‘bulk’’) before folding by a factor which can be

crudely estimated from the rates at which denatured

proteins bind to and are released from the various

chaperones with which they interact [21, 148]. (See

‘‘Estimating the fraction of time proteins are exposed to

the cytosol’’.)

The ATP-driven iterative annealing model

The iterative annealing mechanism (IAM) is probably the

earliest and most popular explanation for how chaperones

may be able to actively accelerate folding [9, 10, 22, 72,

73, 77, 80, 102–111, 113, 114]. Chaperones like GroEL

have been observed to distort their substrate’s confor-

mation during binding [9]. Evidence that a moderate

degree of denaturation occurs upon binding is extensive

[9–12, 38, 64, 149–152] (although some evidence sug-

gests otherwise [143, 145–147]). It has been unclear

whether the ability of GroEL to denature its substrates

upon binding is a critical aspect of its function, or merely

a side-effect of the way GroEL binds non-specifically to

the exposed hydrophobic portions of non-native proteins.

It may be relevant to mention that, after binding to

substrate protein, the arrival of ATP cause GroEL to

undergo an additional conformational shift [9, 27, 44, 85]

that can further denature the proteins that are bound to it

[10, 11, 38, 64, 107] (see Figs. 2a and 4, sideways

arrows).

ATP binding and consumption provides the energy for

GroEL to repeatedly bind to proteins, denature them, and

(sometimes) release them [40, 44, 82–85]. Stringent

GroEL-dependent proteins typically endure many such

ATPase cycles before folding [13] (see also [7, 16, 80, 91,

102]). Obligate (‘‘class III’’) GroEL substrates fold in

30–60 s on average [13], fast enough to encompass at most

15 ATPase cycles, assuming the chaperone operates at near

the maximum speed of approximately 4 s per cycle; see

‘‘Emerging details’’. However, some slow-folding obligate

substrates like rhodanese and RuBisCo are believed to

require as long as 7 min to fold on average, and may

endure 100 cycles before folding [7, 16, 55, 56].

Abundant evidence has accumulated that many moder-

ate and large proteins have kinetic intermediates. Given

that all known small two-state folders require between

10-6 and 1 s to fold, the fact that typical GroEL substrates

require a minute to fold, or longer, suggests that the folding

of these proteins is rate-limited by kinetic intermediates

[93, 153–158]. Numerous compact partially folded con-

formational states have been discovered at various pH and

ion concentrations. These states are believed to correspond

to kinetic intermediates typically encountered during

folding.

As mentioned earlier, some proteins are susceptible to

making inappropriate interactions with other proteins,

which can interrupt the folding process, and lead to

aggregation. However some proteins, especially large,

multi-domain proteins, may be susceptible to misfolding

due to energetic frustration, which occurs when the chain

makes inappropriate interactions with itself [3, 159–165].

For additional theoretical perspectives, see [166–173].

These energetically favorable interactions could trap the

protein, and retard the folding process.

Proteins may also be susceptible to topologically frus-

tration, prevented from reaching the native state by steric

hindrance, trapped by the formation of (correct) intra-chain

contacts made too early [172, 174–178].
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A cartoon depicting a protein which has a single mis-

folded conformation is shown in Fig. 3 [103, 104, 179].

The IAM stipulates that the repeated denaturation

caused by multiple cycles of binding and release may free

proteins from these kinetic traps. The more frequently this

occurs, the more opportunities a protein has to escape,

leading to faster folding, for this class of frustrated, trapped

proteins. Accelerated folding due to iterative denaturation

has been predicted mathematically [104, 109, 114, 148],

and has been observed in minimalist polymer simulations

(on a lattice [103, 104, 110] and off-lattice [111, 125]).

A protein’s rate of folding can be accelerated by a factor

which is at most proportional to the cycle frequency, and

even then, only if the protein’s folding is rate-limited by

escape from long-lived off-pathway kinetic traps (longer-

lived than the cycle interval). On the other hand, proteins

with on-pathway intermediates are likely to be decelerated

by iterative denaturation, which erases whatever progress

has been made along the folding pathway. A general for-

mula for a protein’s folding time under the influence of

cycles of forced unfolding is given in [148] and in ‘‘A

review of the effects of iterative denaturation’’.

Unfortunately, there is a paucity of evidence directly

demonstrating that forced unfolding by GroEL actually

leads to faster folding. Indeed, folding rate accelerations in

the presence of GroEL (or GroEL mutants) tend to be

modest: less than a factor of 4 for wild-type proteins, and

this acceleration may be due to other reasons. There are,

however, examples of proteins that do not fold faster in the

presence of GroEL [see ‘‘The Anfinsen cage model

(passive cage)’’].

Traditional IAM does not explain aggregation reduction

However, there is another serious problem with the IAM

theory. Because the rate at which proteins are bound

(denatured) and released is almost entirely determined by

the rate of ATP hydrolysis which drives the cycle for-

ward, one of the main predictions of the IAM is that

increasing this rate of hydrolysis will accelerate folding,

and consequently, reduce aggregation and increase yield.

We have examined this argument and concluded that this

mechanism could never increase the yield of aggregate-

doomed proteins [148]. Although, rapid ATP hydrolysis

could accelerate folding (see ‘‘A review of the effects of

iterative denaturation’’), it would also accelerate the rate

at which proteins are ejected into the cytosol where they

are at risk of aggregating. (Rapid ATP hydrolysis reduces

tprotect.) This later effect always dominates, more than

canceling the benefits of iterative denaturation, increasing

aggregation and decreasing yield. This remains generally

true even in the presence of other chaperones (see

‘‘Estimating the fraction of time proteins are exposed to

the cytosol’’).

Such a mechanism could explain how GroEL enables

the folding of proteins which are not susceptible to

aggregation (for example, see Table 1). But, for the set of

aggregate-doomed proteins, the optimal way to improve

protein yield would be to bind to the protein once, and to

keep it encapsulated until folding [148].

The stationary iterative annealing model

This leads us to suggest another possible model for GroEL-

mediated folding (the stationary iterative annealing model).

In this model, substrates annealed by cycles of ATP

hydrolysis while remaining bound to GroEL until folding

(Fig. 4). This scenario (Fig. 4) is qualitatively different

from the mechanism we discussed above, and immune to

some of our criticisms.

Early observations of GroEL-mediated folding of the

RuBisCo and MDH proteins lead scientists to believe that

GroEL ejects its substrates into the cytosol every cycle

[21, 80, 102]. Later observations revealed that rhodanese

can remain bound to the ring even after it opens (following

ATP hydrolysis) [12, 180, 181]. This issue is complicated

the fact that, in vitro, a small, but significant fraction (25%)

of non-native rhodanese proteins do ‘‘leak’’ out during

cycle [180, 181] (in the absence of crowding agents).

Because rhodanese is a slow folder, requiring 7 min

(between 7 and 60 full two-ring ATPase cycles [7, 16, 55,

56, 149]), this would mean that rhodanese is typically

released from GroEL in a non-native state multiple times

before folding. In other words, rhodanese appeared to

behave like other substrates that interact with GroEL, albeit

Fig. 3 An illustrative example of a protein that would benefit from

iterative denaturation. N and U refer to the ‘‘native’’ and ‘‘unfolded’’

states, respectively. This protein has a single dominant long-lived off-

pathway kinetic trap (denoted M for ‘‘misfolded’’). / denotes the

probability that a denatured protein is able to avoid kinetic traps on

the way to the folded state. If trapped, the protein must escape before

it can fold, resulting in a much slower effective rate of folding.

Binding to GroEL destabilizes the protein’s conformation, ousting it

from all of these long-lived, stable, misfolded conformations, and

giving it another chance to fold (dashed arrow)

Reconciling theories of chaperonin accelerated folding with experimental evidence 261



with (effectively) a slower unbinding rate. (See Eqs. 1 and

3 from ‘‘Substrates do not always unbind from GroEL’’.)

However, followup experiments revealed that, in vivo,

leakage is reduced to the point where rhodanese essen-

tially remains bound to GroEL until folding [7]. This is

likely due to macromolecular crowding in the cytosol

[24, 180, 182].

The distinction matters. Proteins which do not unbind

from GroEL are still subjected to cycles of forced

unfolding (see Fig. 4). Upon successfully folding, proteins

conceal their hydrophobic residues which could help them

permanently escape GroEL [12], i.e., by passing through

the opening of the GroEL trans-ring without sticking to

it. In this way, GroEL might be able accelerate the fold-

ing of certain proteins without increasing their risk of

aggregation.

Hence, in principle, iterative denaturation may explain

the GroEL-mediated folding, even for some aggregate-

doomed substrates. While rhodanese might not be the best

example (see ‘‘Experimental studies of confinement’’ and

‘‘Conclusion’’), there are many uncharacterized obligate

GroE substrates that might benefit from stationary iterative

annealing.

Active cage theories

A number of experiments have demonstrated that the

GroEL/ES complex can assist protein folding in the

absence of cycling (multiple rounds of binding and release

of GroES/ATP) [14–20, 40, 44]. The folding of some

proteins can also be enabled by GroEL alone, in the

absence of GroES and ATP, for example, hen lysozyme

[144], barnase [183, 184], and rhodanese [185]. Unless

otherwise specified, all other experiments were carried out

in the presence of GroES and nucleotide.

Some proteins appear to fold more rapidly in the pres-

ence of chaperonins. MDH folds 3.79 faster in the

presence of GroEL than it does unassisted in the bulk [21].

Larger rate accelerations have been observed for mutants

of maltose binding protein (MBP) in the presence of

GroEL [19, 22] and SR-EL [19] (see below).

Perhaps the most compelling experiment to demonstrate

accelerated folding in the absence of cycling was per-

formed by Hartl and co-workers [16] using a single-ring

mutant of GroEL (SR-EL [17]) which is unable to release

GroES (or the enclosed substrate protein) after binding.

They showed that the obligate GroEL substrate (RuBisCo)

appears to fold 49 faster [16] when sealed inside the

SR-EL ? GroES cage than it does in the bulk under

folding permissive conditions.

Altered folding rates in the cage can be due to a number

of factors, including (1) steric confinement effects, (2)

interaction of the protein with the mildly hydrophobic

walls of the chaperonin, and (3) modulation of the hydro-

phobic effect due to confined water. The GroEL chaperone

is complicated, and separating the effects of pure con-

finement on folding from the other effects at play is a

nearly impossible task from an experimental perspective.

Experiments of folding within the chaperonin cage are

difficult to decipher, and, as we will show below, the same

experiment is subject to different interpretations by dif-

ferent research groups. We begin by reviewing the

theoretical studies of protein folding in a cage. While these

studies omit many of the details of realistic protein and

chaperonin systems, they have the great advantage of being

able to deconvolute confinement from other cage effects.

Confinement

Effects of confinement on folding

Thermodynamic reasoning would allow us to argue the

following: One of the primary roles of confinement is to

eliminate extended conformations, thus reducing the con-

formational entropy of the unfolded state. A direct result of

a decrease in the entropy gap between the collapsed and

coiled states is an increase in the melting temperature of

the protein (considering that the energy gap is unaffected

by confinement). Hence, confinement should increase the

Fig. 4 The stationary iterative annealing model: the traditional

iterative annealing model (IAM) assumes that proteins are released

into the bulk during each cycle of ATP hydrolysis (as depicted in

Fig. 1). This might accelerate folding, but in the end would be

counter-productive for aggregate-prone proteins, ejecting them into

the bulk where they may aggregate. As an alternative, we point out

that some substrates remain bound to GroEL during multiple rounds

of of ATP hydrolysis [7, 12, 180]. Here, we show a hypothetical

protein which remains bound to GroEL until folding, experiencing

multiple ATPase cycles without risking aggregation. The red
sideways arrows depict the denaturation of the protein upon ATP

binding. (See Fig. 2)
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stability of the folded state. The role of confinement on

folding rates is more subtle, but one can argue that elimi-

nating conformations should increase folding rates (if the

transition state is unaffected). These effects would only

hold true for cage sizes slightly larger than the protein itself

(i.e., in between the radius of gyration for the folded and

unfolded states). For cages that are large compared to the

size of the unfolded protein, one would expect no effect on

the protein stability. On the other hand, for cages similar in

size to the protein, one would expect that steric effects

would lead to destabilization of the protein and decreased

folding rates.

Theoretical studies of confinement

A number of theoretical models have probed the effect of

confinement on folding. Zhou and Dill [186] used an ana-

lytical theory in which the unfolded protein was described

by a Gaussian chain and the folded protein by a sphere. By

solving the diffusion equation with different boundary

conditions corresponding to different confining cages, the

authors calculated the effect of confinement on the folding

free energy and showed that confinement would lead to a

gain in stability of at least 9 kcal/mol. This stabilization is

seen only for cavity sizes slightly larger than the protein.

Experimental confirmation of increased stability in cages

can be found in the work of Eggers and Valentine [187] in

which the melting temperature of alpha-lactalbumin was

seen to increase upon encapsulation in silica pores. Using

the same Gaussian chain model for the protein [188], Zhou

showed that confinement leads to an overall increase in rate

of contact formation between residues of the protein.

Reduction in the diffusion of the chain was found to be

small compared to the increase in rate of contact formation,

resulting in an overall increase in folding rates upon con-

finement (for cage sizes slightly larger than the protein).

Following suit, a number of simulations have probed the

effects of confinement on protein stability and folding rates.

Simulations ranged from Monte Carlo simulations using

lattice models [103], to more sophisticated Ca based off-

lattice Go-models [118–123, 189, 190]. The Go-model is a

simple coarse-grained view of proteins in which attractive

interactions are present only between those residues that

would form native contacts in the folded state. The energetic

frustration of such proteins is minimal, and these proteins

tend not to be kinetically trapped. In agreement with the

analytical results of Zhou, these simulations show that

encapsulation in a purely repulsive container (sphere or

cylinder) would lead to increased folding rates and stabili-

ties for containers slightly larger than the protein itself. This

increase in folding rate is dependent on the topology of the

protein [189] and more pronounced for proteins with larger

numbers of long-ranged tertiary contacts [118]. Additional

simulations on confined (unfrustrated) Go-models [120,

191] found that the transition state was slightly destabilized

by confinement, although it remained very similar in terms

of the number of native contacts to the bulk case. The above

studies all indicate that such unfrustrated folders are stabi-

lized by confinement and do not exhibit a dramatic change in

the folding mechanism (other than a compaction of the

unfolded state and a very minor compaction of the transition

state). Simulations on more realistic non-Go models [116]

also showed that proteins that are not significantly kineti-

cally trapped will experience both an increase in stability

and folding rates upon confinement in an inert pore slightly

larger than the protein. However, proteins whose folding

is severely hindered by deep, misfolded kinetic traps

experienced a decrease in folding rates upon confine-

ment at temperatures at which misfolded structures

were significantly populated. These proteins require large

conformational rearrangements to escape these traps. Con-

finement slows folding by preventing proteins from

adopting the kind of extended conformations required to

bring them out of their trapped state. These simulations

indicate that pure confinement of a highly frustrated protein

can significantly inhibit folding and does not lead to folding

acceleration. However, it could still serve the role of

reducing the concentration of aggregate-prone proteins in

the crowded cellular milieu. It is critical to establish whether

GroEL substrates have stable kinetic traps.

Experimental studies of confinement

A number of experiments, driven by work in the Hartl and

Horwich groups, have focused on elucidating the role of

the GroEL cavity in folding. Experiments using a non-

cycling single-ring GroEL mutant (SR-EL) were particu-

larly useful in this respect. Some of these experiments are

discussed below.

Hartl and co-workers performed experiments on the

wild-type GroEL and on the single-ring mutant SR-EL

under permissive conditions so that folding rates in and out

of the cage could be compared without needing to consider

the effect of aggregation [16]. The results of these exper-

iments appear to be in good agreement with theoretical

predictions of confinement effects. For the proteins studied,

those significantly smaller than the 60 kDa GroEL (such as

the 33 kDa rhodanese) did not show any change in folding

rate in the presence of GroEL or SR-EL. Proteins slightly

smaller than GroEL experienced an increase in folding

rates. In the case of the 50 kDa RuBisCo, a rate increase of

a factor of four was seen both with the regular GroEL and

the single-ring mutant. (Additional experiments by Hartl

ruled out the possibility that a single unfolding event by

GroEL would allow RuBisCo to fold efficiently in the

bulk). The observed rate increase in the chaperonin cavity
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was attributed to confinement effects leading to a

‘‘smoothing of the energy landscape’’ [16]. This could be

interpreted to mean the loss of stable extended misfolded

conformations [116].

Further experiments by Hartl and co-workers [19] mod-

ulated the size of the SR-EL cavity by altering the C-terminal

GGM repeats to further probe the role of confinement on

folding rates. The size of the cavity was varied by either

deleting or adding to the [GGM]4M C-terminal segments of

each GroEL subunit. Although not seen in the crystal

structure, these segments are believed to protrude into the

cavity. In some constructs, G and M were mutated to A, to

rule out the role of the specific sequence or hydrophobicity in

promoting or preventing folding. Deletion of a single seg-

ment would increase the volume by 4.4%, while adding a

segment would decrease the volume by 4.4%.

Experiments were performed under both permissive

conditions (on a slow folding mutant of the MBP, mw

41 kDa) and under non-permissive conditions for rhoda-

nese (33 kDa), and RuBisCo (50 kDa). In the case of the

smallest protein, rhodanese, reduction of the cage size up to

4.4% was seen to increase folding rates, again in agreement

with confinement theory. The same effect was observed

when the M residues in the repeat sequences were mutated

to A, indicating that the rate increases could be attributed

solely to cage size effects and not to interactions of the

protein with the wall of the cavity. Even further reduction

in cage size led to a decrease in folding rate with no loss of

yield. Eventually, further size reduction led to a greater

decrease in folding rate, accompanied by a 40–70% loss of

yield. Importantly, the ability of the chaperonin to encap-

sulate the protein was unaffected, intimating that the

reduction in folding rates was due to steric hindrance

effects (for example, the inability of trapped conformations

to rearrange their structure in the tight space of the confined

chaperonin). Later work probed this notion of steric

restriction using steady-state fluorescence anisotropy

measurements. These studies showed restricted mobility in

the cage when inserts were present [for GFP (27 kDa) and

DHFR-GFP]. Such restriction of mobility in small cages

has been observed in confinement simulations [116, 121].

In the case of DM-MBP (a double-mutant of maltose-

binding protein [192, 193]), similar rate enhancements

(13-fold) were found in the presence of the wild-type

cycling GroEL and in the presence of the single-ring mutant

SR-EL, intimating that the cage itself (and not cycling) is

responsible for decreases in folding times [19]. Reducing

the size of the GroEL cavity (wild-type and SR-EL) was

seen to slow down the folding of DM-MBP by 40%. An

even more dramatic reduction in folding rates was seen for

the larger RuBisCo protein. While a small reduction in cage

size slowed down folding without altering the yield, more

dramatic cage restrictions affected both rates and yields and

were associated with a dramatic drop in the ability of

smaller chaperonins to encapsulate the protein.

The overarching conclusion reached by the Hartl group

based on the above experiments is that confinement effects

can explain the observed rate changes of folding in the

presence of chaperonins.

These conclusions were challenged by Horwich and co-

workers [18, 99] who argued that the rate accelerations in

SR-EL seen in the work of Hartl and co-workers [16] under

permissive conditions were not due to confinement effects.

Rather, the chaperonin would increase folding rates by

preventing multimeric association that would otherwise

occur in the bulk. Both RuBisCo and DM-MBP were seen

to associate in solution in the experiments of Horwich

(based on gel filtration and light scattering studies).

According to this study, the rate of DM-MBP folding slows

down at higher DM-MBP concentrations. However, under

chlorine-free conditions where DM-MBP could no longer

aggregate (as evidenced by lack of light scattering), the

protein showed the same folding rate in the bulk as in the

chaperonin cavity.

However, these results are disputed. The DM-MBP

folding kinetics data published by the Hartl group (figure

S1 from the supplemental section of [19]) does not show

concentration dependent folding rates for DM-MBP. It has

also been brought to our attention by an anonymous

reviewer that the light scattering signal in the Horwich

paper [18] does not decay over the hour-long observation

period, during which time the majority of RuBisCo and

DM-MBP should have refolded. The persistence of light

scattering may, in part, be due to the fact that the aggre-

gation of RuBisCo and DM-MBP was not fully reversible

[18]. However, the full reason is not yet known (A. Hor-

wich, personal communication). We hope for future

clarification from both groups.

The controversy surrounding these experiments points

to the difficulty of monitoring the folding of GroEL sub-

strates, which are often multimeric and typically highly

aggregate prone. For example, the critical aggregation

concentration for RuBisCo is less than 10 nM at 25�C

[16, 92, 93]. Even when folding is possible, transient

aggregates can be mistaken for intermediates [194, 195].

More exotic artifacts are possible. For example, for reasons

not fully understood, rhodanese may fold more rapidly at

higher concentrations [156]. Standard efforts to reduce

aggregation routinely require use of buffers containing

molecules like bovine serum albumin (BSA), an artificial

chaperone used in all the RuBisCo and DM-MBP experi-

ments discussed here [16, 18, 19]. BSA reduces

aggregation by binding non-specifically to exposed

hydrophobic patches on the surface of partially folded

proteins. In principle, these heterologous associations could

alter protein refolding kinetics. Ideally, folding kinetics of

264 A. I. Jewett, J.-E. Shea



such proteins should be studied under dilute conditions,

and in the absence molecules like detergents or BSA which

can retard or otherwise change its folding kinetics.

Horwich and co-workers [196] also re-examined the

work of Hartl and co-workers [19], probing the effect of

altered GroEL C-terminal repeats on protein folding rates.

They found that the effect of altering the cage size was

much more dramatic for the double-ring mutant than for

the single-ring mutant. In most instances, little change in

folding rate was observed for the single-ring mutant. In the

case of wild-type MDH, there was no change in rate in

either the tail-multiplied double-ring or single-ring GroEL

variants. This is in contrast to the rate change for DM-MBP

reported by Hartl [19]. The experiments indicate that

altering the cage size may not have an effect on all sub-

strates of a given size. We note that confinement may still

explain the increased folding rates for DM-MBP if the

mutations lead to more extended conformations in the

ensemble of unfolded states. The experiments presented in

reference [196] lead Horwich and co-workers to conclude

that confinement may not explain the folding rate changes

in the C-terminal repeat GroE-mutants. They propose

instead that observed rate changes are due to altered

ATPase activity upon adding C-terminal inserts. Their

experiments showed that ATPase activity increases linearly

with the C-terminal insert lengths. The result of increased

rates of ATP turnover in tail-multiplied double-ring GroEL

mutants is a faster rate of cycling. This would not neces-

sarily translate into faster folding. As mentioned in ‘‘The

ATP driven iterative annealing model’’, the folding of

proteins can be accelerated (or decelerated) by more fre-

quent cycles of denaturation depending upon whether they

populate long-lived off-pathway (or on-pathway) interme-

diate states while folding. We refer the reader to ‘‘The ATP

driven iterative annealing model’’ and ‘‘A review of the

effects of iterative denaturation’’ for a discussion of the

effects of increasing cycling rates on folding.

Hartl and co-workers [20] responded with a new set of

experiments in which they did not find a linear relationship

between ATPase activity and C-terminal insert lengths;

rather, they found that the ATPase activity reached a pla-

teau at two [GGM]4 inserts. Further experiments to probe

whether the rate of the ATPase reaction affected folding

rates were performed using the D398A mutant of GroEL

that binds ATP and GroES, but hydrolyses ATP very

slowly. Their experiments on GFP and rhodanese showed

the same folding acceleration for the C-terminal insert

D398A mutant as for the wild-type GroEL with C-terminal

inserts and the SR-EL with the same tail extensions. Hartl

argued that these experiments indicate that confinement

and not altered ATPase activity is the reason for the

observed changes in folding rate. We note that although

rhodanese is not a two-state folder [156, 157], its folding

kinetics appear to be crudely single-exponential and [7, 16,

20], and it is not likely to be effected by a change in the

ATPase cycle rate. Again, rhodanese folds just as rapidly in

non-cycling SR-EL as it does in GroEL [14, 16]. In these

examples, the ATPase cycle does not appear to serve any

other purpose than to cause the configuration changes that

enable the chaperonin to reversibly capture and release

substrate proteins.

Interaction with walls

Confinement is just one aspect of caging. Confinement

theory ignores the actual nature of the interior of the

chaperonin. In theoretical studies/simulations of confine-

ment, the surface of the chaperone is modeled by a purely

sterically repulsive (non-interacting hydrophilic) surface.

The interior of the chaperonin is, of course, more complex,

consisting of a variety of hydrophilic, hydrophobic, and

charged residues that can interact with the protein and

solvent, altering the folding environment and the folding

pathway.

Stochastic cycling–cage-mediated annealing

It has been estimated that between 20 and 40% of the

residues which in the interior of the GroEL cis-cavity are

hydrophobic [27, 103]. The role of these interactions was

investigated theoretical using lattice [103] and off-lattice

[124, 125] models. These studies showed that including

moderate attractive interactions with the cage can increase

(or decrease) folding rates.

A novel mechanism of ‘‘stochastic cycling’’ (also known

as ‘‘passive destabilization’’) has been introduced to

explain how chaperonins could accelerate the folding of

frustrated proteins inside the chaperonin cage [103, 125].

This is closely related to the ‘‘transient binding and

release’’ (TBR) model proposed for minichaperones

[179, 197]. In principle, a moderately attractive surface can

destabilize a protein, reducing the lifetime of otherwise

stable partially folded conformations [103, 109, 110, 125].

As visualized in coarse-grained computer simulations,

attractive interactions with the wall can rapidly periodically

unfold the proteins to which it binds [125]. The mechanism

resembles in some respects the standard ‘‘iterative

annealing mechanism’’; however, folding occurs inside the

cavity and involves thermally driven stochastic (rather than

ATP-driven) cycles of binding, and unbinding from the

chaperonin [103, 125]. As with the IAM, to accelerate

folding, these cycles must occur more frequently than the

lifetime of the protein’s kinetic traps. Viewed another way,

these collapsed, denatured, wall-bound states can provide

an alternate route to the native state. Folding proceeds via a

new pathway (through a bound intermediate state) of lower
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energy than would be the case for folding in the absence of

a chaperonin (see Fig. 5).

Experimental confirmation of the importance of hydro-

phobic residues lining the interior of GroEL can be found in

the work of Hartl and co-workers [19] in which removal or

mutation of the mildly hydrophobic GGM repeats in SR-EL

was seen to affect folding rates. The folding of DM-MBP

(a particularly energetically frustrated protein according to

Hartl) was decelerated upon mutation of [GGM]4M to

[AAA]4A or [GGA]4A more so than when this segment was

deleted. Tail insert GroEL mutants with the [GGA] sequence

did not promote folding of DM-MBP as successfully as the

[GGM] mutants. Furthermore, substitution of [GGM] by

[AAA] lead to restricted mobility of DM-MBP.

Stochastic cycling was originally proposed to occur

within the interior of the closed GroEL ? GroES ? ATP

cavity [103, 125]. Generally, most evidence indicates that

the majority of GroEL substrates are immobilized while

bound to the open GroEL trans-ring [58, 70–73]. However,

there are experimental examples [11, 198] of denatured

proteins which are not completely immobilized while bound

to the open GroEL trans-ring. Observed motion in proteins

bound to GroEL may be due to local rather than long-range

fluctuations in the molecule [69]. Nevertheless, hydrophobic

segments of proteins tend to be more mobile and are released

from the apical domain earlier (possibly altering the order in

which the protein sections are constructed in the cavity) [11].

Given this evidence of mobility, it is tempting to speculate

that some proteins (or portions of these proteins) might be

able to repeatedly bind to, and (partially) free themselves

from, the open GroEL trans-ring during this time.

We point out that all proteins spend a significant fraction

of their time (approximately 1 s per cycle) bound to the

GroEL opening before GroES displaces them into the cavity

[40, 52, 82]. Furthermore, some large GroEL substrates

spend nearly all of their time bound to the open GroEL trans-

ring before folding, because they are too big to fit inside the

closed GroEL ? GroES ? ATP cis-chamber [29, 31].

However, so far, the evidence collected for these substrates

suggests that GroEL passively prevents aggregation and

does not accelerate their folding [31]; GroEL may even

prevent folding [29]. The issue is further complicated by new

evidence which suggests that the closed cis-chamber can

expand to encapsulate some oligomeric proteins as large as

86 kDa in size [30]. The manner in which GroEL assists the

folding of these large proteins is a compelling topic

deserving future investigation.

Cavity may alter solvent behavior

The lining of the GroEL cavity has an overall negative

charge of -42, with a number of negatively charged amino

acids highly conserved (and several negatively charged

clusters located near the apical domain). Mutations that

altered the net charge of the cavity affected folding rates in

a substrate specific manner. For instance, a D359K muta-

tion in the context of the single-ring mutant led to rate

decreases in the case of DM-MBP, a mild rate increase for

rhodanese, and no effect on RuBisCo [19]. Certain muta-

tions that reduced the negative charge also affected the

mobility of DM-MBP. Neutralizing the cavity (SR-KKK(2)

mutation) led to an increase in folding rates for rhodanese

and a decrease in folding rates for DM-MBP. These

experiments suggest that having an overall negative charge

inside the chaperonin is productive for folding. From a

theoretical perspective, Pande and co-workers [127]

developed a novel phenomenological model for studying a

confined protein that incorporates the effect of solvent

through a field theory formulation of the free energy

functional for water. Their studies suggest that the hydro-

philic (charged) interior of the GroEL cavity upon

complexation with ATP and GroES increases the density of

water in the cavity (as compared to the more hydrophobic

lining of the unbound GroEL). As a result, the hydrophobic

effect is enhanced with respect to the bulk [129, 187],

facilitating (accelerating) folding. Fully atomic simulations

on charged mutants of GroEL [128] in which the number of

water molecules within 1 nm of the surface was monitored

further support a picture in which the charged cavity walls

can alter the solvent environment and modulate the

hydrophobic effect for folding.

Conclusion

The process of reviewing some of the recent available

experimental data raised several questions of our own.

These are the questions which would settle (in our minds,

at least) whether or not GroEL can function as an active

folding promoter, or if it only passively prevents

aggregation:

Fig. 5 One-dimensional schematic of a frustrated protein in a the

absence and b the presence of a chaperone. a Once the protein is in

the incorrect local energy minima (M), the protein may never be able

to reach the native state (N) on biologically relevant time scales.

b This simple one-dimensional cartoon is meant to convey that a

sufficiently weak hydrophobic surface effectively lowers the barrier to

folding by providing an alternative route to the native state. If the

surface is not too hydrophobic, the energy well at the chaperonin-

bound state (B) can be sufficiently shallow to enable spontaneous

unbinding and, hence, refolding
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1. Do obligate substrates fold faster with GroEL/ES?

GroEL/ES spends 80% of the time bound to obligate

(‘‘class III’’) substrates [13]. However, the majority of

experiments have been carried out on non-obligate

(‘‘class I’’ or ‘‘class II’’) substrates (proteins which

interact with GroEL, but can fold without it in vivo), or

on substrate mutants, or on model protein systems

which are not natural chaperonin substrates. Thus, it is

not clear whether any obligate GroEL substrate

proteins actually fold faster in the presence of wild-

type GroEL ? ES ? ATP. For E. coli, the proteins in

Table 1 might be a good place to look. It has already

been reported that one of these, dapA/dihydrodipico-

linate synthase, may be accelerated by a factor of 109

in the presence of GroEL ? ES ? ATP [13].

2. Is folding acceleration significant? Accelerations

reported so far for obligate substrates (other than

dapA) are relatively modest: less than 1.59 for

rhodanese (and again, only using a GroEL mutant).

RuBisCo may fold 49 faster, although disagreement

remains over whether GroEL/ES accelerates RuBisCo

and DM-MBP folding [16, 18, 19]; neither rhodanese

or RuBisCo are present in E. coli. Folding is accel-

erated by a factor of 49 for non-obligate substrates

[19, 20, 44, 143], such as MDH and DHFR, which can

be renatured without chaperonins [143, 199]. Folding

can be accelerated by up to 509 for mutants of non-

GroEL substrates [19, 22]. The most dramatic accel-

eration, 509, was observed for mutant ‘‘MBPY283D’’

at elevated temperatures near 40�C [22].

For comparison, early estimates have suggested that

GroEL may reduce the time proteins would spend in the

bulk before folding by as much as a factor 50–1009 [21,

148], simply by providing proteins with a safe place to

fold. This factor depends on htunboundi, as explained below.

(See also ‘‘Estimating the fraction of time proteins are

exposed to the cytosol’’.)

Whether a modest rate acceleration (for example, a

factor of 29 to 49) is significant also depends on a related

question: Approximately what fraction of GroEL substrates

are accelerated? If a substantial fraction of GroEL sub-

strates fold faster in the presence of GroEL/ES, this

reduction in occupancy could free up a substantial number

of GroEL chaperones for use (and their supporting

machinery), even if the acceleration is only 29 or less.

However, if GroEL accelerates the folding of only 1% of

its protein substrates (for example), this would have a

minimal effect on the on chaperone availability.

3. Are GroEL obligate substrates sufficiently kinetically

trapped to benefit from iterative denaturation? Assum-

ing an obligate GroEL substrate is found which folds

significantly faster in the presence of GroEL, there are

still many possible mechanisms to explain how this

occurs. One way to distinguish between them is to

search for long-lived, monomeric kinetic traps. Itera-

tive denaturation by GroEL (caused by cycles of ATP

hydrolysis or stochastic cycling inside the cavity) can

only accelerate the folding of proteins trapped in long-

lived misfolded conformations (see ‘‘A review of the

effects of iterative denaturation’’). Preferably, these

should be monomeric kinetic traps, since the cell is

more likely to use other chaperones like DnaK/J to

break apart any small aggregates which can delay

folding [136]. In order to accelerate folding, the

lifetime of these traps must exceed the period between

cycles of denaturation. While it has been established

that large aggregate-prone proteins (including rhoda-

nese and RuBisCo) have (and fold slowly because of)

kinetic intermediates [93, 153–158], it is not clear that

these intermediates are off-pathway intermediates, and

that they are long-lived compared to the overall

timescale required for folding. It is difficult to deduce

the lifetime of these intermediate states from experi-

ments carried out using denaturants under equilibrium

conditions. These traps should be evident from bulk

experiments that monitor the population of folded

protein as a function of time. Let ‘‘P(t)’’ denote the

fraction of proteins which have not yet committed to

folding as a function of time, t. This is a decreasing

function which begins at 1 and decays to 0. For most

proteins, especially small single-domain, two-state

folders, P(t) resembles a decaying exponential:

PðtÞ ¼ e�kFt, where kF is the folding rate. Supposing

that GroEL denatures proteins every 3 s (i.e., the

‘‘substrate driven’’ limit [40, 55, 56]), in order for this

to accelerate folding, these traps must be plainly

visible in the graph of P(t) (with lifetimes in excess of

3 s, in this example). P(t) must fail to fit to a single

exponential, requiring instead a stretched or a

weighted sum of decaying exponentials, using only

positive weights, and at least one rate constant slower

than (1/3) s-1. To detect the range of fast and slow

processes, ideally multiple measurements of P(t) could

be be taken during the first cycle period (3 s) of

folding. With some exceptions [144], the majority of

protein folding kinetics data we know of do not show

obvious evidence of such long-lived traps. While some

of the GroEL substrates studied so far, like RuBisCo

and rhodanese, are kinetically trapped [156, 157], and

fold very slowly, they also appear to have ordinary

decaying exponential folding kinetics (at least under

conditions where such measurements are possible) [7,

16, 143]. It is not surprising that these proteins do not

seem to benefit from cycles of iterative denaturation

(under these same conditions, see below).
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The folding GroEL substrates is especially challenging

to monitor, because these are precisely the proteins which

have the most difficulty folding unassisted under relevant

physiological conditions. The population of folded protein

[1-P(t)], is usually difficult to measure directly under

dilute enough conditions to avoid self-association. Artifi-

cial buffers which are used to get around these problems

could (in principle at least) introduce serious artifacts into

the protein’s folding kinetics, for example by altering the

population of various intermediate states in the folding

process [18, 156]. In order to test the IAM (or stationary

IAM) theories, it is probably sufficient to measure the

folding kinetics (P(t)) in the presence of non-cycling

chaperonin mutants (like SR-EL [16, 17]), since any

resulting confinement effects are unlikely to completely

mask the symptoms of kinetic frustration [116, 125]. More

generally, single molecule experiments may be necessary

to investigate the folding of highly aggregate prone

proteins.

We note that difficulty in calibrating the ‘‘base lines’’,

i.e., the signals corresponding to P(t) = 0 and P(t) = 1,

could falsely make a kinetically trapped protein appear like

a two-state folder with single-exponential folding kinetics.

4. How many substrates remain bound to GroEL until

folding? ATP-driven denaturation (the traditional

IAM) cannot increase the yield of kinetically trapped

aggregate-doomed proteins [148] unless proteins

remain bound to GroEL until folding (the stationary

IAM). In vivo (or under conditions of extreme macro-

molecular crowding [180]), at least one protein

(rhodanese) appears to remain bound to a single GroEL

chaperonin ring until folding [7]. How widespread is

this behavior among other stringent GroEL substrates?

5. What is htunboundi in vivo? The benefits of the protective

cage cannot be rigorously assessed until we can estimate

the total amount of time obligate GroEL substrates spend

unbound in the bulk during each cycle before binding to

GroEL, htunboundi. (See ‘‘Estimating the fraction of time

proteins are exposed to the cytosol’’.) Unfortunately, this

is difficult to predict mostly due to uncertainty in the

concentrations ofunbound, available DnaK/J, GroEL, and

other chaperones in the cell, in addition to uncertainty in

the way they interact. (See ‘‘Estimating the fractionof time

proteins are exposed to the cytosol’’ and [12, 13, 74–76].)

Summary

For the few stringent in vivo GroEL substrates investigated

so far, GroEL appears to behave primarily in a passive

manner, simply encapsulating misfolded proteins and

protecting them from aggregation as they fold. However, in

theory, GroEL/ES should be able to accelerate (and also

retard) protein folding.

Again, GroEL/ES is a promiscuous chaperone which

interacts with a diverse group of 250 protein substrates, 85 of

which are strictly unable to fold in cells with GroEL knock-

outs [13]. We cannot rule out the possibility that GroEL/ES

interacts with at least some of these proteins in a more inter-

esting way. GroEL/ES must satisfy the competing demands of

a large variety of (obligate) protein substrates. Introducing

mutations that optimize the folding of one substrate are

known to harm GroEL’s ability to promote the folding of

others [200, 201]. There is no need to impose a universal

mechanism to explain how GroEL/ES works. While it may

not be plausible to exhaustively investigate the folding

kinetics of all 85 or so obligate GroEL substrates in the

presence of GroEL/ES, we could start with the most soluble

substrates [13, 88] (some of which are listed in Table 1).

We initially set out to present a theorist’s view of

chaperonin-mediated protein folding. As we look back at

this body of work, we have come to realize that we are in

critical need of experimental folding kinetics data for

obligate GroEL substrates. These data hold the potential of

resolving whether GroEL is ever capable of acting as a

folding catalyst in vivo.
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Appendix A: Estimating the fraction of time proteins

are exposed to the cytosol

In an earlier work, we developed a formula to describe the

folding of any protein in the presence of chaperones which

cyclically unfold their substrates [148]. We used this to

prove that the iterative annealing model (IAM) is not

optimal for, and does not explain, the chaperonin-mediated

folding of aggregate-prone substrates. Instead, an optimal

chaperonin would bind to its substrates only once, releasing

it only upon folding, lending support to the Anfinsen cage

model. Unfortunately, many simplifying assumptions were

made; for example, we ignored the fact that proteins

interact with a variety of chaperones other than GroEL, and

we ignored the fact that some proteins remain bound to the

chaperone over multiple ATPase cycles. We also implicitly

assumed that sufficient GroEL chaperonins are present to

handle demand, and we ignored transient stress. However,
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the conclusions of that study remain valid when these

assumptions are relaxed. In the sections that follow we

briefly review and generalize these kinetic arguments.

The many-cycle assumption

As explained earlier [21, 148], chaperonins like GroEL can

reduce the time that proteins spend unprotected in the

cytosol before folding by a fraction (denoted fbulk) which

can be estimated from the ratios of the average time spent

bound and unbound from GroEL during each cycle:

fbulk ¼
tunboundh i

tunboundh i þ tboundh i ð1Þ

To justify this, we must assume that proteins undergo many

cycles of binding to GroEL and release into the cytosol

before folding, as suggested by [16, 80, 91, 102]. Here hi
denotes the average, and tbound is the total time spent bound

to the chaperone (while either immobilized or protected).

tboundh i ¼ tholdh i þ tprotect

� �
ð2Þ

(See Figs. 1 and 2, for definitions of tunbound, thold, and

tprotect.) We considered what happens if you abandon this

assumption in ‘‘The stationary iterative annealing model’’.

Substrates do not always unbind from GroEL

A complication arises due the fact that some GroEL sub-

strates (rhodanese) do not unbind during every ATPase

cycle [7, 12, 180]. Suppose that fub indicates the probability

that the protein substrate can successfully unbind itself from

GroEL once the GroES lid departs. (This occurs following

ATP hydrolysis; see Figs. 1, caption and 2). If so, then in

that case it will require 1/fub cycles for the protein to suc-

cessfully free itself from GroEL, on average, (note:

1/fub C 1). This means it would remain bound to GroEL for

a duration of approximately (htboundi ? htunboundi)/fub

seconds, instead of htboundi seconds. (Minor correction: We

note that during the first of these 1/fub cycles, the protein is

initially unbound, so to be precise, we should not have

included one of these ‘‘unbound’’ time intervals.)

Once finally released, if the protein has not yet folded, it

will have to rebind to GroEL requiring tunbound seconds. As

long as this process occurs multiple times before folding,

the arguments we have made so far continue to apply, and

we can replace htboundi in Eq. 1, with htunboundi (1/fub -

1) ? htboundi/fub. (The ‘‘-1’’ comes from the correction

discussed above.) This yields:

fbulk ¼ fub �
tunboundh i

tunboundh i þ tboundh i ð3Þ

For example, rhodanese in vitro escapes GroEL every

four cycles on average (fub & 0.25), frequently enough so

that it probably escapes GroEL a couple times before

folding [180]. Rhodanese is an extraordinarily slow folder,

requiring 7 min to fold on average [20], corresponding to

7–60 full, two-ring ATPase cycles and consuming at least

130 molecules of ATP [149].

We note that sometimes unbinding does not occur

multiple times before folding. For example, in vivo (or in

the presence of a crowding agent), rhodanese typically

remains bound to GroEL until folding [7]. In that case, the

situation is fundamentally different, and we have to con-

sider the issues raised in ‘‘The stationary iterative

annealing model’’. Equation 3 does not apply to rhodanese

in vivo. We note that this is not an issue for many stringent

GroEL substrates. Others (like RuBisCo) unbind from

GroEL after every ATPase cycle (fub & 1) [16].

Under steady-state conditions

In the absence of stress (‘‘steady-state’’) conditions (see

‘‘The steady-state assumption’’), it is more relevant to

consider:

f ss
bulk ¼ fub �

tunboundh i
tunboundh i þ tprotect

� � ð4Þ

During the time interval (htholdi) that proteins are either

bound to the open GroEL trans ring, or bound to auxiliary

chaperones like DnaK/J, they are unable to fold or

aggregate and for all practical purposes, they are immo-

bilized (although they may in fact be able to move).

Under steady-state conditions we neglect to consider any

time spent by the protein in these ‘‘immobilized’’ states;

in other words, we have substituted htholdi = 0 into

Eqs. 2, 3. Temporary delays (no matter how long) which

have no other effect than to immobilize the protein,

should have no effect on a protein’s likelihood of even-

tually folding or aggregating; that is, assuming the risk of

aggregation in the bulk remains constant over time. We

note that under steady-state conditions, the concentration

of denatured proteins, and rate of aggregation, should not

fluctuate significantly over time, at least not during the

time for most proteins to fold. (See ‘‘The steady-state

assumption’’ for details. We elaborate further in ‘‘Why

should we ignore immobile states?’’.)

Since htunboundi is typically far more rapid than htprotecti,
this is a considerable reduction (fbulk

ss � 1).

The role of HSP70/HSP40 and other ancillary

chaperones

For GroEL substrates, it appears that other chaperones such

as trigger factor, HSP70/40 (DnaK/J) and their associated

nucleotide exchange factors (GrpE), prevent unfolded
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protein chains from aggregating as they wait for GroEL [3,

13, 23, 25]. After being ejected from GroEL, proteins that

are still unfolded are likely to bind to chaperones like

DnaK/J before rebinding to GroEL. The average of the

total time that proteins spend unprotected in the bulk dur-

ing this time (represented by htunboundi) is a complicated

function of the DnaK/J, GrpE, and dimeric trigger factor

concentrations, in addition to the nucleotide binding,

release, and hydrolysis rates (for example, see [75]), not to

mention the length of the substrate protein (as suggested by

[134]). However, as far as GroEL substrates are concerned,

the only role of these auxiliary chaperones is to reduce

htunboundi. Whether they are successful is a separate issue,

and it does not effect our conclusion regarding the optimal

behavior of GroEL. Equations 1, 3, and 4 still remain

remain valid, regardless of the presence of other

chaperones.

Appendix B: The steady-state assumption

As mentioned in the ‘‘Introduction’’, GroEL/ES performs

maintenance duties in the cell and is always present at high

concentrations, even in the absence of external stress [5].

Under non-stress, steady-state conditions, it seems rea-

sonable to assume that concentration of each species of

protein remains roughly constant over time; or at least

these concentrations do not fluctuate significantly during

the course of a single folding event. This is important for

understanding the mechanism of GroEL.

Under steady-state conditions, the only way to reduce

aggregation is to reduce the concentration of non-native

proteins in the cell, which can only be done by reducing the

average time each protein spends unprotected in the cytosol

(‘‘bulk’’) before folding, htbulki [148, 197]. During this

time, proteins are susceptible to aggregation. It is conve-

nient to think of this as the product of the average folding

time htFi (under dilute conditions), and the fraction of that

time which is spent in the bulk fbulk.

tbulkh i ¼ tFh i � fbulk ð5Þ

In this way, we can compare the benefits of folding

acceleration (reducing htFi) with the benefits of

sequestration/encapsulation (reducing fbulk).

Appendix C: A review of the effects of iterative

denaturation

It is useful to ask: under what conditions would iterative

denaturation speed up protein folding? Rephrasing earlier

arguments [77, 104], let:

t ¼ the time that has elapsed since the protein was

first introduced into the cytosol in its unfolded state

PðtÞ ¼ the probability that the polymer has not yet

reached a folding-committed conformation after time

t has elapsed under dilute conditions in the absence

of chaperones

Assuming that the only effect a chaperone has on the

protein is to completely denature it once every sD s then the

probability that the protein has not yet folded after N cycles

of binding and release from the chaperone is [P(sD)]N. In

order for a protein to benefit from chaperone cycling:

PðNsDÞ[ PðsDÞ½ �N ð6Þ

For any protein which folds with a single well defined

folding rate (kF, for example, two-state folders, or proteins

with only short-lived intermediates) P(t) must resemble a

decaying exponential ðPðtÞ ¼ e�kFtÞ. For these proteins,

P(NsD) = [P(sD)]N. Only proteins for which P(t) decays

more slowly at long times (for example, proteins which can

fall into kinetic traps) can satisfy this inequality.

It is possible to predict the average folding time, htFssi in

the presence of iterative denaturation (at frequency kD
ss) for

any protein, assuming the folding kinetics of that protein

(under dilute conditions, P(t)) are known [148]:

tss
F

� �
¼ 1

kss
D

kss
D

Z1

0

PðtÞe�kss
D t dt

0

@

1

A

�1

�1

2

4

3

5

�1

ð7Þ

P(t) can be measured directly from bulk experiments,

for example using florescence resonance energy transfer

spectroscopy, or using enzyme assays applied to aliquots

taken at regular intervals. By substituting PðtÞ ¼ e�kFt, we

can see again that proteins with two-state folding kinetics

(rate kF s-1) would not benefit from iterative denaturation

(in agreement with [104]).

The frequency of denaturation, kD
ss, refers to the fre-

quency at which proteins are denatured as a result of ATP-

driven chaperonin binding and release: Specifically:

kss
D � 1= sss

D

� �
where: ð8Þ

sss
D

� �
¼ tunboundh i þ tprotect

� �
ð9Þ

¼ tunboundh iþ tprotect

� �
þ tholdh i. . . in the limit that tholdh i! 0

ð10Þ

The ‘‘ss’’ superscripts are to remind us that under

steady-state conditions, we should not consider the time

proteins spend while immobilized during each cycle htholdi
(See ‘‘Why should we ignore immobile states?’’. Note that

the actual folding time htFi can be inferred from htFssi by
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estimating the fraction of time a protein would have spent

immobilized while folding. See Eq. 11 of ‘‘Why should we

ignore immobile states?’’)

The chaperone-mediated folding of aggregate prone

substrates

Recall that under steady-state conditions, chaperones ability

to prevent aggregation is entirely determined by how much

chaperones reduce the time proteins spend in the bulk

before folding, htbulki = htFi 9 fbulk = htFssi 9 fbulk
ss (See

‘‘Why should we ignore immobile states?’’.) Reducing the

value of htbulki reduces aggregation and increases the yield.

If we restrict ourselves further to the set of proteins which

do not remain bound during every ATPase cycle, then we

can use Eq. 4. Substituting it, along with Eqs. 7 and 10,

results in a formula for htbulki which decreases as the

cycle frequency kD
ss & 1/(htboundi ? htprotecti) decreases;

the result is proportional to Eq. 7 from [148]. In other

words, for this broad set of proteins, GroEL/ES should cycle

slowly (maximize htprotecti). There is no incentive to cycle

rapidly, except perhaps to free up chaperones and assist the

folding of other proteins. This contradicts the conclusion of

the traditional IAM. Again, the cycle for GroEL/ES requires

on the order of 101 s.

Appendix D: Why should we ignore immobile states?

Simple kinetics models of GroEL/ES behavior assume that

the entire time a protein is bound to GroEL it is either able

to continue folding [148], or immobilized [113]. In reality,

proteins may spend a fraction of their time with GroEL

mobile or immobilized. However, under steady-state con-

ditions, these immobile states have no effect. Increasing or

decreasing the duration of these frozen states do not tip the

balance toward one outcome (folding) or the other

(aggregation), at least not under steady-state conditions

when, presumably, the rate of transition to either of these

outcomes is not changing over time.

Motivating example

We have argued Eqs. 12 and 4 without providing an

algebraic proof. If it helps the reader, we can motivate

Eqs. 12, and 4, by calculating both htFssi and fbulk
ss , and show

that their product remains equal to htbulki from Eq. 5:

To motivate this with a concrete example, it is conve-

nient to imagine a hypothetical chaperone system which

does not immobilize its substrates, (htbulki = 0), and which

otherwise behaves exactly like the GroEL/ES-DnaK/J

chaperone system in all other respects, denaturing protein

substrates with every ATPase cycle. Of course, the

resulting reduction in time spent bound to the chaperone

might free up chaperones and increase chaperone avail-

ability. However, we ignore this effect here. Here, we

imagine a hypothetical chaperone for which htunboundi and

htprotecti remain unaffected as htholdi ? 0.

htFssi and fbulk
ss denote the folding time, and fraction of

time spent in the bulk, folding under the influence of this

new hypothetical chaperone system (with htholdi = 0). The

formula for fbulk
ss is given in Eq. 4 of ‘‘Estimating the

fraction of time proteins are exposed to the cytosol’’. The

formula for htFssi is given in Eq. 7 of ‘‘A review of the

effects of iterative denaturation’’. How does this htFssi
compare with the real folding time in vivo, htFi?

In the presence of this hypothetical chaperone system,

proteins would fold faster because they no longer have to

spend a certain fraction of each cycle immobilized and

waiting. Assuming many cycles of binding and release, this

should reduce the folding time by the fraction of time

proteins are not immobilized during each cycle (shown in

parenthesis in Eq. 11).

tss
F

� �
¼ tFh i �

tunboundh i þ tprotect

� �

tunboundh i þ tholdh i þ tprotect

� �

 !

ð11Þ

Multiplying Eqs. 4 and 11, and substituting Eq. 2,

recovers Eqs. 3 and 5:

tbulkh i ¼ tss
F

� �
� f ss

bulk ð12Þ

This shows that ignoring immobilized states (or equiva-

lently, setting htholdi = 0) has no effect on htbulki. Under

the influence of such a chaperone, proteins would spend the

same amount of time in the bulk before folding htbulki, and

would be no more or less likely to aggregate. Thus, a

hypothetical chaperone without immobilized states would

prevent just as much aggregation as a real chaperone

(under steady-state conditions). Hence, we can justifiably

ignore these immobilized states.
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