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GroEL and CCT are catalytic unfoldases mediating
out-of-cage polypeptide refolding without ATP
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Chaperonins are cage-like complexes in which nonnative polypep-
tides prone to aggregation are thought to reach their native state
optimally. However, they also may use ATP to unfold stably bound
misfolded polypeptides and mediate the out-of-cage native refolding
of large proteins. Here, we show that even without ATP and GroES,
both GroEL and the eukaryotic chaperonin containing t-complex poly-
peptide 1 (CCT/TRiC) can unfold stable misfolded polypeptide con-
formers and readily release them from the access ways to the cage.
Reconciling earlier disparate experimental observations to ours, we
present a comprehensive model whereby following unfolding on the
upper cavity, in-cage confinement is not needed for the released
intermediates to slowly reach their native state in solution. As over-
sticky intermediates occasionally stall the catalytic unfoldase sites,
GroES mobile loops and ATP are necessary to dissociate the inhibitory
species and regenerate the unfolding activity. Thus, chaperonin rings
are not obligate confining antiaggregation cages. They are polypep-
tide unfoldases that can iteratively convert stable off-pathway con-
formers into functional proteins.

molecular chaperones | protein aggregation | protein misfolding |
protein unfolding

Newly synthesized polypeptides, or stress-labile proteins de-
stabilized by mutations, may fail to properly reach their native
state and instead form misfolded species that may coalesce further
into stable toxic aggregates (1-3). Molecular chaperones, such as
the cage-like eukaryotic chaperonin containing t-complex poly-
peptide 1 (CCT/TRiC) and GroEL/GroES chaperonins and the
heat shock protein (Hsp)70/Hsp40s (4, 5), form a first line of
cellular defenses against early misfolded species on the cytotoxic
protein aggregation pathway, leading to degenerative conforma-
tional diseases and aging (6). In vitro, chaperonins may prevent
the aggregation of artificially unfolded proteins and use ATP
hydrolysis to promote their native refolding but fail to act upon
misfolded species already entangled into large aggregates (7, 8).

Eukaryotic cytosolic CCTs, bacterial GroEL, and mitochondrial
Hsp60 are double-ring complexes with two central cavities. Their
key role in cellular proteostasis is generally thought to be the ATP-
driven transient confinement of aggregation-prone polypeptides
within the central cavities, allowing “in-cage” protein refolding to
the native state. The mechanistic steps first involve spontaneous
binding of an unfolded or misfolded polypeptide to exposed hy-
drophobic residues on the apical domains facing the upper pas-
sageway of the chaperonin cavity (9). Next, the ATP-regulated
movements of the apical domains cause the dissociation of the
tightly bound polypeptide, either within the confined space of the
cavity or directly into the external solution, especially in cases of
large polypeptides (10). The transient capping of the cavity by
a helical lid domain in CCT, or a GroES; cover in the case of
GroELy, (5, 11), is generally thought to be an obligatory step to
confine the released polypeptide within the cage, where it pre-
sumably needs to reach its native state while being secluded from
other aggregating polypeptides. An allosteric signal from the
empty frans-ring then prompts the uncapping of the substrate-
containing cis-cavity (12, 13), causing the release of the natively
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refolded protein. Thus, ATP is thought to drive the reaction cycle
of GroEL and CCT by timely alternating between an in-cage se-
questration phase, to promote by confinement the spontaneous
refolding of an unfolded polypeptide, and a dissociation phase, to
release the natively refolded protein from the cage into the so-
lution. However, exceptions also have been reported of large
proteins being released directly from the GroEL cage without
encapsulation, upon GroES binding to the opposite ring, possibly
leading to out-of-cage refolding (14, 15).

Here, we revisit the obligate link between the mechanism by
which chaperonins can convert a stable misfolded polypeptide into
a native protein and the mechanism of encaging to avoid aggre-
gation of the substrate during the various steps to native refolding.
To this aim, we used as a unique type of stringent chaperone sub-
strates in the form of stable misfolded inactive polypeptides that
without chaperonins tended neither to aggregate nor to refold
spontaneously to the native state. We found that both apoGroEL
and apoCCT acted as efficient polypeptide unfolding molecular
machines that could rapidly convert an excess of misfolded poly-
peptide substrates into unfolded intermediates that were released
from the chaperonin to slowly reach the native state in solution.
However, following several full turnovers of binding, unfolding,
release, and out-of-cage refolding, both GroEL and CCT activities
gradually became stalled by over-sticky intermediates, whose dis-
sociation required the action of an ancillary regeneration mecha-
nism that depended on ATP hydrolysis and, in the case of GroEL,
also on GroES mobile loops (16).

Results

Freeze-Thaw Denatured Rhodanese Is a Stringent Substrate That Is Not
Aggregation Prone. Unstable guanidinium HCI- or urea-unfolded
rhodanese has been used in classic in vitro chaperonin assays by
virtue of its high propensity to aggregate readily upon removal of
the denaturant and form resistant species, unless readily assisted by
a large molar excess of GroEL, GroES, and ATP (17). In contrast,
here we used freeze-thaw (FT) denatured rhodanese (FTrho) as
a unique type of substrate generated beforehand in the absence of
GroEL, by iterative FT cycles. Similar to FT-denatured luciferase
(FTluc) (18), inactive FTrho was found to be composed of stable,
soluble, and mostly monomeric species (Fig. S14) (19). Indicative
of the presence of stable misfolded p-structures, FTrho bound 3.5
times more thioflavin T (Th-T) than native rhodanese (Nrho) (Fig.
S1B). Without chaperones, less than 3% spontaneously converted
into Nrho in 60 min at 25 °C. Remarkably, no FTrho converted into
light-scattering aggregates in 18 h (Fig. S1C). The FTrho species
were more resistant than Nrho to urea unfolding (Fig. S2), and
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FTIR spectroscopy showed the presence of intramolecular mis-
folded p-sheets different from Nrho (19). Therefore, FTrho was
a stringent candidate substrate with a potential to differentiate
between the chaperonin’s ability to mediate protein refolding per se
and its ability to prevent aggregation.

ApoGroEL Can Catalytically Unfold FTrho Without ATP. Whereas
during 18 h, up to 13% of the FTrho was converted spontane-
ously to Nrho, addition of equimolar apoGroEL (1 pM proto-
mers, i.e., 71.4 nM of GroEL,4) produced the same amount of
Nrho in 3 min, corresponding to a 360-fold acceleration of the
native refolding reaction. Whereas without ATP other molecular
chaperones and proteins in equimolar amounts [DnaK, Dnal,
Caseinolytic peptidase B protein (ClpB), HtpG, GroES, BSA]
remained ineffective, up to a third of the substrate (330 nM)
was refolded rapidly by apoGroEL in 15 min (Tso = 4 min 30 s;
Fig. 14) and similar high refolding yields were observed with
equimolar single-ring GroEL;,-mutant SR1 mutants (20). On
average, each GroEL; ring converted half the FTrho substrate
per minute, generating 2.3 native products in 30 min. FTrho thus
allowed chaperonins to work through multiple turnovers, over-
coming the single-turnover limitation observed in previous in vitro
refolding assays with aggregation-prone substrates (7, 17). Enzyme
activity, kinetics of deuterium exchange, NMR, and FRET spec-
troscopy previously showed that mere binding to apoGroEL may
cause the unfolding of metastable native or misfolding proteins,
such as pre—f-lactamase (21), heat-denatured cyclophilin (22),
barnase (23), or urea-denatured Ribulose 1,5-bisphosphate car-
boxylase/oxygenase (RubisCO) (24). However, here we show that
a single apoGroEL ring may carry several complete, consecutive
turnovers including substrate binding, unfolding, release, and
native refolding.

Fluorescence spectroscopy showed that apoGroEL caused a
rapid net loss of the high FTrho Th-T signal (Tsp = 1 min), in-
dicating that upon GroEL binding, FTrho lost a significant fraction
of its intramolecular misfolded B-structures (18, 19), a result com-
patible with some degree of unfolding. Within 2 min, the apparent
unfolding signal leveled and was followed by a slower net regain
of Th-T signal, corresponding to the formation of some native
B-structures (Fig. 1B), as suggested by a parallel regain of rhodanese
activity (Fig. 14). Time-lapse transient trypsin digestions at various
time points of the reaction confirmed that binding of apoGroEL
caused an initial decompaction and partial unfolding of the bound
FTrho substrate. FTrho thus was incubated before and after GroEL
addition with 0.02 mg/mL trypsin and, 3 min later, with an excess
of the trypsin inhibitor N-a-tosyl-L-lysine chloromethyl ketone hy-
drochloride (TLCK). A prior short trypsin treatment of GroEL
alone had no effect on its subsequent unfolding/refolding activ-
ity, and a prior short trypsin treatment of FTrho or Nrho alone
followed by GroEL addition produced 82% and 91% Nrho, re-
spectively, in 60 min (compared with the apoGroEL-mediated
yield without trypsin pretreatment set to 100%; Fig. 1C). The
similar elevated levels of trypsin resistance of FTrho and Nrho
imply that they were comparably compact. Remarkably, when
transient trypsin digestion of FTrho was applied 2 min after
GroEL addition, only 18% of the refolding yield (mediated by
apoGroEL in 60 min) was observed. A marked transient increase of
sensitivity of FTrho to trypsin, despite a possible partial recruitment
of trypsin by the added GroEL and a possible partial sequestration
of the substrate in the cavity, is strong evidence that upon binding,
GroEL caused a decompaction and, therefore, the partial unfolding
of the compact misfolded FTrho species. When the trypsin diges-
tions were applied later in the GroEL reaction, they progressively
became less effective, and the GroEL-mediated refolding yields
recovered up to a maximal 87%, with a Tsy = 17 min (Fig. 1C).
Thus, following an initial rapid drop of the compactness of the
substrate, its subsequent slow regain of trypsin resistance is evi-
dence of its slow conversion into new compact native species, as
attested by its regained enzymatic activity.

In this reaction, each GroEL heptameric ring thus acted as
an_ATP-independent enzyme, which first rapidly unfolded the
misfolded polypeptide substrate upon binding, then rapidly re-
leased it as a species highly sensitive to the trypsin molecules of the
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Fig. 1. GroELisan ATP-independent catalytic polypeptide-unfolding enzyme.
(A) Time course of stringent chaperonin-mediated refolding (reactivation) of
FTrho (1 pM) at 22 °C without or with equimolar (expressed in protomers)
GroEL,y4, single GroEL; ring SR1, GroES;, DnaK + DnaJ + GrpE (KJE), HtpG,, or
BSA. (B) Time-dependent net relative changes in FTrho Th-T fluorescence in the
presence of equimolar GroELq4, SR15, KJE, or only buffer as in A. Nrho is 100%.
(C) Time-lapse trypsin sensitivity of FTrho. FTrho (1 pM) was incubated with
equimolar GroEL (1 pM protomers) as in A. Three minutes before the indicated
time points, 0.02 mg/mL trypsin was added, and at the indicated time points,
trypsin activity was stopped by adding 100 pM trypsin inhibitor (TLCK).
Refolding was allowed to continue until 60 min after GroEL addition, and the
refolding relative yields (from A, 330 nM = 100%) were plotted against the
time at which the (3-min) trypsin treatments were ended by TLCK addition.
TLCK was added without (black W) or following (red @) a prior 3-min trypsin
treatment. Trypsin and inhibitor pretreatment of GroEL before FTrho addition
at T = 0 min did not affect refolding yields (*). Lines in A and C are simple
guides for the eyes.

external solution, where it slowly refolded to the more compact
protease-resistant native state. Other misfolded substrates in ex-
cess, by virtue of their low propensity to aggregate, could patiently
wait their turn to be unfolded and released by the chaperonin in
several successive turnovers. The same results were found with the
single-ring SR1 mutants, indicating that the release step did not
depend on an allosteric signal from the trans-ring.

Priya et al.

www.manaraa.com


www.pnas.org/cgi/doi/10.1073/pnas.1219867110

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 29, 2021

Although exceptionally effective, the catalytic unfolding ac-
tion of apoGroEL gradually halted after processing two to
three misfolded polypeptides per ring. To address the reasons
for arrest, we titrated the unfolding/refolding activity of increas-
ing substoichiometric amounts of apoGroEL sequentially added
to the reaction every 30 min, to a constant excess FTrho (2 pM).
As little as 250 nM GroEL (i.e., 36 nM of GroEL; active sites)
was found to refold up to 280 nM rhodanese in 25 min, corre-
sponding to seven to eight turnovers per GroEL; ring; then,
it stopped (Fig. 24). The subsequent addition of fresh GroEL
(36 nM GroEL; sites) produced nearly the same amount of Nrho,
indicating that the first refolding reaction was not arrested be-
cause all the substrate had been consumed or turned into GroEL-
resistant species, but rather that the initial GroEL molecules
became inhibited. Further additions of substoichiometric amounts
of fresh GroEL expectedly processed less and less FTrho, until
equimolar GroEL (286 nM of GroEL, catalytic sites) was found
saturating, yielding up to 46% of stable Nrho (Fig. 24). Gel
filtration chromatography, activity, and Western blots of FTrho
preincubated with apoGroEL for 0 min or 60 min (Fig. 2B)
confirmed that the catalytic unfoldase action of apoGroEL
became stalled by inactive over-sticky rhodanese species acting
as inhibitors of the unfoldase catalysis.

These observations were tested and confirmed by a mathematical
model based on simple thermodynamic and kinetic considerations
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Fig. 2. The chaperonin unfoldase activity becomes stalled by over-sticky
FTrho species. (A) An excess of FTrho substrate (2 pM) was supplemented
stepwise every 30 min, first with substoichiometric amounts, then up to
equimolar GroEL protomers (black lines), and rhodanese activity was mea-
sured as in Fig. 1A at the indicated time points. (B) GroEL complexes become
stalled by over-sticky inactive rhodanese species. FTrho incubated for 0 (Left)
or 60 min (Right) with equimolar GroEL as in Fig. 1A was separated by gel
filtration chromatography. The eluted fractions were assayed for total
protein _concentration (black line) and rhodanese activity (red A) and fur-
ther separated by SDS-gel electrophoresis to detect the presence of rhoda-
nese by Western blots. Lines are simple guides for the eyes.
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(SI Text, section S1 and Fig. S3) capturing the basic experimental
observations (SI Text, section S1 and Fig. S4), which provided
quantitative estimates of the parameters governing the different
steps of the catalytic unfoldase cycle mediated by an apoGroEL
heptameric ring: binding, unfolding, release, and refolding (Table
S1). The model provided insight into the evolution of the various
intermediate species produced in the reaction (SI 7ext, section S1
and Fig. S5). It showed best fits with the data when assuming rapid
unfolding on the upper rim of the cavity (Tsy < 1 min), followed by
a slow out-of-cage refolding (Tsp = 6 min 18 s) of the released
unfolded FTrho species in solution (Fig. S4). The model could
account for the slower refolding rates we observed in the presence
of excess (7 pM) compared with limiting (0.5-1 pM) apoGroEL
(Figs. S4 and S5), implying that the species released from the cage
were in a nonnative, on-pathway state that, at variance with the
lowest-affinity Nrho state, could be recaptured transiently by the
excess of apoGroEL. Modifying the model to compel the protein
to undergo obligate in-cage refolding, with the released product
being native and averse to GroEL rebinding, produced much
worse fits than when assuming out-of-cage refolding. Moreover,
it predicted that an excess of chaperonin would accelerate the re-
action, whereas the experiments showed a slowing down. The op-
timal out-of-cage refolding model thus predicted that binding,
unfolding, and release of a first substrate should have been rapid
enough (Tsy < 1 min) to allow the binding of the next substrate,
whereas the first released product continues its slow (Tsy = 6 min
18 s) native refolding in solution. This might best account for the
ability of each apoGroEL ring to undergo up to eight consecutive
turnovers in several minutes (as in Fig. 24, step one) while ac-
commodating in their cavity, at most, a single 30-kDa substrate at
a time.

Role of ATP and GroES. Because cells contain several millimolars of
ATP and mitochondria contain equimolar GroEL and GroES
protomers (Table S2), chaperonins will unlikely stay long without
binding ATP and GroES. Therefore, next we addressed the effect
of ATP and GroES on stalled chaperonins. First, we incubated
apoGroEL, apoSR1, or apoCCT with FTrho for 30 min until com-
plete unfolding/refolding arrest was achieved; then, we added ATP,
GroES, or both (Figs. 3B and 4).

Remarkably, apoCCT, but not the other chaperones tested,
showed the same ability to drive the catalytic refolding of FTrho,
with a similar number of turnovers and yields as apoGroEL (Fig.
44), suggesting that catalytic unfolding/refolding is a particular
functional feature of both classes of chaperonins. The presence of
ATP from the start (Fig. 44) or the subsequent addition of ATP to
FTrho-stalled-apoCCT complexes caused the release and refold-
ing of about 102 nM Nrho (Fig. S64). This confirmed that ATP
suffices to decrease the affinity for over-sticky polypeptides that
may stall the catalytic unfoldase sites of CCT chaperonins. Addition
of ATP alone to FTrho-stalled—apoGroEL complexes was less ef-
fective at releasing refoldable inhibitory species from GroEL or
SR1, suggesting that the ATP-fueled upward and sidewise twisting
of the GroEL apical domains (11) remained predominantly frus-
trated by the bound over-sticky species. GroES addition to FTrho-
stalled apoGroEL released a more important fraction of stalling
species. This showed that GroES can bind GroEL even without
ATP and stabilize the low-affinity state for over-sticky substrates, as
previously shown to be the case in GroEL prebound with heat-
denatured malate dehydrogenase (MDH) (25). As expected, ad-
dition of both ATP and GroES caused an effective net release and
native refolding of about 210 nM Nrho (Fig. 3B), demonstrating
synergism between the two at dissociating high-affinity species (25).
In the case of SR1 single rings, addition of ATP and GroES resulted
only in a minor FTrho release and refolding (40 nM Nrho) (Fig.
S6B). These species were previously shown to be in-cage refolded
under the sealed GroES cap of SR1 (20). Remarkably, GroES and
ATP-mediated refolding of apoGroEL-stalled species was six times
more effective because of the ability of GroEL trans-ring to mediate
the timely dissociation of GroES. Thus, although possible, obligate
in-cage refolding appears to be considerably less effective than out-
of-cage refolding, as independently suggested from model-based
simulations of the data (Figs. S3-S5).
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Fig. 3. The sequential additive effects of ATP + GroES on GroEL-mediated
unfoldase/refoldase activity. (A) The effects of ATP and GroES or mobile loop
preincubation on the GroEL unfoldase/refoldase activity. One-micromolar
protomers of GroEL (red W) or SR1 (blue v) first were preincubated with
5 mM ATP and 1 uM GroES; or 5 pM mobile loops (ML) (ETKSAGGIVLTGS;
green Q) and subsequently supplemented at T = 0 min with 1 uM FTrho, and
the time-dependent refolding rhodanese was measured. For comparison, the
refolding of FTrho alone (black @) or with GroEL (without ATP from Fig 1A; red
¢, dashed line) also is shown with illustrative schemes of the possible GroEL,4
GroES;, GroEL4(GroESs), (34-36), SR1,GroES;, or GroEL4(ML;), complexes that
may form under the various conditions. (B) Net chaperonin-assisted rhodanese
refolding. FTrho (1 pM) first was incubated for 10 min in buffer at 22 °C then
supplemented with equimolar GroEL protomers as in Fig 2A; then at T =40
min it was supplemented with only ATP (5 mM), with only equimolar GroES,
or with both as indicated. Lines are simple guides for the eyes.

Whereas apoSR1 was as effective as apoGroEL in refolding
FTrho, preincubation of SR1 with GroES and ATP before FTrho
addition completely inhibited refolding (Fig. 34). Thus, the
known irreversible binding of GroES to SR1, not only prevents
the timely early exit of refolding species to complete optimal out-
of-cage refolding, but also prevented new misfolded substrates
from accessing the binding sites. This suggests that helices H and
I, which are involved in substrate binding on the GroEL apical
domains (11), also serve as the catalytic sites for unfolding.

To address the role of GroES binding in GroEL regeneration
further, we used a minimal fragment of the GroES mobile loop,
NH,-ETKSAGGIVLTGS-COOH, that binds GroEL with high
specificity but with a lower affinity than whole GroES; com-
plexes (26). Remarkably, a fivefold molar excess of mobile loop
peptides recovered GroEL-stalled FTrho nearly as effectively as
equimolar GroES (in protomers; Fig. 3 and Fig. S6D), especially
with ATP. Thus, mere binding of mobile loops to apoGroEL
sufficed to drive the productive dissociation of sticky inhibitory
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species from the catalytic unfoldase sites of GroEL,,, leading to
native refolding, an effect that was however poorly efficient with the
SR1 mutants (Fig. S3C). Because individual mobile loops bind far
from the cavity’s entry (11, 26), encapsulation and in-cage refolding
under sealed GroES; caps are not obligate steps of the basic cat-
alytic unfolding mechanism by which apoGroEL may convert stable
misfolded polypeptides into natively refoldable proteins.

In the case of CCT, ATP alone sufficed to dissociate and refold
106 nM of over-sticky intermediates in 60 min (Tso = 8 min) (Fig.
S6A). This difference from GroEL was not unexpected, given that
CCTs encode for small apical loops with putative GroES functions
(27). Thus, GroEL and CCT strongly resemble each other in terms
of ATP-independent catalytic unfoldase/refoldase activity. They
both converted unbound misfolded substrates into free out-of-cage
native proteins, and when they became stalled by sticky interme-
diates, they activated an ancillary regeneration mechanism with
ATP (and mobile loops) to evict chaperonin-bound intermediates
and convert them into free, natively refolded proteins.

FTrho Is Not an Unique Substrate. Because our results were ob-
tained with a new type of substrate, FTrho, we next questioned
whether other chaperonin substrates might be generated with
similar characteristics. Early observations suggested the presence
of FTrho-like chaperonin-amenable species in native protein
stocks, as addition of GroEL + GroES + ATP to presumably

® CCT+ATP
L o CCT
o In buffer

N

[é)]

o
)

300

150

Refolded rhodanese (nM) >

0
0 15 30 45 60
Time (min)
B 40
—_ L ® CCT+ATP °
= L 0o CCT
‘q’, 30 In buffer
(7]
s
Q
5 20
3
o
s 10
o
@
(1'd
0
0 30 60 90 120
Time (min)

Fig. 4. CCT can mediate the ATP-independent refolding of both FTrho and
FTluc. Time course of stringent chaperonin-mediated refolding of FTrho
(1 uM) (A) or FTluc (B) at 22 °C in the presence of buffer ((J) or 1 uM bovine
CCT hetero-oligomers (protomers) without (blue O) or with 5 mM ATP (red @).
Lines are simple guides for the eyes.

Priya et al.

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219867110/-/DCSupplemental/pnas.201219867SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219867110/-/DCSupplemental/pnas.201219867SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219867110/-/DCSupplemental/pnas.201219867SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219867110/-/DCSupplemental/pnas.201219867SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1219867110

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 29, 2021

“all-native” stocks of rhodanese and pre—f-lactamase recovered
165% and 200% of active enzymes, respectively (21, 28). Here,
we further tested whether such inactive species in native stocks
might be processed by apoGroEL alone. Addition of apoGroEL
+ GroES to native stocks of Nrho or MDH produced 5% and
7% more native species, respectively (Fig. S7 A and B). Thus,
native protein stocks in general may contain significant amounts
of stable inactive misfolded species that can be refolded by
apoGroEL. Following dilution of urea-unfolded rhodanese and
completion of spontaneous refolding, which reached 30% Nrho
(Fig. S7C), addition of apoGroEL also produced a net 4.5%
increase of Nrho, and adding apoGroEL + GroES without ATP
produced some additional Nrho (Fig. S7C), suggesting that
a subpopulation of sticky urea-denatured species binds apoG-
roEL with an affinity similar to that of the GroEL-stalling FTrho
species. Similarly, mild heat denaturation also generated some
stable misfolded rhodanese species amenable to apoGroEL (Fig.
S7D). Importantly, whereas apoGroEL remained ineffective at
refolding FTluc (18), apoCCT was found to efficiently form up to
15%, and in the presence of ATP up to 22%, native luciferase
(Fig. 4B). Thus, stable FTrho monomers are not exceptional sub-
strates. Other in vitro denaturing conditions and different proteins
may accumulate as apoGroEL-amenable stable inactive species. It
is tempting to speculate that in stressed cells too, early misfolded
species similar to FTrho, FTluc, and MDH may form and become
as readily unfolded by GroEL or CCT and thus rehabilitated into
nontoxic functional proteins at a very low ATP cost (6).

Discussion

We found that both classes of double-ring cage-like chaperonins
act as polypeptide-unfolding enzymes, converting stable high-
affinity misfolded polypeptide substrates into unstable high-affinity
unfolded intermediates that subsequently refold into low-affinity
native products. The unfoldase mechanism did not necessitate
ATP or the in-cage confinement of the substrate. This was evi-
denced by the kinetic model that best fit the data and by comparing
the volume of Nrho to that of the cavity in apoGroEL (Fig. 5).
FTrho was a compact, structurally damaged inactive species that
needed the ATP-dependent action of a large molar excess of
DnaK chaperones to become unfolded enough to thereafter un-
dergo spontaneous refolding to the native state (19); yet, we found
here that it could become as sufficiently unfolded by equimolar
apoGroEL or apoCCT (protomers) without ATP. Our data with
FTrho also showed that without nucleotides, GroES; could cause
the release and native refolding of GroEL-bound inactive species,
confirming initial observations with GroEL-MDH complexes

Native

Binding & Partial refolding
refoldin

unfolding

& release

—

Fig. 5. Scheme of apoGroEL acting as an unfolding catalyst. ApoGroEL
(Blue) mediates iterative cycles of binding to the upper cavity (yellow),
unfolding, release, and out-of-cage refolding, thereby converting high-af-
finity misfolded polypeptide substrates (Left) into partially unfolded inter-
mediates (Center) that fold spontaneously in solution into low-affinity
native products (Right). Here, native rhodanese is more voluminous than the
collapsed upper cavity of apoGroEL.
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(25). Although this observation is important for the understanding
of the chaperonin mechanism, it is likely irrelevant in cells that
contain millimolars of ATP.

When FTrho was compelled to confinement in SR1 under
a sealed GroES; cap, this was counterproductive compared with
wild-type GroEL,,, indicating that for particular substrates, un-
restricted out-of-the-cage refolding may be more effective than
restricted in-cage refolding. The unfoldase activity was also found
to be prone to gradual inhibition by over-sticky intermediates, and
the regeneration of the catalytic activity necessitated ATP and the
binding of GroES mobile loops. This further indicates that fol-
lowing binding and unfolding, tight confinement under apical loops
in CCT, or a whole GroES; cap in GroEL, is not mandatory for the
release of the intermediate. Moreover, our data suggest that when
free in solution, folding intermediates may be more at liberty to
sample various partially extended conformations to reach the na-
tive state than when detrimentally confined deep inside chaperonin
cages. Thus, in general, chaperonins do not need to use their cage-
like structures to carry their main activity as catalytic polypeptide
unfoldases and to avert the formation of early off-pathway mis-
folded species. This does not exclude that in particular cases the
cage-like structures may also act to prevent the aggregation of
unfoldase-resistant misfolded polypeptides into potentially more
toxic species, but such antiaggregation activity would expectedly
inhibit the catalytic unfolding activity.

Relevance of Chaperonins Acting as Unfoldases in the Cell. A par-
ticular class of substrates has been identified by immune pull-
down on the basis of their selective ability to remain tightly
associated either to GroES-less GroEL particles or exclusively
to GroES-GroEL-ADP complexes (29, 30), suggesting that
similar to our in vitro data, some polypeptide substrates in cells
also may require assistance from GroEL without GroES.
Noticeably, we showed here that once unfolded, yet another
class of FTrho-like substrates might readily dissociate from
GroEL and consequently fail to be identified by immune pull-
downs as GroEL substrates.

Given that chaperonins hydrolyze ATP very slowly (0.1-0.5 min™"),
this raises the possibility that despite the presence in human
cells of millimolars of ATP and equimolar protomers of GroES
(Table S2), the misfolded polypeptides sporadically forming
during synthesis and under stress may become readily unfolded
and released in solution before ATP is significantly hydrolyzed by
the chaperonins (Fig. 5). ATP hydrolysis would thus strictly be
necessary to fuel structural changes in the chaperonins to in-
crease, against a gradient of free energy, the time they stay in the
low-affinity releasing state and thus to recover over-sticky inter-
mediates as native proteins. Together with FTluc and MDH,
FTrho might serve as an attractive paradigm for very early-
misfolded species on the proteotoxic aggregation pathway, to
study the role of chaperones in preventing and curing protein
conformational diseases.

Our observation that stable misfolded FTrho-like polypeptides,
similar to the 82-kDa aconitase (14), need not fully enter the
chamber and stay under a sealed GroES lid suggests that large
polypeptides with several misfolded domains might be catalyti-
cally unfolded domain by domain, as shown to be the case with
chimerical rhodanese fused to GFP or dihydrofolate reductase
(31). CCT also was suggested to assist multidomain protein
refolding in a domain-by-domain manner, thus mimicking opti-
mal cotranslational folding (32).

Chaperonins are 2% (wt/vol) of the total mass of intracellular
proteins in human (HeLa) cells (Table S2) (33). Further experiments
beyond the scope of this work are needed to assess the relative im-
portance of iterative catalytic unfolding/refolding and prevention of
aggregation by sequestration as complementary mechanisms to delay
the onset of protein misfolding diseases and aging (34).

Methods

Proteins. GroEL and GroES were purified according to standard laboratory
procedure (35). His-tagged luciferase was purified as described previously
(18) and stored in 15% (vol/vol) glycerol at —80 °C. Bovine rhodanese and pig
heart mitochondrial MDH (mtMDH) were purchased from Sigma-Aldrich.
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Mobile loop peptides were from GenScript. All protein concentrations were
estimated by the Bradford Assay and mentioned as protomer concentrations
unless otherwise mentioned.

Protein Activity Measurements. Rhodanese activity was measured by a color-
imetric method (monitored at 460 nm) based on the formation of the
complex between ferric ions and one of the reaction products, thiocyanate
(17). Luciferase activity was measured using a Victor Light 1420 Lumines-
cence Counter (Perkin-Elmer) as described previously (18). The activity of
MDH was measured by following the time-dependent oxidation of NADH by
mtMDH at 340 nm (25).

Chaperone Refolding Assays. Refolding assays were performed in refolding
buffer [50 mM Tris acetate (pH 7.8), 150 mM KCl, 20 mM MgCl;] in the
presence or in the absence of ATP (5 mM) with different chaperone con-
centrations, as mentioned in the figure legends. For rhodanese, the refolding
buffer also included 50 mM Na,S,04, 10% (vol/vol) glycerol, 2 uM BSA, and 20
mM DTT. Rates of rhodanese, luciferase, and MDH refolding were derived
from the linear phase of the time curves of recovered enzymatic activity.

Trypsin Sensitivity of Rhodanese. For trypsin digestion, 1 pM FTrho was in-
cubated with trypsin (0.02 mg/mL) for 3 min and the digestion was stopped
by adding 100 pM of the trypsin inhibitor TLCK (Sigma-Aldrich). The trypsin
digestion during GroEL-assisted unfolding/refolding of FTrho at different
time points was followed by measuring yields 60 min after GroEL addition,
regardless of when the transient trypsin treatment was applied. Time 0: the
3’ trypsin treatment was applied to FTrho and stopped by TLCK addition
before GroEL addition at T = 0 min.

Th-T fluorescence and light-scattering measurements were as described
earlier (19).
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Denaturation of Rhodanese. The misfolded monomeric luciferase was pre-
pared by freeze-thawing as described in ref. 18. The misfolded monomeric
rhodanese was prepared in general according to Natalello et al. (19). In
short, 2 uM Nrho in 20 mM Na phosphate (pH 7.5), 12.5 mM Na thiosulfate,
and 20 mM DTT was denatured by five to eight consecutive cycles of rapid
freezing at —160 °C and slow thawing at 18 °C. When inactivated more than
90%, aggregates were removed by 5’ centrifugation at 20,000 x g and the
supernatant was concentrated to a final concentration of 2-3 pM of mostly
inactive FTrho species. For heat denaturation, rhodanese (5 pM) was in-
cubated for 10 min at 62 °C in 50 mM Tris-HCl, 150 mM KCl, and 20 mM
MqgCl,, pH 7.5. The residual activity after heat exposure was <2% of the
initial. For urea-unfolded rhodanese, rhodanese was incubated in different
concentrations of urea up to a maximum of 8 M for 1 h at 25 °C.

Size-Exclusion Chromatography. To isolate GroEL stalled with misfolded in-
hibitory rhodanese, mixtures of GroEL and rhodanese at time 0 and 60 min
were passed through size-exclusion chromatography in buffer (50 mM
Tris-HCl, 150 mM potassium chloride, and 20 mM magnesium chloride,
pH 7.5) using a Superose 6 HR10/30 gel filtration column (Amersham Pharmacia
Biotech, GE Healthcare) at a flow rate of 0.5 mL/min. The absorbance was
monitored at 280 nm. Apparent molecular weights were estimated by gel
filtration of standard proteins (Bio-Rad).
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