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results, can be rationalized by the observation that, at low forces, there
is a very large free-energy cost to stretch the dihedral angles of GLN49
and LEU50 toward their corresponding values. Conversely, at high
forces, there is a cost to compress the dihedrals of LYS48, GLU51, and
ASP52 toward lower values. Hence, it is only at intermediate forces that
these residues are in intermediate positions, overall resulting in the best
energetic compromise.

DnaK binds to ubiquitin refolding intermediates
We next moved on to dissecting the role of DnaK on the mechanical
folding of ubiquitin. When ubiquitin was exposed to 5 mM DnaK in
the presence ofADP—hence in its closed state, showing high affinity for
substrates—the individual folding trajectories showed a drastic reduc-
tion in the refolding efficiency (Fig. 4A). Similar to DnaJ, the refolding
kinetics obtained for DnaK(ADP) at varying tq = 0.5 to 15 s plateaus at
a low (~30%) refolding yield (Fig. 4B). However, in contrast to DnaJ,
the shape of the refolding kinetics as a function of quench time, tq, can-
not be captured by a single exponential (fig. S6). The refolding kinetics is
fast at low tq values (up to tq ~ 1 s), after which the refolding evolution
with time slows down, resulting in amuch shallower dependence with
tq, reminiscent of a more complex kinetics. Together, these results
demonstrate that DnaK(ADP) alone also prevents quantitative ubiqui-
tin refolding.

Following the same approach used for DnaJ, we investigated the
substrate conformation(s) that is recognized by DnaK. Similar to DnaJ,
DnaK does not bind the native state of ubiquitin (Fig. 4C). This is fur-
ther confirmed by the observation that DnaK does not increase its
ATPase activity upon incubation with ubiquitin (fig. S7). However,
and in stark contrast to DnaJ, DnaK does not bind the unfolded state
Perales-Calvo et al., Sci. Adv. 2018;4 : eaaq0243 9 February 2018
either (at least at the tested pulling force of 120 pN), because the refold-
ing yield is practically unaffected when increasing text (Fig. 4D). Hence,
our experiments strongly suggest that DnaK exclusively recognizes the
intermediate collapsed states of ubiquitin. Similarly, DnaK recognizes
the collapsed states of I27 as well (fig. S8), resulting in the blocking of
I27 refolding. AlthoughDnaK(ADP) drastically hampers ubiquitin re-
folding (~30%), the effect is less pronounced in I27, where the refold-
ing yield is higher (~50%). These results suggest that either the affinity
of DnaK is higher for ubiquitin (thus exhibiting a higher kon) or, alter-
natively, DnaK can dissociate from I27 faster (higher koff), allowing the
protein to successfully refold.

The versatility of the force protocols used in our experimental
approach offer the so-far elusive possibility of quantifying the binding
constants of each independent co-chaperone to each distinct conforma-
tion of the protein substrate. Quantification is based on the experimental
evidence that substrate domains lose their ability to refold upon binding
DnaJ or DnaK(ADP) with an associated binding constant, kon. This sit-
uation can be reversed in the case the chaperone dissociates (koff). On
the basis of the experimental results, we implemented a kinetic model
based on ordinary differential equations to evaluate the on and off rates
of each chaperone to each polyprotein placed under force and compute
how the different protein populations (folded, unfolded-free, unfolded-
bound, collapsed-free, and collapsed-bound) evolve over time as the ap-
plied force is changed in our experiments (figs. S9 and S10 and table S1).
Themultiparametric fitting of the data (i) reproduces the experimen-
tal folding kinetics of ubiquitin in the presence of DnaJ and DnaK,
(ii) enables quantification of the dissociation constant (Kd = koff/kon)
for each chaperone/protein conformation tandem (fig. S9), and (iii) predicts
the force dependency of binding observed experimentally (fig. S10). In
 on July 19, 2018
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Fig. 4. DnaK(ADP) hinders protein folding by binding to the intermediate collapsed states. (A) Refolding of ubiquitin is severely compromised in the presence of
5 mM DnaK(ADP). (B) The associated refolding kinetics (orange symbols; tq = 0.5 s, n = 30 individual trajectories; tq = 1 s, n = 46; tq = 2 s, n = 43; tq = 5 s, n = 51; tq = 10 s,
n = 27; tq = 15 s, n = 31) plateaus at a low refolding yield of ~30% and cannot be captured by a single exponential. Instead, a calculated function obtained from a
multiparametric fit (see Materials and Methods and figs. S11 and S12) reproduces the experimental data with high accuracy (orange fit). (C) The kinetics of ubiquitin
unfolding at 120 pN (ku = 0.93 ± 0.06 s−1, n = 195 unfolding trajectories) is not affected upon addition of DnaK (ku = 0.92 ± 0.05 s−1, n = 194 unfolding trajectories),
hence suggesting that DnaK does not bind the native state of ubiquitin. (D) Similarly, the refolding yield is not significantly modified with text (text = 2 s, n = 49; text = 5 s,
n = 21; text = 15 s, n = 22; text = 30 s, n = 26). Combined, these observations suggest that DnaK binds the intermediate, collapsed conformations.
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particular, the best fit to the data confirms that, in the case of ubiquitin,
DnaJ binds to the extended state with high affinity (Kd = 9.4 × 10−7 M,
table S1). By contrast, DnaKunderscores a high affinity for the collapsed
states (Kd = 1.4 × 10−7 M) and an almost absence of binding to the
extended state. The situation is significantly reversed in the case of
I27, whereby there is no binding of DnaJ to the stretched conformation
but a high affinity for the collapsed states instead (Kd = 3.3 × 10−7 M),
especially due to a high kon = 2.5 × 10

5M−1 s−1. Similarly, DnaK shows a
comparable affinity to the collapsed states (Kd = 2.7 × 10−7 M).

The complete DnaKJE system increases refolding efficiency
in ubiquitin
So far, our experiments demonstrate that, when working individually,
both DnaJ and DnaK chaperones recognize different conformations of
ubiquitin (whereas they compete for the same collapsed intermediate
conformations of I27) and significantly diminish the refolding yield.
It remains to be seen what the effect of the two co-chaperones working
in synergy would be onmodel fast folders such as ubiquitin, which suc-
cessfully refold on their own. Figure 5 demonstrates that, in the presence
of the DnaKJE system, the refolding efficiency is completely restored
(Fig. 5, A and B). At short quench times (tq ~ 0.5 s), the refolding effi-
ciency is increased (P < 0.005) compared to the refolding percentage of
Perales-Calvo et al., Sci. Adv. 2018;4 : eaaq0243 9 February 2018
ubiquitin obtained in the absence of chaperone (Fig. 5C).Moreover, the
refolding rate is significantly increased (kf = 0.92 s

−1 versus kf = 0.52 s
−1).

To rule out that this effect might be due to crowding or nonspecific
effects, we repeated the experiments with 15 mMbovine serum albumin
(BSA) (fig. S11), resulting in a folding kinetics that overlaps that of ubi-
quitin in the absence of chaperones, thus demonstrating the specificity
of the DnaKJE chaperone system. Finally, to dissect the contribution of
each molecular player of the DnaKJE system to the ubiquitin refolding
kinetics, we compared the folding efficiency for a given tq = 5 s when
each element of the system (+ATP, + GrpE, +DnaJ) was sequentially
added to the measuring DnaK solution (Fig. 5D and fig. S12). The ad-
dition of each component of the DnaK system improves the folding
yield, confirming that each of the components has an essential role in
themechanical refolding process and is required to reach themaximum
refolding efficiency.

Overall, the results shown in Fig. 5 demonstrate that the DnaKJE
system can increase the folding kinetics of model fast folders that
can readily refold on their own, such as ubiquitin. The enhancement
of the refolding percentage (and its kinetics) by the DnaKJE system is
evenmore evident for the I27 model protein, especially at low tq values,
where the folding efficiency can increase by as much as 40% (P <
0.0001) at tq = 0.5 s (fig. S13).
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Fig. 5. The complete DnaKJE system enhances ubiquitin refolding. (A) Individual folding trajectories corresponding to low tq = 0.5 s reveal that the addition of the
complete DnaKJE system improves ubiquitin refolding. (B) Comparison of the refolding kinetics of ubiquitin in the absence (blue symbols) and the presence (violet
symbols; tq = 0.5 s, n = 69 individual trajectories; tq = 1 s, n = 32; tq = 2 s, n = 40; tq = 5 s, n = 46; tq = 10 s, n = 17; tq = 15 s, n = 28) of the DnaKJE system. Single
exponential fit to the data demonstrates that the rate of refolding kf = 0.52 ± 0.05 s−1 is also increased in the presence of the DnaK system (kf = 0.92 ± 0.1 s−1). (C) As a
consequence of this faster folding rate, at short quench times tq = 0.5 to 2 s, the folding increase is more pronounced [P = 0.064 (tq = 0.5 s); P = 0.01163 (tq = 1 s); P =
0.0346 (tq = 2 s)] when compared to longer tq values. (D) Comparison of the refolding percentage for a given tq = 5 s highlights the additive role of each of the
molecular components of the DnaKJE system [DnaK(ADP) in orange, n = 51 trajectories; DnaK(ATP) in light brown, n = 40; DnaK(ATP) + GrpE in dark brown, n = 36; and
DnaK(ATP) + GrpE + DnaJ in violet, n = 46].
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The complete DnaKJE system works as a general
folding enhancer
To probe the generality of the catalytic effect of the DnaKJE system on
mechanical folding, we investigated how the addition of the whole
DnaKJE machinery modifies the folding efficiency of a polyprotein
made of identical repeats of the titin Z1 Ig domain, (Z1)8, which harbors
a physiological mechanical role. In this case, application of a force of
100 pN triggered the 25-nm stepwise unfolding of the (Z1)8 polyprotein
(fig. S14A) (23). After a force quench of tq = 5 s, the protein was stretched
back at 100 pN. Inmost of the cases, the elongation of the protein back
up to the fully unfolded state lacked the 25-nm steps, implying that the
protein remained unfolded and devoid of mechanical stability, akin to
an entropic spring (fig. S14B). The addition of the entire DnaKJE system
(5 mMDnaK + 5 mMDnaJ + 1 mMGrpE + 5mMATP, fig. S14C)mark-
edly increased the yield of Z1 refolding from~15 to ~35% (fig. S14, D and
E), demonstrating that theATP-dependentDnaKmachinery canenhance
the refolding of the otherwise folding-incompetent Z1 Ig domain.
D
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DISCUSSION
Advanced structural techniques have provided a very good generic
mechanistic understanding of the main molecular motions underlying
the action of the DnaKJE system, describing the precise interactions
Perales-Calvo et al., Sci. Adv. 2018;4 : eaaq0243 9 February 2018
within the interacting co-chaperones and between each co-chaperone
and the client substrates. For example, it was recently beautifully de-
monstrated (29) that the lid of DnaK can visit different conformational
states; whereas the closed conformation might encase extended peptide
stretches of unfolded proteins and nascent chains, a more flexible and
open conformation can accommodate regions with substantial tertiary
structure, including natively folded and aggregated proteins. Follow-up
single-molecule experiments further demonstrated that DnaK recog-
nizes partially folded and near-native conformations (17).

Our experiments broadly demonstrate the conformational diversity
of the client substrates recognized by each of the different chaperone
partners conforming the DnaKJE system.Whereas DnaJ recognizes the
unfolded and extended state of ubiquitin (probably through a specific
consensus sequence), DnaK recognizes the collapsed, partially folded
conformations instead (conceivably through the hydrophobic patches
that match the reported recognition sequences, fig. S15) (11). When
working independently, the binding of each chaperone to protein sub-
strates (such as the mechanically stable models ubiquitin and I27 pro-
teins) drastically prevents protein folding, hindering the evolution of the
ensemble of collapsed conformations into the native state. In this sense,
both chaperones work as a holdase, implying that they keep the sub-
strate protein unfolded, possibly not only avoiding further aggregation
but also preventing successfulmechanical refolding, hence resulting in a
 on July 19, 2018
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Fig. 6. Schematic representation of the effect of the DnaK system on the one-dimensional projection of the folding free-energy landscape under force and its
associated folding kinetics. (A) One-dimensional representation of the force modulation of the ubiquitin free-energy landscape, highlighting the different conforma-
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of 170 pN for the extended conformation). The protein-chaperone interaction has direct implications for protein elasticity.
8 of 12



SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on July 19, 2018
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

mechanically compliant polypeptide. This behavior is reminiscent of
that of SecB, which binds to the molten globule conformation and
prevents the formation of stable tertiary contacts whenmaltose binding
protein is used as a substrate (30). By contrast, when both DnaJ and
DnaK co-chaperones work in synergy, together with GrpE and in the
presence of ATP, they can efficiently revert their holdase role and turn it
into an effective foldase. The DnaKJ system increases the refolding rate
of proteins that typically refold on their own (such as ubiquitin and
titin’s I27 Ig domain) (22) and crucially promotes folding of otherwise
folding-inefficient substrates such as titin’s Z1 Ig domain, together
resulting in stiff and mechanically stable protein forms. Hence, the
DnaKJE system exhibits a versatile foldase mechanism, adaptable to
different protein substrates. Thedistinct roles of eachof the co-chaperones
in modulating protein folding underpin a complex, fine-tuned altera-
tion of the folding energy landscape (31) of eachmechanically unfolded
polypeptide according to its (force-driven) conformation and primary
sequence (Fig. 6).

An important finding in our experiments is the discovery of the
important role that the unfolded and extended proteins form in guiding
and modulating chaperone-mediated mechanical protein folding. The
in vivo relevance of these extended conformations seems to be increas-
ingly important, because mechanical unfolding is at the core of several
biological processes such as the proteasome-mediated degradation of
proteins by the bacterial ClpX (32). The mitochondrial import motor
(33) relies on the matrix Hsp70 chaperone, which functions by both
pulling and holding the imported proteins. Similarly, the Hsp70 system
works in cooperation with Hsp100 disaggregases such as the bacterial
ClpB, applying mechanical forces that can pull individual polypeptides
from an aggregated mesh, thus reversing and resolving misfolded con-
formations (3). Perhaps more paradigmatic examples entail proteins
that bear per se an importantmechanical function, such as those involved
in tissue elasticity (for example, the giant titin protein). In this vein,
down-regulation of heat shock proteins, including Hsp27, Hsp70, and
others, is tightly related to cardiac diseases (5, 34).Hence, it is interesting
to speculate a more ubiquitous scenario whereby the Hsp70 system re-
cognizes mechanically unfolded conformations, most likely avoiding
their misfolding and hence directly or indirectly modulating their
refolding rate. Particularly enticing in this context is our observation
that local backbone conformations (tuned with mechanical force)
emerge as a key modulator of DnaJ binding to extended proteins, with
amassive effect on its folding efficiency. The tight interplay between the
applied force and the chaperone-protein interface establishes a novel
structure-force paradigm, whereby mechanical tension fine-tunes the
local protein conformation amenable to chaperone binding. Hence, it
is tempting to propose a novel folding scenariowhereby small variations
in the force applied to the substrate (thus finely modulating its confor-
mation) can have large implications on the folding fate of the protein.

On the other hand, the elongated state of the protein is also
encountered in the vectorial folding in the ribosome, thus playing an
important role in the energy landscape governing de novo folding
(35). Given the physical constraints of the exit channel of the large
ribosomal subunit, which is 100 Å long and has a diameter of <10 Å
at its narrowest end, the nascent polypeptide is thought to be almost
unfolded, and productive folding occurs only once it has fully emerged
from the ribosome (36). Hence, given the slow translation rate, proteins
visit partially unfolded conformations—thus riskingmisfolding and ag-
gregation—for large periods of time. For this reason, ribosome-bound
chaperones stabilize the nascent chains and protect them from non-
native interactions. For example, the bacterial trigger factor (TF) binds
Perales-Calvo et al., Sci. Adv. 2018;4 : eaaq0243 9 February 2018
to the titin I27 protein upon translation until the entire sequence has
exited the ribosome and is competent for folding (37). The extended
protein emerging from the ribosome is exposed to mechanical forces
(38). Elegant single-molecule experiments demonstrated how pulling
forces of >12 pN generated by the collapse and folding of the already
translated protein can resume translation of the ribosome-stalled SecM
nascent chain that still lies in the exit tunnel (39). Our results suggest
that the substrate primary sequence could play a fundamental role in the
recognition of largely unfolded substrates byDnaJ. In this vein, the con-
sensus sequence could be the signal for DnaJ to quickly attach polypep-
tides that are being synthesized in the ribosome and kept unfolded by
the TF. After protein recruitment, both DnaJ and DnaK can bind to
partially (un)folded intermediates, thereby activating the foldase ma-
chinery, which might culminate in successful substrate refolding.

On a broader context, our experiments add new conceptual ad-
vancement on the regulation of protein activity upon force-regulated
exposure of cryptic sites. Solvent exposure of peptide sequences buried
in the native fold bymechanical unfolding has emerged as an important
mechanism in the activation of several proteins involved in focal adhe-
sions, such as talin, which can only bind vinculin when mechanically
stretched (40). Similarly, binding of vinculin toa-catenin also requires
mechanical unfolding, making the binding site accessible for binding
(41). From the mechanochemistry perspective, force-exposure of struc-
turally buried disulfide bonds or reactive side chains triggers a variety of
posttranslationalmodifications that regulate protein folding and elastic-
ity (42, 43). Here, we add chaperone binding to mechanically exposed
cryptic sequences as a key regulator of mechanical folding.
MATERIALS AND METHODS
Protein purification
All polyproteins used as substrates—(I27)8, (ubiquitin)9, and (Z1)8—
were cloned into thepQE80L (Qiagen) expressionvector and transformed
into the BLR (DE3) E. coli expression strain. Cells were grown in LB
supplemented with ampicillin (100 mg/ml) at 37°C. After reaching an
OD600 (optical density at 600 nm) of ~0.6, cultures were induced with
1 mM isopropyl-b-D-thiogalactopyranoside and incubated overnight at
37°C (I27 and ubiquitin) or 20°C (Z1). Cells were disrupted with a
French press, and the polyproteins from the lysate were purified by
metal affinity chromatography on Talon resin (Takara, Clontech)
followed by gel filtration using a Superdex 200 10/300 GL column
(GE Biosciences). Proteins were stored in phosphate-buffered saline
(PBS) buffer at 4°C. DnaJ, DnaK, and GrpE were expressed in BL21
(DE3) cells and purified as described elsewhere (44).

Single-molecule force-clamp spectroscopy experiments
Single-molecule experiments were conducted at room temperature
using both a homemade setup described elsewhere and a commercial
Luigs and Neumann force spectrometer (45). Each protein sample was
prepared by depositing 1 to 5 ml of protein (at a concentration of 0.5 to
1.5mg/ml) onto a freshly evaporated gold cover slide.All the experiments
were carried out using PBS + 5 mMMgCl2 buffer at pH 7.4. The con-
centrations of chaperones used were 5 mM DnaJ2, 5 mM DnaK, and
1 mMGrpE. For the experiments with DnaK(ATP), the buffer was sup-
plemented with a regenerator system composed of 5 mM ATP, 5 mM
phosphoenolpyruvate, and pyruvate kinase (15 mg/ml). Each cantilever
(Si3N4 Bruker MLCT-AUHW) was individually calibrated using the
equipartition theorem, yielding a typical spring constant of ~15 pN/nm.
All the experimentswereperformedat a constant temperature of 22°±2°C.
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Single proteins were picked out from the surface with a constant force
of ~1 nN during 1 to 2 s to promote the nonspecific adhesions of the
proteins to the cantilever surface. Then, the piezoelectric actuator was
retracted by applying a pulling force. If a tether had been formed, the
force rapidly (<3 ms) stabilized at the set point. The error bars were
calculated by bootstrapping the values observed for all the trajectories
considered for each particular condition.

Data analysis
All data were recorded and analyzed using custom software written in
Igor Pro 6.32 (WaveMetrics). To measure the unfolding kinetics, we
selected traces with six or more unfolding events exhibiting a long de-
tachment time. These traces were summed, averaged, and normalized.
The resulting normalized probability of unfolding P(u) was fitted to a
single exponential to obtain the unfolding rate for each particular force
and protein substrate. To estimate the error of our experimentally ob-
tained rate constants, we used the nonparametric bootstrap method.
This process was repeated 500 times for each experimental condition.
In our refolding studies, we used traces containing five or more unfold-
ing steps in the initial pulse. Only traces showing equal extension at the
end of the initial pulse and the end of the test pulse were included to
ensure that the same proteinwas stretched in the two pulses. The refold-
ing percentage for each condition was calculated as the ratio between
the number of unfolding events in the test and initial pulses. In our re-
folding experiments, we (i) counted the number of independent obser-
vations n corresponding to the total number of protein domains that
unfolded in the test pulse and (ii) compared with the number of suc-
cessfully refolded domains observed in the denature pulse. Themean
and the SEM for fractions were estimated through the bootstrap method
(46), where each recording was treated as an independent data point.
SEM for fit parameters was determined as the SE for the coefficient in
the fit, given themeasurement errors of the individual data points. The
bootstrapmethod (measuring the observed error) provided similar yet
higher error bars than the binomial distribution (providing information
on the expected error).

Pull-down experiments
Ubiquitin (His-tagged) (10 mM) and DnaJ (10 mM) were incubated in
PBS + 5 mMMgCl2 during 1 hour at room temperature. The samples
weremixed withNiNTA beads for 90min at 4°Cwith gentle shaking in
the same buffer. Unbound proteins were removed by centrifugation
(supernatant). The resin was washed three times, and pellets were
eluted with 300 mM imidazole and analyzed by SDS–polyacrylamide
gel electrophoresis.

ATPase activity
Assays were performed at 25°C in 40mMHepes (pH 7.6), 50 mMKCl,
and 11 mM Mg acetate, with 5 mM DnaK and an ATP regenerator
system: 1 mMATP, 2mMphosphoenolpyruvate, 0.25 mMNADH+,
pyruvate kinase (15 mg/ml), and lactate dehydrogenase (17 mg/ml).
Reactions were monitored measuring the absorbance decay at 340 nm
in a Cary spectrophotometer (Varian). DnaJ and ubiquitin were used in
a concentration of 0.5 and 5 mM, respectively.

MD simulations
MD simulations were performed using the NAMD 2.10 software (47)
with the CHARMM36 protein force field in explicit water (described
with the TIP3P-CHARMMparameters) (48). All systems were mini-
mized and equilibrated before production runs were launched in the
Perales-Calvo et al., Sci. Adv. 2018;4 : eaaq0243 9 February 2018
constant pressure–constant temperature ensemble. Two different
systems were considered for our approach. First, the eukaryotic homo-
log of DnaJ, HSP40 YnaJ, was crystallized in complex with its cognate
substrateGWLYEIS (PDB: 1NLT).We identifiedwith a sequence align-
ment the amino acid segment of the stretched ubiquitin recognized by
DnaJ in our experiments. We constructed by homology the equivalent
complex formed by Hsp40 and the ubiquitin segment GKQLEDG,
found at positions 47 to 53 in the ubiquitin sequence (PDB: 1UBQ).
The structure of the complex was refined with Whatif (http://swift.
cmbi.ru.nl/) and solvated in a large cubic box (12-nm side). A produc-
tion run of 20 ns was used to define the most probable backbone dihe-
dral angles of the client protein fragment. Second, in another set of
simulations, the same fragment, capped by two additional ubiquitin
residues on the N- andC-terminal side (FAGKQLEDGRT), was gen-
erated in an extended conformation, whose end-to-end direction
was initially aligned to the vertical axis of a 3 nm × 3 nm × 6 nm box.
The Ca atom of the first residue was fixed, whereas a constant force
(ranging between 50 and 300 pN) was applied to the Ca atom of the last
residue in the vertical direction. After a long equilibration, at each force,
five runs were propagated for 30 ns to estimate the average distribution
of backbone dihedral angles for each residue of the consensus binding
sequence. The probabilities of observing, for each residue, the most
probable backbone dihedral angles in the absence of forcewere summed
to obtain the free-energy cost to bring the ubiquitin backbone dihedral
angles from their distributions at this force to their values in the DnaJ-
ubiquitin complex.

Binding rate calculation
We implemented a kinetic model based on ordinary differential equa-
tions to evaluate the association and dissociation constants of the chap-
erone to the polyprotein placed under force, using Python 2.7 and
the SciPy library.Within the framework of this model, we considered

five different states for the substrate
�
Ubiquitinfolded,Uextended

free ,Uextended
bound ,

Ucollapsed
free , andUcollapsed

bound

�
that can exchange over time, depending on the

force regime (force-pulse or quench). Only two rate constants were
maintained constant to their reference value in the absence of chaper-

one:
�
Ufolded→Uextended

free and collapse
free →Ufolded

�
, whereas all other binding

constants were optimized to provide the best overall fit to the ex-
perimental data. The goodness of the fit in each case was estimated
from c2 values. Further experimental details are provided in figs.
S11 and S12.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaaq0243/DC1
Supplementary Information Methods
fig. S1. The collapse dynamics of the extended polyubiquitin chain is slowed down upon DnaJ
binding.
fig. S2. Specifically designed mutations in ubiquitin impair protein folding.
fig. S3. DnaJblocks I27 refolding by binding to the collapsed (andnot the nativeor extended) states.
fig. S4. Energetic cost of changing the dihedral angles upon DnaJ binding to the stretched
ubiquitin.
fig. S5. Ramachandran plots for each ubiquitin fragment residue that interacts with DnaJ as a
function of the pulling force.
fig. S6. The refolding kinetics of ubiquitin in the presence of DnaK cannot be captured by a
single exponential.
fig. S7. The ATPase activity of DnaK is not increased upon incubation with ubiquitin.
fig. S8. DnaK recognizes the collapsed states of I27, blocking refolding.
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fig. S9. Calculation of the binding (kon) and unbinding (koff) rate constants reveals that DnaJ
and DnaK associate to different conformations of ubiquitin and I27.
fig. S10. Calculation of the binding ðkextendedon Þand unbinding ðkextendedoff Þ constants of DnaJ to the
extended conformations of ubiquitin.
fig. S11. BSA does not affect the kinetics of ubiquitin refolding.
fig. S12. Independent addition of the different components of the KJE system improves the
DnaK-mediated refolding of ubiquitin.
fig. S13. The complete DnaKJE system significantly enhances the rate and the extent of I27
refolding.
fig. S14. The DnaK system refolds the folding-inefficient titin (Z1)8 polyprotein.
fig. S15. Proposed sequences can be recognized by DnaK.
table S1. Summary of the kinetic parameters obtained after fitting for ubiquitin and I27.
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