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SUMMARY

The heat-shock protein 90 (Hsp90) molecular chap-
erones are highly conserved across species. How-
ever, their dynamic properties can vary significantly
from organism to organism. Here we used high-pre-
cision optical tweezers to analyze the mechanical
properties and folding of different Hsp90 orthologs,
namely bacterial Hsp90 (HtpG) and Hsp90 from the
endoplasmic reticulum (ER) (Grp94), as well as from
the cytosol of the eukaryotic cell (Hsp82). We find
that the folding rates of Hsp82 and HtpG are similar,
while the folding of Grp94 is slowed down bymisfold-
ing of the N-terminal domain. Furthermore, the
domain interactions mediated by the charged linker,
involved in the conformational cycles of all three
orthologs, are much stronger for Grp94 than for
Hsp82, keeping the N-terminal domain and the mid-
dle domain in close proximity. Thus, the ER resident
Hsp90 ortholog differs from the cytosolic counter-
parts in basic functionally relevant structural prop-
erties.

INTRODUCTION

The heat-shock protein 90 (Hsp90) family members, are highly

conserved molecular chaperones that account for as much as

1%–2% of the proteome under non-stress conditions (Kruken-

berg et al., 2011; Taipale et al., 2010). They are crucial for the final

maturation of a diverse range of client proteins, and through

stabilization and assistance in refolding after stress conditions

(Mashaghi et al., 2014; Schopf et al., 2017). The exact roles of

the different members of the Hsp90 family differ, depending

on the organism and onwhere they are found in the cell, although

the majority are involved in client stabilization (Johnson, 2012).

Cytosolic Hsp90 is essential in eukaryotes (Borkovich et al.,

1989), and is also found inmost bacteria. In E. coli, Hsp90, called

HtpG, is not essential (Bardwell and Craig, 1988). Surprisingly,

Hsp90 is not present in archaea (Chen et al., 2006). In
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S. cerevisiae, there are two isoforms of Hsp90 in the cytosol,

Hsc82 and Hsp82, the latter of which is upregulated under

heat stress conditions (Borkovich et al., 1989). In higher eukary-

otes, besides the two cytosolic isoforms (Langer et al., 2003), an

abundant Hsp90 isoform, the 94-kDa glucose-regulated protein

(Grp94) is present in the endoplasmic reticulum (ER) (Johnson,

2012; Li and Buchner, 2012).

The domain architecture of Hsp90 is conserved (Figure 1). It

consists of an N-terminal ATP-binding domain (N domain), a

middle domain (M domain), known to interact with clients and,

in the case of eukaryotic cytosolic Hsp90, also with co-chap-

erone proteins, and a C-terminal domain (C domain), which

mediates dimerization. In addition, Grp94 contains a pre-N

domain, and a C-terminal KDEL sequence responsible for ER

localization (Marzec et al., 2012). In Hsp82, there is a C-terminal

MEEVD motif which is recognized by tetratricopeptide-contain-

ing co-chaperones (Chen et al., 1998; Prodromou et al., 1999;

Scheufler et al., 2000). The nucleotide-binding region in the

N domain has been found to be the most conserved part of

Hsp90 across species (Krukenberg et al., 2011). In Grp94 and

Hsp82, the charged linker region between the N and M domains

is extended compared with the bacterial species. It has been

previously shown to be crucial for structural rearrangements of

these domains during the functional cycle (Hainzl et al., 2009;

Tsutsumi et al., 2012; Jahn et al., 2014).

All three Hsp90 orthologs are known to undergo large confor-

mational changes between N-terminally open and closed states

during their functional cycles. For HtpG, this conformational

cycle is closely coupled to nucleotide binding and turnover

(Ratzke et al., 2012), whereas, for Hsp82, co-chaperones are

important in directing the conformational cycle (Hessling et al.,

2009; Mickler et al., 2009; Ratzke et al., 2014). For Grp94,

N domain dimerization has not been directly shown, and the

dimer appears to remain largely in an open state, even in the

presence of nucleotide (Frey et al., 2007; Krukenberg et al.,

2009). Alongside these variations, there are also differences in

the number of co-chaperones for each ortholog: over 20

Hsp82 co-chaperones have been discovered to date (Li et al.,

2012; Taipale et al., 2010), whereas only a few seem to exist

for Grp94 (Liu et al., 2010; Rosenbaum et al., 2014), and none

have been identified so far for HtpG. Finally, owing to their local-

ization in very different environments, the three Hsp90 orthologs
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Figure 1. Crystal Structures of Three Hsp90 Orthologs

(A) Yeast Hsp82 (PDB: 2CG9), E. coliHtpG (PDB: 2IOP), and endoplasmic Grp94 (PDB: 2O1U) dimers are colored by domain, where the N domains are in blue, the

charged linker regions are in purple, M domains are in orange, and C domains are in dark yellow. Only one monomer of each dimer is colored, for clarity.

(B) Sequence conservation of the three Hsp90 orthologs, alignment created using CLC Sequence software (QIAGEN). Black regions indicate amino acids that are

not resolved in the crystal structures. The sequence similarities between the three studied orthologs are as follows: Hsp82 to HtpG, 38% identity; Hsp82 toGrp94,

47% identity; HtpG to Grp94, 38% identity.
interact with different sets of clients. In fact, while the clientele of

Hsp82 is very large, with hundreds of client proteins known, few

have been identified for HtpG (Honoré et al., 2017; Sato et al.,

2010) and Grp94 (Flach et al., 2010; Liu and Li, 2008; Rose-

nbaum et al., 2014).

In this study, we set out to analyze the dynamics of cytosolic

members of the Hsp90 family from bacteria and eukaryotes

and of endoplasmic Hsp90 (structures shown in Figure 1A). We

performed a detailed characterization of the folding behaviors

of these three important representatives of the Hsp90 family,

and find that these structurally highly similar molecular machines

exhibit differences in charged linker dynamics and functionally

relevant structural stabilities.

RESULTS

Comparison of Unfolding Signatures
To provide a detailed comparison of the mechanical signature of

each ortholog, single-molecule force spectroscopy was per-

formed in a custom-built optical trap setup (for details, see

STAR Methods and Supplemental Information). The proteins

were first attached via cysteines to 185-nm-long DNA handles,

which were then bound to 1-mm-diameter silica beads via

streptavidin/biotin and digoxigenin/antidigoxigenin binding.

The beads were trapped by laser beams. As the distance

between the two trapped beads is increased at a constant veloc-

ity, by moving one of the laser beams, a force is applied to the

protein molecule between them. This leads to the extension
and subsequent unfolding of the individual structural elements

of the protein monomer. When the force is decreased, the pro-

tein is allowed to relax andmay refold. The resulting force-exten-

sion traces can then be used to obtain the mechanical signature

for the protein, by comparing the contour length increase after an

unfolding peak to the number of amino acids in the domains or

sub-domains and the forces at which each event occurs. Typical

force-extension traces for Hsp82, HtpG, and Grp94 unfolding at

a very slow speed of 10 nm/s are shown in Figure 2. The force-

extension traces represent sequential stepwise transitions from

a completely folded to a completely unfolded state. For each

of the orthologs (Figures 2A, 2C, and 2E), we observe three

main separate unfolding peaks corresponding to the three do-

mains, as previously reported for Hsp82 (Jahn et al., 2014).

Worm-like chain (WLC) fits to the force-extension traces,

shown as dashed lines, allow the determination of the contour

length gains of the unfolded domains. The contour length gain

and the associated unfolding force of multiple unfolding events

of different molecules are collected in scatterplots (Figures 2B,

2D, and 2F). To increase statistical significance, the molecules

are rapidly unfolded and refolded in cycles at 500 nm/s. The

higher pulling velocity during the cycles (500 versus 10 nm/s)

leads to higher unfolding forces compared with the sample

traces of Figures 2A, 2C, and 2E, but allows very precise deter-

mination of contour length gains for every domain owing to the

better statistics. Contour length gains are summarized in Table 1.

To match the observed contour length gains to the exact num-

ber of amino acids forming the individual domains, we use the
Structure 26, 96–105, January 2, 2018 97



Figure 2. Mechanical Unfolding of Three Orthologs of Hsp90

(A, C, and E) Force-extension traces of Hsp82 (A), HtpG (C), and Grp94 (E) unfolded at a constant velocity of 10 nm/s. All constructs show three unfolding peaks

representing the three domains (N, M, and C). Dashed lines are worm-like chain (WLC) fits describing the stretching behavior of the DNA handles and the unfolded

protein and insets show the structure of the respective monomers. The first fit to each force-extension trace is placed to take into account the length contribution

from unstructured regions of the proteins, as estimated from their respective crystal structures. The arrow in (A) indicates the flipping of the charged linker

of Hsc82.

(B, D, and F) Unfolding forces plotted versus contour length gains for multiple native unfolding traces, 176 traces from 6molecules for Hsp82 (B), 52 traces from 4

molecules for HtpG (D), and 21 traces from 13molecules for Grp94 (F). Distinct clusters are observed and colored according to the domain that was unfolded. The

unfolding event immediately preceding the N domain unfolding of Grp94 (gray population in the scatterplot, labeled ‘‘*’’), could correspond to either the 53-amino-

acid-long stretch of the so-called ‘‘pre-N domain,’’ which is not resolved in the crystal structure (Dollins et al., 2005, 2007), or the 60-amino-acid-long charged

linker region, which is also only partly resolved. This is investigated further, below. See also Figure S1.
domains of the crystal structure and calculate the expected con-

tour length gains. The procedure is described in more detail in

the Supplemental Information. The expected values are

compared with the measured ones in Table 1. All values of

changes in contour length and unfolding forces are given as

mean ± SD.

In an example unfolding trace for Hsp82 (Figure 2A), the first

unfolding event with an associated contour length gain of
98 Structure 26, 96–105, January 2, 2018
40.2 ± 1.5 nm (n = 76), is assigned to the unfolding of the

C domain, the second unfolding event, 69.5 ± 2.5 nm (n = 76),

corresponds well to the N domain, and the third, 85.0 ± 1.5 nm

(n = 76), to the M domain. The M domain has an unfolding inter-

mediate often visible in unfolding traces, resulting from its two

structural sub-domains (Supplemental Information; Figure S1).

The contour length assignments for Hsp82 are based on the

number of amino acids in each domain resolved in the crystal



Table 1. Expected Contour Length Gains for the Individual

Domains

Domain

(Amino Acids)

Expected Gain

in Contour

Length (nm)

Measured Gain

in Contour

Length (nm)

Average

Unfolding

Force (pN)

Yeast (Hsp82)

N-Terminal domain

(3–209)

71.8 69.5 ± 2.5 15.5 ± 1.6

Middle domain

(280–528)

84.5 85.0 ± 1.5 19.2 ± 1.6

C-Terminal domain

(535–654)

40.5 40.2 ± 1.5 11.1 ± 2.0

E. coli (HtpG)

N-Terminal domain

(4–228)

77.7 77.8 ± 2.6 11.9 ± 1.3

Middle domain

(242–485)

83.0 81.4 ± 1.1 21.0 ± 1.9

C-Terminal domain

(509–606)

32.4 30.3 ± 1.3 20.8 ± 4.1

Dog ER (Grp94)

N-Terminal domain

(73–275)

69.8 64.9 ± 1.8 18.1 ± 3.5

Middle domain

(341–592)

86.0 85.9 ± 1.9 16.6 ± 3.1

C-Terminal domain

(601–726)

42.5 39.5 ± 1.8 13.6 ± 2.5

Charged linker (*)

(276–335)

21.1 21.8 ± 1.5 18.5 ± 5.1

Expected contour length gains were determined from the crystal struc-

ture (see STAR Methods for details) and are Compared with the

measured values shown in Figures 1B, 1D, and 1F. Errors are SD. See

also Table S1.
structure (PDB: 2CG9; Ali et al., 2006), and have been previously

determined by performing similar measurements using individ-

ual domains (Jahn et al., 2016). It should be noted that the

process of the unfolding of a given domain is stochastic, and

therefore the order of unfolding of the domains will not be

conserved in all unfolding traces.

The regions linking the M and C domains, and part of the

region at the end of the C domain, are resolved in the crystal

structure, but are likely to be flexible in solution, meaning that

they do not contribute to the measured contour length gains

of the domains. This is confirmed by the good agreement

between the measured and expected gains in contour length,

assuming these regions to be unstructured (see Table 1; Sup-

plemental Information; Figure S1A). The low force fluctuations,

indicated by the black arrow in Figure 2A before the unfolding

of the C domain, are attributed to the docking and undocking

of the charged linker between the N and M domains (Jahn

et al., 2014). This, in combination with the unstructured regions

of the monomer, contributes a further 50 nm to the measured

total change in contour length upon unfolding (shown as the first

WLC fit in Figure 2A). The change in contour length of the

C domain is smaller, by approximately 8.5 nm, than would be

expected from the crystal structure (see Supplemental Informa-

tion; Table S1). This has been attributed to the fact that, in the
monomeric form of Hsp82, in addition to the unstructured

region at the end of the C domain (residues 678–709), the final

a helix of the C domain is also unstructured (residues 656–671),

only being structured when Hsp82 is in the dimeric form (Jahn

et al., 2016).

Compared with the Hsp82 signature, the unfolding pattern for

HtpG (Figure 2C) is remarkably similar. Following the extension

of an unstructured region (30 nm, see Supplemental Information;

Figure S1A), the C domain is seen to unfold with an associated

contour length gain of 30.3 ± 1.3 nm (n = 52). If the final a helix

is considered to be unstructured in the monomer of HtpG, as

is the case for Hsp82, this value is in good agreement with the

number of amino acids in this domain seen in the crystal struc-

ture (PDB: 2IOP, 2IOQ; Shiau et al., 2006). This final a helix con-

tributes to the 30 nm initial WLC fit to the unstructured regions of

the protein (Figure 2C). The C domain of HtpG comprises fewer

amino acids than that of Hsp82 (97 versus 120, see Figure 1B),

leading to a shorter expected change in contour length. The

N domain of HtpG unfolds with a contour length change of

77.8 ± 2.6 nm (n = 52), approximately 6.6 nm longer than that

observed for yeast Hsp82. This can only be explained by

assuming that amino acids in the M domain closest to the

N domain, some of which are attributed to the charged linker

region in Hsp82 and Grp94, form a stable structure together

with the N domain (colored purple in Figure 1B). Finally, the

M domain of HtpG unfolds with a contour length gain of

81.4 ± 1.1 nm (n = 52). Both the size of this domain and the

average unfolding force are very similar to those of Hsp82. How-

ever, unlike the two sub-domains in Hsp82, themiddle domain of

HtpG has three structural or unfolding sub-domains, the interme-

diate unfolding steps of which can be clearly identified, espe-

cially in unfolding traces obtained at faster pulling speed (see

Supplemental Information; Figure S1).

The mechanical signature of Grp94 can be seen in Figure 2E.

As with the previously described unfolding patterns, three domi-

nant features, corresponding to each of the three domains of the

protein, can be seen. The unstructured regions of the protein

contribute a contour length gain of 55 nm. The C domain exhibits

a similar gain in contour length (39.5 ± 1.8 nm) (n = 14) to the

Hsp82 C domain, as does the M domain. This domain, like that

of Hsp82 and HtpG, also has a clear unfolding intermediate (Fig-

ure 2E; Supplemental Information; Figure S1B), resulting from

the sub-domains of the M domain unfolding sequentially. The

key difference between Grp94 and the other two orthologs lies

in the N domain signature. Before the main part of the N domain

unfolds (labeled ‘‘N’’ in Figures 2E and 2F), there is an unfolding

event immediately preceding it (labeled ‘‘*’’ in Figures 2E and 2F).

The gain in contour length of this event is 21.8 ± 1.5 nm (n = 14).

Structurally, this could correspond to either the 53-amino-acid-

long stretch of the so-called ‘‘pre-N domain,’’ which is not

resolved in the crystal structure (Dollins et al., 2005, 2007), or

the 60-amino-acid-long charged linker region, which is also

only partly resolved. Both are unexpected, as the existence of

such a pronounced feature in the force-extension trace implies

that this is a structured element with a significant mechanical

stability in the monomer. To determine the nature of this feature,

a deletion construct was made, comprising only the N-terminal

domain and the charged linker, with the pre-N domain stretch

and the M as well as the C domains removed (termed the
Structure 26, 96–105, January 2, 2018 99



Figure 3. The Charged Linker of Grp94

(A) A typical force-extension cycle trace of the Dpre-N DMC construct (inset: schematic showing the construct comprising only the N domain and the charged

linker). The unfolding traces are shown in black, refolding in purple. WLC fits are shown as gray dashed lines.

(B) Average contour length gains from WLC fits to repeated 500 nm/s force-extension cycles and the corresponding unfolding forces for each unfolding event.

Full-length Grp94 unfolding events shown as dark gray circles, Dpre-N DMC construct unfolding events shown as red circles. For the N domain unfolding event,

the average value of the unfolding force is 16.0 ± 3.8 pN (average ± SD) the Dpre-N DMC construct and 18.1 ± 3.5 pN for the full-length construct. The average

unfolding force of the charged linker is 15.5 ± 5.5 pN for the Dpre-N DMC construct and 18.5 ± 5.1 pN for the full-length construct. These values are the same

within error.

(C) Two 20 s excerpts from constant distance force versus time traces for Grp94 Dpre-N DMC. The folded state of the charged linker is shown in purple and the

unfolded state is in red.

(D) The corresponding probability plot, showing the likelihood of being in the unfolded (red) state or the folded (purple) state with increasing force. Error bars

represent the error due to the finite measurement time (Stigler et al., 2011). If no error bars are shown, they are smaller than the symbol size.

(E) Plot of the transition rates versus force, going from the folded state to the unfolded state (purple) and from the unfolded state to the folded state (red). As

expected, the rate of refolding (red) decreases with increasing force, while the rate of unfolding (purple) increases with increasing force. Rates were corrected for

missed events as described in (Stigler and Rief, 2012). Rates and probabilities were calculated using hidden Markov analysis of traces collected from 7 individual

molecules, from 21 constant distance traces between 20 and 80 s in length. See also Figure S2.
Dpre-N DMC construct). The resulting unfolding traces of this

Dpre-N DMC construct (Figure 3A) retain both features of the

N domain unfolding peak, clearly demonstrating that the first

event in this peak corresponds to the charged linker of Grp94.

To account for unstructured regions, an additional WLC fit of

55 nm contour length gain is included (Figure 2E), as previously

proposed for Hsp82 (Jahn et al., 2014).

Upon closer observation of the Hsp82 unfolding trace, it can

be noted that there is a slight deviation in the N domain unfold-

ing peak from the WLC fit at higher forces. This results from

unfolding of a secondary element as clearly visible in faster

pulled traces for the full-length construct (see also Supple-

mental Information; Figure S1B) and in the N domain when

measured alone (Supplemental Information; Figure S1C). In

the case of Hsp82, it can be seen from the crystal structure (Fig-

ure 1A) that, in the N-terminally closed dimer, the first b strand

of the N domain (amino acid residues 1–9) binds to the edge of
100 Structure 26, 96–105, January 2, 2018
the main b sheet in the N domain of the other monomer. This is

reported to occur alongside with a concomitant movement of

the first a helix (residues 13–22) (Ali et al., 2006). Since the

deviation has a contour length of approximately 7 nm (deter-

mined from Figure S1C), in agreement with the unfolding of

22 amino acids, we hypothesize that this region can unfold

independent from the remaining part of the N domain. This hy-

pothesis is further supported by the fact that Hsp82, without

either the first 8 or the first 24 amino acids, is stably folded

(Mickler et al., 2009; Richter et al., 2002). Thus, the mechanical

stability of the N domain in the monomeric form of Hsp82

without the first b strand is not unexpected. A similar small

deviation from the WLC fit can also be seen in the N domain

signature for HtpG (see also Supplemental Information; Figures

S1B and S1D) and in Grp94 (Supplemental Information; Fig-

ure S1B), alongside a shorter measured gain in contour length

versus expected gain in contour length for the latter.



The Charged Linker
The most striking difference in the mechanical signatures of

these three orthologs is the high mechanical stability of the

charged linker region of Grp94, as demonstrated by the promi-

nent unfolding peak seen immediately preceding the unfolding

of the N domain (Figures 2E, 2F, and 3A). This region was further

characterized to obtain force-dependent kinetics and the free

energy stabilizing the charged linker. These results are

compared with those of the charged linker of Hsp82 (Jahn

et al., 2014). As described above, a construct consisting of the

charged linker and the N domain without the pre-domain was

used to confirm the correct assignment of the Grp94 unfolding

signature. The mechanical signature of this truncated construct

is shown in Figure 3A. The clear overlap between the contour

length versus unfolding force scatterplots for this construct

and the full-length Grp94 monomer (Figure 3B) confirmed the

assignment.

To assess the stability of the charged linker region in more

detail, an assay was used where the optical traps are kept at a

constant distance (passive mode). This applies a constant

average force to the protein, and in our case enables the equilib-

rium between the folded and the unfolded state of the charged

linker to be measured at a given force. By varying the distance,

and therefore the average force applied, the equilibrium between

the two states is shifted. Two examples of force versus time

traces for Grp94 are given in Figure 3C. It should be noted that

short time traces are shown here for clarity, and that data were

routinely collected for over 300 s per molecule, enabling large

numbers of transitions between the folded and unfolded state

to be observed. The stateswere assigned using a hiddenMarkov

analysis (Stigler and Rief, 2012). Fluctuations between the folded

state of the charged linker (purple) and the unfolded state (red)

can be seen to occur repeatedly. At higher forces, the charged

linker is more likely to be unfolded than at lower forces (Fig-

ure 3D). It is obvious that the charged linker spends most of

the time in the folded state between 4 and 5 pN. For comparison,

the charged linker of Hsp82 is significantly less stable and, at

forces of 4 pN, it is always in the unfolded (undocked) state (Sup-

plemental Information; Figure S2).

The charged linker of Hsp82 is only thought to exhibit second-

ary structure while it is in direct contact with the N domain (Jahn

et al., 2014), which is why rather than referring to the folding and

unfolding of the Hsp82 charged linker, we refer to its docking and

undocking. The Hsp82 charged linker is in the stable, docked

state 75%± 8%of the time, when no force is applied to themole-

cule (Jahn et al., 2014), and the energy difference between the

docked and the undocked state is very small, 1.1 ± 0.4 kBT,

which explains the rapid oscillations between these two states,

and the low overall force of the charged linker signature in the

Hsp82 unfolding trace, seen as fluctuations before the unfolding

of the C domain (Figure 2A). In contrast, the charged linker of

Grp94 is mechanically more stable. At zero applied force, it is

always found in the folded state (Figure 3D), with an energy dif-

ference between the folded and the unfolded state of 8.7 kBT.

Figure 3E shows the force-dependent folding/unfolding rate

constants for all molecules measured. As the average force level

is increased, the rate of unfolding increases and the rate of re-

folding decreases. Fitting the data and extrapolating to zero

force (fits in Figure 3E), using a previously described energetic
model (Gebhardt et al., 2010; Rognoni et al., 2012), gives a

refolding rate of 260 ± 17 s�1 (±SD) and an unfolding rate of

0.19 ± 0.01 s�1 (± SD). The calculated rate of unfolding at zero

force implies that an unfolding event occurs once every 5 s

compared with the charged linker of Hsp82, which undocks 65

times per second. This further illustrates the high stability of

the charged linker of Grp94 compared with that of Hsp82.

The ER has reported resting calcium levels of around 250 to

600 mM (Demaurex and Frieden, 2003). A single molecule of

Grp94 is predicted to bind between 16 and 28 molecules of

Ca2+ (Macer and Koch, 1988; Van et al., 1989), through both

high-affinity (Kd of 1–5 mM) and lower-affinity (Kd of �600 mM)

binding sites (Biswas et al., 2007). Of these calciumbinding sites,

at least one high-affinity binding site has been confirmed to be in

the charged linker region (Biswas et al., 2007). To assess

whether calcium affects the stability of the N domain and

charged linker, the Dpre-N DMC construct was measured in

the standard measurement buffer containing an additional

10 mM CaCl2 (Supplemental Information; Figure S4). The result-

ing energy difference between the folded and the unfolded state

was found to be similar or even a little lower than that measured

without CaCl2 (7.5 kBT with CaCl2, 8.7 kBT without, see Figure 3).

An error of 10% in the calculated energy is estimated based on

the uncertainty in the force calibration of the optical trap.

Comparison of Refolding Behaviors
The observation of successive force-extension cycles allows the

quantification of the refolding process. Following the unfolding of

the domains, the force is gradually reduced back to zero force.

The subsequent re-extension of the molecule serves as a probe

of whether or not it successfully refolded to its native state,

confirmed by the observation of the nativemechanical signature.

Examples of refolding (purple) and unfolding (gray) traces for

Hsp82, HtpG, and Grp94 are shown in Figures 4A, 4D, and 4G,

respectively. The completely unfolded monomers refold through

a series of events and the subsequent unfolding traces shown

exhibit the fully native pattern. Where refolding transitions

overlap with unfolding transitions, these can be attributed to

the refolding of the same domains or sub-domains.

Performing repeated force-extension cycles at a faster veloc-

ity, results in the force-extension traces shown in Figures 4B, 4E,

and 4H for Hsp82, HtpG, and Grp94, respectively. Correspond-

ing scatterplots are shown in Figures 4C, 4F, and 4I. Native

mechanical signature data points are colored according to

domain, and non-native unfolding events resulting from the

unfolding of misfolded or intermediate structures are colored in

red. In the scatterplot for Hsp82 (Figure 4C), all three domains

are detected in the repeated unfolding/refolding cycles. A native

unfolding pattern is seen in 36%of the collected unfolding traces

(n = 56 force-extension cycles). This is in good agreement with

previously published data (Jahn et al., 2016). While small

proteins have been predicted and shown to refold very rapidly

at zero force (Ainavarapu et al., 2007; Jackson, 1998; Plaxco

et al., 1998), for larger proteins the likelihood of inter- and

intra-domain misfolds resulting from non-native interactions

stabilizing misfolded states increases with the number of amino

acids. This slows down the folding rate, especially in large

proteins with multiple homologous domains (Borgia et al.,

2011; Peng et al., 2011; Xia et al., 2011) and in those with
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Figure 4. Refolding of Hsp82, HtpG, and Grp94

(A, D, and G) Two examples of representative force-extension traces at 10 nm/s showing the extension curve in gray (unfolding), and the relaxation curve in purple

(refolding) for (A) Hsp82, (C) HtpG, and (E) Grp94.

(B, E, and H) Three repeated force-extension cycles at 500 nm/s with no waiting time at zero force for (B) Hsp82, (E) HtpG, and (H) Grp94. Native mechanical

signatures of individual domains are colored according to domain (blue for the N domain, orange for the M domain, dark yellow for the C domain, and gray for the

charged linker of Grp94).

(C, F, and I) Scatterplots of the unfolding forces and gains in contour length for repeated force-extension cycles at 500 nm/s with no waiting time at zero force, for

(C) Hsp82, (F) HtpG, and (I) Grp94, illustrating the refolding capabilities of the three orthologs. Native mechanical signature data points are colored according to

domain as in (B, E, and H). Non-native unfolding events resulting from the unfolding of misfolded or intermediate structures are colored in red. It should be noted

that misfolds with contour length gains longer than those of natively folded individual domains are common and occur as a result of inter-domain misfolds. See

also Figures S3 and S4.
non-homologous domains, such as Hsp82 (Jahn et al., 2016).

Accordingly, the percentage of native unfolding patterns seen

in HtpG is also only 25% (n = 59 force-extension cycles). This

can clearly be seen in the eight successive 500 nm/s unfold-

ing/refolding force-extension curves shown in Supplemental In-

formation; Figure S3 A. Strikingly, Grp94 does not refold, after

the initial unfolding of the full monomer (plotted for reference in

Figure 4I), to the native state over the course of the 46 force-

extension cycles measured. As can be seen from the number

of yellow-green-colored data points in the scatterplot for
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Grp94 (Figure 4I), the C domain does refold regularly. This was

also observed for Hsp82 and HtpG (Figures 4B, 4E, and Supple-

mental Information; Figure S3A). The signature of the native

M domain was also often seen (colored orange). However, the

native states of the N domain and of the charged linker were

not detected (colored blue and gray, respectively, in the initial

unfolding of the full monomer). This finding implies that refolding

of the N domain and charged linker are the most problematic. In

addition, as discussed above, the addition of calcium did not

increase the stability of the N domain or charged linker.



Interestingly, when slower velocities were used to unfold and

refold Grp94, unfolding was completely reversible around 50%

of the time (Figure 4G; Supplemental Information; Figure S3B).

Slower force-extension velocities raise the refolding capability

of HtpG to 100% (Figure 4D; Supplemental Information; Fig-

ure S3B). This effect has previously been observed for Hsp82

(Jahn et al., 2016). It is assumed that the gradual reduction of

force improves refolding by keeping the protein in an elongated

state and thus prevents the occurrence of inter-domain misfolds

(Jahn et al., 2016). Similar effects were observed for refolding at a

small constant force, rather than at zero force (Jahn et al., 2016).

DISCUSSION

In this study, we determined the mechanical signatures of three

orthologs of Hsp90 representing bacterial Hsp90, and cytosolic

and endoplasmic eukaryotic Hsp90, using single-molecule opti-

cal trap experiments with a view to assess the structure and

dynamics of the protein monomers.

Here, the mechanical signatures of each of the orthologs

resulting from forces applied along the selected pulling direc-

tion have been established, with specific features in the force-

extension traces being assigned to the unfolding and folding

of their individual domains. Compared with the N domain of

Hsp82, the N domain of HtpG unfolds with a larger contour

length gain and a slightly lower average unfolding force. We

attribute the larger contour length gain to the amino acids at

the interface, with the M domain forming a stable structure

together with the N domain. The Grp94 N domain unfolds

with a similar unfolding force to that of Hsp82; however, the

contour length gain is shorter. This is likely due to the pre-N

domain region of Grp94 being unstructured in this monomeric

construct. It therefore contributes to the 55 nm initial WLC fit

and not to the N domain (Figure 2E). The M domains of all

measured orthologs unfold in a very similar way, in both unfold-

ing force and contour length gain. A prominent difference is that

the Hsp82 M domain has two unfolding intermediates, resulting

from the two sub-domains unfolding separately, while the HtpG

M domain has three. The implications of this are discussed in

detail below. The C domains of all three constructs exhibited

very similar unfolding signatures (accounting for small differ-

ences in sequence lengths), unfolding at similar forces and

without any unfolding intermediates.

All three orthologs exhibited poor refolding in the absence of

force, which was improved significantly when slow constant

velocities of 10 or 20 nm/s were used (Figures 4A, 4D, 4G; Sup-

plemental Information; Figure S2). This is attributed to the exis-

tence of misfolding events, which can be prevented through

the use of force as a ‘‘chaperone,’’ as was previously proposed

for Hsp82 (Jahn et al., 2016). Misfolds are generally likely to

occur in large proteins, and even inter-domain misfolds can be

observed (Jahn et al., 2016). It is possible that the poor folding

capability of Grp94 may be one of the reasons for the wide range

of reported values for its ATPase activity, ranging from

kcat = 0.02 ± 0.001 min�1 at 37�C (Dollins et al., 2007) to

0.36 min�1 at 30�C (Frey et al., 2007), and our measured value

of 0.47 ± 0.03 min�1 at 30�C (mean ± SD; see Supplemental

Information; Table S2). A significant amount of misfolded

Grp94 might also explain the earlier controversy as to whether
Grp94 possesses ATPase activity at all (Li and Srivastava,

1993; Wassenberg et al., 2000; Wearsch and Nicchitta, 1997).

A deviation from the WLC fits to the high force range of the

unfolding peaks of the N domains of each ortholog was noted.

Such deviations occur as a result of conformationally flexible

portions of protein domains being unraveled during the process

of extending the protein domain under force. In Hsp82, this was

attributed to themovement of the first b strand and the firsta helix

of the N domain, known to occur during the N-terminal dimeriza-

tion of Hsp82. The existence of such a deviation in all three ortho-

logs indicates that Grp94 andHtpGmay also have similar ‘‘hand-

shake’’ mechanisms for the stabilization of the N-terminally

closed conformation of the dimer. No such conformation has

yet been seen in crystal structures of either domain, although it

should be noted that the crystal structures of Grp94 are trun-

cated, starting at residue 73 or 69 (Dollins et al., 2005; Dollins

et al., 2007).

The most striking feature of the unfolding signatures of the

three proteins was the highly stable charged linker of Grp94.

This was surprising, as the charged linker of Hsp82 only has a

stabilizing energy of 1.1 kBT, docking and undocking hundreds

of times per second. In contrast, the charged linker of Grp94

exhibits an energy difference between the folded and the

unfolded state of 8.7 kBT and only unfolds approximately

once every 5 s. Therefore, whereas the Hsp82 charged linker

provides a flexible connection between the N and M domains,

while also controlling the rotation of the N domain during the

functional cycle of Hsp82 (Daturpalli et al., 2017; Hellenkamp

et al., 2017; Li et al., 2012), the charged linker of Grp94 appears

to play a significantly less dynamic role. Only the crystal struc-

tures of the N domain of Grp94 include the residues involved in

the charged linker as in the full-length crystal structure the

majority of the residues involved in the charged linker have

been deleted (Soldano et al., 2003). However, these crystal

structures of the N domain of Grp94 lack electron density for

the charged linker region, indicating that the charged linker is

either locally disordered or conformationally variable if only

the N domain is present. However, in both the Grp94 N domain

crystal structure and the full-length Grp94 crystal structure

there are two b strands, one at each end of the charged linker

region, which form an antiparallel two-stranded b sheet (Sol-

dano et al., 2003). This stable b sheet, combined with the

shorter length of the Grp94-charged linker compared with that

of Hsp82, suggests a more rigid N/M domain interface in

Grp94. This might provide a possible mechanism for conforma-

tional coordination or even cooperation between the N and

M domains during its functional cycle. HtpG only has an inter-

domain linker of seven residues in length between the N and

M domains (Shiau et al., 2006), which also results in a more rigid

N/M domain interface (Shiau et al., 2006).

The length and the sequence of the charged linker of Hsp82

have both been shown to affect the rotational freedom of

the N domain and the interaction with some client proteins

(Daturpalli et al., 2017). The significantly different charged linker

characteristics for Grp94 and HtpG are therefore likely to have im-

plications for the ability of Grp94 and HtpG to interact with Hsp82

client proteins. Combined with the large surface area of the N/M

domain interface in HtpG, and a more flexible, smaller interface

between the M- and C-terminal domains (Shiau et al., 2006), it
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appears to be the M/C domain interface that is primarily respon-

sible for the conformational flexibility of the HtpG dimer during

ATP hydrolysis and client maturation. This single interface could

be responsible for the opening and closing of the dimer, as well

as the rotation of the N andMdomains (Richter et al., 2006; Street

et al., 2011). In comparison, Hsp82 relies on both the N domain/M

domain interface and the M/C domain interface to act as flexible

hinges (Daturpalli et al., 2017; Hellenkamp et al., 2017).

Overall, we have identified a number of similarities and signif-

icant differences in the folding and domain interactions of these

three orthologs. We have discussed the functional implications

of these in the context of their conformational cycles, structures,

and dynamics. Our results will inform future studies of the impor-

tant Hsp90 family.
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Bacterial and Virus Strains

BL21-Gold(DE3) strain Agilent Technologies, USA Catalog #230132

Critical Commercial Assays

Quikchange Lighting Agilent Technologies, USA Catalog #210519

Anion Exchange Mono Q column GE Healthcare, USA Product code 17516601

Size exclusion column, Superdex 200 GE Healthcare, USA Product code 17517501
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Protein to DNA handle coupling oligo:

GGCAGGGCTGACGTTCAACCAGACCAGCGAGTCG-Thiol
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Biotin-modified primer for DNA handles

5’-GGCGA5CTGG5CGTTGATTTG-3’

5: dT-Biotin (total: 3)

IBA GmbH, Germany Custom order for this paper

Digoxygenin-modified primer for DNA handles

5’-GGCGA5CTGG5CGTTGATTTG-3’

5: dT-Digoxigenin modification (total: 3)

IBA GmbH, Germany Custom order for this paper

Linker primer for DNA handles

5’-CGACTCGCTGGTCTGGTTGAACGTCAGCCCTGCCXCC

TGCCCGGCTCTGGACAGG-3’

X: stable abasic site

IBA GmbH, Germany Custom order for this paper

Recombinant DNA

Grp94 Dpre-N DMC construct Genscript, USA Custom order for this paper

Grp94 (C. lupus Hsp90) construct (ubi – Grp94 – ubi – His) Genscript, USA Custom order for this paper

Hsp82 (S. cerevisiae Hsp90) construct (ubi – Hsp82 – ubi – His) Genscript, USA Custom order for this paper

Hsp82 DMDC deletion construct Genscript, USA Custom order for this paper

HtpG (E. coli Hsp90) construct (ubi – HtpG – ubi – His) Genscript, USA Custom order for this paper

HtpG DC construct Genscript, USA Custom order for this paper

Software and Algorithms

Igor Pro Wavemetrics, USA https://www.wavemetrics.com/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Katarzyna

Tych (k.m.tych@tum.de).

METHOD DETAILS

Sequence similarities were calculated using BLASTP 2.6.1 (Altschul et al., 1997, 1990) (Swiss-Prot/TrEMBL accession codes for

Grp94, Hsp82 and HtpG are P41148, P02829 and P0A6Z3, respectively). Sequence conservation of the three Hsp90 orthologues

was assessed through an alignment created using CLC Sequence software (Qiagen). Monomers of Hsp82, HtpG and Grp94 were

expressed and purified according to methods detailed below. For use in the optical trapping experiment, maleimide-functionalized

DNA oligonucleotides were reacted with the free cysteines in the protein constructs (see ‘Molecular cloning, protein expression and

purification’ below). These were then hybridized with long DNA handles, which were functionalized with either biotin or digoxigenin.

These functionalized handles enable the protein constructs to bind to streptavidin- or anti-digoxigenin-coated silica beads (1mm

diameter). By trapping one bead of each type in the foci of each of the two laser beams in the custom-built optical tweezers setup

(described previously (von Hansen et al., 2012)), a dumbbell geometry is established with a protein construct between the two beads.
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The protein can then be subjected tomultiple stretch-and-relax cycles or can be held at a constant trap distance, such that a constant

average force is applied. The trap stiffness of the optical traps is set to 0.3 – 0.4 pN/nm and data are collected at an acquisition

frequency of 20 or 30 kHz. All measurements were carried out in 40 mM HEPES, 150 mM KCl, and 10 mM MgCl2, pH 7.4 with the

addition of a scavenger system comprising glucose, glucose oxidase and glucose catalase to reduce photo damage. Measurements

are conducted at a controlled room temperature of 23�C, and because of laser heating the temperature inside the measurement

chamber is 30�C (Peterman et al., 2003).

Molecular Cloning, Protein Expression and Purification
The Hsp82, HtpG and Grp94 monomer constructs were genetically inserted between two ubiquitin domains with cysteine

mutations for DNA coupling. Ubiquitin domains are mechanically stable and are often used as spacers in such constructs.

The molecular cloning and protein expression and purification steps for these constructs are described in detail in (Jahn

et al., 2014). Briefly, DNA constructs were synthesized (Genscript, USA) and sub-cloned into the pET28 vector (Novagen,

Germany). Plasmids were transformed into BL21DE3 cod+ (Stratagene, USA). Proteins were then expressed overnight at

20�C and cells harvested by centrifugation before being lysed in a French Press (Constant Systems, UK). His-tagged proteins

were purified by Ni-NTA column (GE Healthcare, USA). SUMO tags were removed by digestion overnight with SENP during dial-

ysis at 4�C then purified further on the Ni-NTA column. Proteins were further purified by Anion Exchange on a Mono Q column

(GE Healthcare, USA).

The sequences for the constructs are given below (this data has been deposited online and can be found here: https://doi.org/10.

17632/b7nfbz4xfp.1).

Hsp82

MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGELMASETFEFQA

EITQLMSLIINTVYSNKEIFLRELISNASDALDKIRYKSLSDPKQLETEPDLFIRITPKPEQKVLEIRDSGIGMTKAELINNLGTIAKSGTKAFME

ALSAGADVSMIGQFGVGFYSLFLVADRVQVISKSNDDEQYIWESNAGGSFTVTLDEVNERIGRGTILRLFLKDDQLEYLEEKRIKEVIKRHS

EFVAYPIQLVVTKEVEKEVPIPEEEKKDEEKKDEEKKDEDDKKPKLEEVDEEEEKKPKTKKVKEEVQEIEELNKTKPLWTRNPSDITQEEYN

AFYKSISNDWEDPLYVKHFSVEGQLEFRAILFIPKRAPFDLFESKKKKNNIKLYVRRVFITDEAEDLIPEWLSFVKGVVDSEDLPLNLSREM

LQQNKIMKVIRKNIVKKLIEAFNEIAEDSEQFEKFYSAFSKNIKLGVHEDTQNRAALAKLLRYNSTKSVDELTSLTDYVTRMPEHQKNIYYIT

GESLKAVEKSPFLDALKAKNFEVLFLTDPIDEYAFTQLKEFEGKTLVDITKDFELEETDEEKAEREKEIKEYEPLTKALKEILGDQVEKVVVS

YKLLDAPAAIRTGQFGWSANMERIMKAQALRDSSMSSYMSSKKTFEISPKSPIIKELKKRVDEGGAQDKTVKDLTKLLYETALLTSGFSL

DEPTSFASRINRLISLGLNIDEDEETETAPEASTAAPVEEVPADTEMEEVDKLMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQ

RLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCLEHHHHHH

Hsp82 Delta M, Delta C

MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGSMASETFEFQAE

ITQLMSLIINTVYSNKEIFLRELISNASDALDKIRYKSLSDPKQLETEPDLFIRITPKPEQKVLEIRDSGIGMTKAELINNLGTIAKSGTKAFMEA

LSAGADVSMIGQFGVGFYSLFLVADRVQVISKSNDDEQYIWESNAGGSFTVTLDEVNERIGRGTILRLFLKDDQLEYLEEKRIKEVIKRHSE

FVAYPIQLVVTGGSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCL

EHHHHHH

HtpG

MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGSMKGQETRGFQ

SEVKQLLHLMIHSLYSNKEIFLRELISNASDAADKLRFRALSNPDLYEGDGELRVRVSFDKDKRTLTISDNGVGMTRDEVIDHLGTIAKSG

TKSFLESLGSDQAKDSQLIGQFGVGFYSAFIVADKVTVRTRAAGEKPENGVFWESAGEGEYTVADITKEDRGTEITLHLREGEDEFLDDW

RVRSIISKYSDHIALPVEIEKREEKDGETVISWEKINKAQALWTRNKSEITDEEYKEFYKHIAHDFNDPLTWSHNRVEGKQEYTSLLYIPSQA

PWDMWNRDHKHGLKLYVQRVFIMDDAEQFMPNYLRFVRGLIDSSDLPLNVSREILQDSTVTRNLRNALTKRVLQMLEKLAKDDAEKYQ

TFWQQFGLVLKEGPAEDFANQEAIAKLLRFASTHTDSSAQTVSLEDYVSRMKEGQEKIYYITADSYAAAKSSPHLELLRKKGIEVLLLSDRI

DEWMMNYLTEFDGKPFQSVSKVDESLEKLADEVDESAKEAEKALTPFIDRVKALLGERVKDVRLTHRLTDTPAIVSTDADEMSTQMAKL

FAAAGQKVPEVKYIFELNPDHVLVKRAADTEDEAKFSEWVELLLDQALLAERGTLEDPNLFIRRMNQLLVSGGSMQIFVKTLTGKTITLEV

EPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCLEHHHHHH

HtpG Delta C

MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGSMKGQETRGFQ

SEVKQLLHLMIHSLYSNKEIFLRELISNASDAADKLRFRALSNPDLYEGDGELRVRVSFDKDKRTLTISDNGVGMTRDEVIDHLGTIAKSGT

KSFLESLGSDQAKDSQLIGQFGVGFYSAFIVADKVTVRTRAAGEKPENGVFWESAGEGEYTVADITKEDRGTEITLHLREGEDEFLDDWR

VRSIISKYSDHIALPVEIEKREEKDGETVISWEKINKAQALWTRNKSEITDEEYKEFYKHIAHDFNDPLTWSHNRVEGKQEYTSLLYIPSQAP

WDMWNRDHKHGLKLYVQRVFIMDDAEQFMPNYLRFVRGLIDSSDLPLNVSREILQDSTVTRNLRNALTKRVLQMLEKLAKDDAEKYQT

FWQQFGLVLKEGPAEDFANQEAIAKLLRFASTHTDSSAQTVSLEDYVSRMKEGQEKIYYITADSYAAAKSSPHLELLRKKGIEVLLLSDRI

DEWMMNYLTEFDGKPFQSVSGGSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLH

LVLRLRGGKCLEHHHHHH
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Grp94

MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGELDDEVDVDGTV

EEDLGKSREGSRTDDEVVQREEEAIQLDGLNQIRELREKSEKFAFQAEVNRMMKLIINSLYKNKEIFLRELISNASDALDKIRLISLTDENALA

GNEELTVKIKCDKEKNLLHVTDTGVGMTREELVKNLGTIAKSGTSEFLNKMTEAQEDGQSTSELIGQFGVGFYSAFLVADKVIVTSKHNND

TQHIWESDSNEFSVIADPRGNTLGRGTTITLVLKEEASDYLELDTIKNLVKKYSQFINFPIYVWSSKTETVEEPMEEEEAAKEEKEDSDDEAA

VEEEEEEKKPKTKKVEKTVWDWELMNDIKPIWQRPSKEVEDDEYKAFYKSFSKESDDPMAYIHFTAEGEVTFKSILFVPTSAPRGLFDEYG

SKKSDYIKLYVRRVFITDDFHDMMPKYLNFVKGVVDSDDLPLNVSRETLQQHKLLKVIRKKLVRKTLDMIKKIADEKYNDTFWKEFGTNIKL

GVIEDHSNRTRAKLLRFQSSHHPSDITSLDQYVERMKEKQDKIYFMAGSSRKEAESSPFVERLLKKGYEVIYLTEPVDEYCIQALPEFDGK

RFQNVAKEGVKFDESEKTKESREAIEKEFEPLLNWMKDKALKDKIEKAVVSQRLTESPCALVASQYGWSGNMERIMKAQAYQTGKDIST

NYYASQKKTFEINPRHPLIKDMLRRVKEDEDDKTVSDLAVVLFETATLRSGYLLPDTKAYGDRIERMLRLSLNIDPDAKVEEEPEEEPEETT

EDTTEDTEQDDEEEMDAGTDDEEQETVKKSTAEKDELKLMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDG

RTLSDYNIQKESTLHLVLRLRGGKCLEHHHHHH

Grp94 Delta M Delta C Delta pre-N

MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRSSSEKFAFQAEVNR

MTEAQEDGQSTSELIGQFGVGFYSAFLVADKVIVTSKHNNDTQHIWESDSNEFSVIADPRGNTLGRGTTITLVLKEEASDYLELDTIKNLVK

KYSQFINFPIYVWSSKTETVEEPMEEEEAAKEEKEDSDDEAAVEEEEEEKKPKTKKVEKTVWDWELMNDIGGSMQIFVKTLTGKTITLEVE

PSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCLEHHHHHH

ATPase Measurement
ATPase was determined using a coupled colorimetric assay as previously described (Frey et al., 2007).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data from the optical trapping experiments were analyzed to collect the unfolding forces and increases in contour length from the

constant velocity curves, and to measure the rates of transitions between states from the constant distance traces. The expected

contour length gain by unfolding is the number of amino acids unfolded times the contour length of an individual amino acid minus

the initial distance between the force exertion points, which can be determined by the crystal structure. These methods are

outlined below.

Constant Velocity Optical Tweezers Experiments
Displayed force-extension traces recorded at 20 kHz or 30 kHz are filtered by a sliding average of 201 points for a pulling velocity of

10 nm/s, 101 points for 20 and 100 nm/s and 51 points for 500 nm/s.

WLC Fitting of Multi-Domain Proteins
To describe the elastic response to force of the DNA handles and the unfolded protein worm like chain models (WLC) are employed.

DNA is described by an extensible WLC with a fixed Hookean contribution of 300 to 700 pN (K-value), while unfolded protein is

modelled with a standardWLC fit with a fixed protein persistence length of 0.7 nm. Using a global fitting routine fitting simultaneously

all unfolding regions of the protein with an extensible WLC in series with multiple WLC fits allows the determination of the contour

length of the unfolded regions. DNA persistence length and DNA contour length are free fitting parameters and yield expected values

of approximately 20 nm and 370 nm respectively. For formulas see (Jahn et al., 2014).

To minimize the errors by the DNA parameters while determining the contour length of the unfolded protein, it is necessary to

choose fit regions at similar forces. However, as described in the main text, some secondary structure in the N domain already

unfolds before the core of the N domains unfold. Therefore, choosing different fitting regions can lead to errors in all domain contour

length gains determined (depending on the unfolding sequence). To avoid this Hsp82 and Grp94 are fitted at regions where parts of

the N-terminal domain are already unfolded (see Figure S1). This leads to a slight underestimation of the measured contour length of

the N domain. In the case of HtpG the N domain unfolds at significantly lower forces than the M and C domain. Therefore this

approach is not feasible and the fitting region for the folded domain was chosen at lower forces, leading to a higher error and no

underestimation of the contour length gain (see Table 1).

To determine meaningful contour length gains for proteins with unstructured regions it is also important to incorporate them in the

WLC model. Therefore, the first WLC fit was fixed to a contour length with an estimate of the unstructured length of the protein, as

described in the main text. Notably, this approach helps to partially compensate for the small error resulting from not considering the

folded domains.

The differences in loading rates between the three full-length chaperones, defined as the rate of change in force over time, are

negligible. The loading rate depends on the pulling velocity, the Worm-Like-Chain parameters of the DNA handles and of the parts

of the protein which have already unfolded. The dominant parameter is the DNA as this is the most compliant element of the

construct. The only parameter that will be different between the orthologues will therefore be the length of the unstructured region

before the first unfolding peak of each protein, as the same pulling velocities were applied to each chaperone. This was found to have
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a minimal influence on the loading rate (the loading rates are the same within 5% between the three co-chaperones, calculated at

10 pN for WLC fits with the same fitting parameters as those used to fit the 500 nm/s data for each chaperone). Therefore, this effect

is smaller than the error given for the measured forces.

Assignment of Contour Length Gains to Structure
To assign the measured contour length gains resulting from domain unfolding to the crystal structure, we calculate the number of

amino acids nij between amino acid i and amino acid j using:

lij = nij � 0:35� dij

Where lij is the measured contour length, 0.35 is the length per amino acid and dij is the initial distance between the amino acids in the

native structure between amino acid i and amino acid j, which is taken from the respective crystal structure.

Table S1 shows an assignment without further assumptions taking all resolved amino acids as individual domains.We observe that

the measured contour length of the C domains is much shorter than the expected ones. This is accounted for by the fact that the last

C-terminal alpha helix is not structured in all monomeric orthologues as explained by the main text. In general, the expected domain

size seems to be a little bit larger than the measured ones. This can be explained by the fact that linkers are resolved in the crystal

structure, but are flexible in solution. Taking these two considerations into account we optimize the model using only the cores of the

domains (excluding the linkers) and assume that the last alpha helix is unstructured. This optimized assignment is presented in Table 1

and shows good agreement with the data. Unstructured regions are illustrated as red in Figure S1A.

Two minor details should be mentioned. First, the expected contour length gain of the N domain in Hsp82 is determined using

amino acid 2 of the other monomer for initial distance calculation, since we showed that the first beta sheet binds to the N domain

in the monomeric form. Second, the N domain of Grp94 is not completely resolved in the crystal structure. Therefore, we estimated

the initial length assuming a similar fold as the Hsp82.

Constant Distance Optical Tweezers Experiments
The data evaluation was performed as described in (Jahn et al., 2014). Briefly, equilibrium constant distance measurements were

performed by keeping the optical traps separated by a fixed distance, and monitoring the resulting folding and unfolding transitions

of the charged linker of Grp94. Data were coarse grained into 100 force bins. Transitions between the folded and unfolded states of

the charged linker were detected using HiddenMarkov modelling. Analysis was performed using custom-written software in Igor Pro

(Wavemetrics, USA)

The energies at a given force were calculated using an equilibrium statistical mechanics approach, where the free energy is calcu-

lated from the contributions of the protein in a given state, the bead displacement, the DNA linker and the unfolded peptide (Jahn

et al., 2014). The force-dependent probabilities depend on the energy difference between the states measured, in this case between

the folded and the unfolded state of the charged linker of Grp94. The energy difference was therefore derived from a global fit to the

force-dependent probabilities, using the model and error assumptions given in (Jahn et al., 2014).

Force-dependent transition rates between the folded and unfolded state of the charged linker were extracted fromdwell time histo-

grams for each constant distance trace, by fitting these with single exponentials, and corrected for missed transitions that were too

rapid to detect, according to the method described in (Jahn et al., 2014). The rates for folding and unfolding at zero force were fitted

using the model described in (Rognoni et al., 2012), as before (Jahn et al., 2014).

DATA AND SOFTWARE AVAILABILITY

The sequences for the constructs are available on the Mendeley data repository: https://doi.org/10.17632/b7nfbz4xfp.1.
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