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Abstract The Hsp70 chaperone system is integrated into a myriad of biochemical processes that
are critical for cellular proteostasis. Although detailed pictures of Hsp70 bound with peptides have
emerged, correspondingly detailed structural information on complexes with folding-competent
substrates remains lacking. Here we report a methyl-TROSY based solution NMR study showing
that the Escherichia coli version of Hsp70, DnaK, binds to as many as four distinct sites on a small
53-residue client protein, hTRF1. A fraction of hTRF1 chains are also bound to two DnaK molecules
simultaneously, resulting in a mixture of DnaK-substrate sub-ensembles that are structurally
heterogeneous. The interactions of Hsp70 with a client protein at different sites results in a fuzzy
chaperone-substrate ensemble and suggests a mechanism for Hsp70 function whereby the
structural heterogeneity of released substrate molecules enables them to circumvent kinetic traps
in their conformational free energy landscape and fold efficiently to the native state.

DOI: 10.7554/eLife.28030.001

Introduction
The Hsp70 chaperone system plays a vital role in quality control by overseeing the integrity of the
cellular proteome in organisms ranging from bacteria to humans (Balchin et al., 2016). Hsp70 per-
forms a staggering array of functions and its ATP-dependent interaction with client proteins imparts
directionality to a number of cellular processes such as protein folding (Hartl et al., 2011), transloca-
tion (Kang et al., 1990, Pilon and Schekman, 1999, Mayer, 2013), disaggregation
(Nillegoda et al., 2015; Mogk et al., 2015) and oligomer disassembly (Bécking et al., 2011,
De Los Rios and Goloubinoff, 2016). Hsp70 is able to interact with clients having a broad range of
conformations (Schlecht et al., 2011; Mashaghi et al., 2016), including unfolded polypeptides
emerging from the ribosome (Teter et al., 1999, Deuerling et al., 1999, Willmund et al., 2013),
native proteins such as the heat shock transcription factor (Rodriguez et al., 2008), macromolecular
assemblies including clathrin-coated vesicles (Sousa et al., 2016), as well as non-native misfolded
and aggregated polypeptide chains (Szabo et al., 1994; Mayer and Bukau, 2005; Goloubinoff and
De Los Rios, 2007).

The multitude of client conformations that Hsp70 recognizes and the diversity of functions it car-
ries out are in sharp contrast to the simplicity of its client binding-site architecture (Clerico et al.,
2015). Hsp70 interacts with client substrates through its C-terminal domain, which is composed of a
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B-sandwich subdomain that includes a substrate binding cleft and an a-helical lid (Figure 1A). Both
crystal- (Zhu et al., 1996; Zahn et al., 2013) and NMR-derived structures (Stevens et al., 2003)
show that short peptides bind Hsp70 in an extended conformation with only five residues contacting
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Figure 1. Architecture of DnaK and hTRF1 molecules. (A) Cartoon representation of DnaK/ADP (PDB ID: 2KHO
[Bertelsen et al., 2009)) highlighting the nucleotide binding (green, NBD) and substrate binding (SBD) domains,
the latter of which is further subdivided into the B-sandwich domain (steel blue) and the a-helical lid (light pink).
The backbone nitrogen atoms of lle, Leu, Val and Met residues are indicated as blue spheres. (B) Crystal structure
of the NRLLLTG peptide in complex with the DnaK SBD (PDB ID: 1DKZ [Zhu et al., 1996]) depicting the extended
conformation of the peptide. Hydrogen bonds between the peptide backbone and the B-sandwich domain are
shown as black dashed lines. (C) Cartoon representation of the three-helix bundle hTRF1 (PDB ID: 1BA5
[Nishikawa et al., 1998]) showing the strongest DnaK binding site in magenta. The backbone nitrogen atoms of
lle, Leu, Val and Met residues are indicated as blue spheres. (D) The DnaK score for hTRF1 showing the presence
of one strong (around Leu 30) and two weak DnaK binding sites (around Val 18 and Val 41). The secondary
structure of hTRF1 is indicated on the top of the plot with the strongest DnaK binding site in magenta. A DnaK
score of —5 denotes the cutoff for a binding site (Riidiger et al., 1997) and is drawn as a dashed line.

DOI: 10.7554/eLife.28030.002
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Hsp70. The peptide is stabilized in the binding pocket by hydrogen bonds between its backbone
and binding cavity forming loops in Hsp70, as well as by hydrophobic interactions between the pep-
tide core and conserved lle, Leu and Met residues of the binding cleft (Figure 1B). Crystal structures
of a number of peptides bound to Hsp70 have been solved with lle, Leu, Pro and the unnatural
amino acid cyclohexylalanine occupying the central position of the binding pocket, suggesting that
the pocket may possess considerable intrinsic flexibility (Zahn et al., 2013).

The ability of Hsp70 to restructure the conformation of its clients underlies many of its functions;
however, the mechanism by which Hsp70 interacts with full-length proteins to modulate their confor-
mation remains poorly understood. A number of models have been proposed in this regard, ranging
from the active induced fit-like unfoldase model to the passive conformational selection-based hol-
dase model (Mayer, 2013; Goloubinoff and De Los Rios, 2007; Slepenkov and Witt, 2002). Dur-
ing the course of its chaperone cycle, Hsp70 samples ATP-bound, ADP-bound and nucleotide-free
states and also undergoes massive structural reorganization (Kityk et al., 2012; Qi et al., 2013;
Bertelsen et al., 2009). These changes in Hsp70 structure have been hypothesized to perform con-
formational work on the bound substrate (Mayer, 2013), thereby changing its conformation as in
the case of luciferase refolding, where Hsp70 is pictured as an unfoldase that converts a kinetically
trapped misfolded state of luciferase into a folding-competent unfolded conformation
(Sharma et al., 2010). In contrast, Hsp70 is believed to uncoat clathrin pits through a holdase mech-
anism by capturing conformers that are transiently formed via fluctuations in the clathrin structure
(Bocking et al., 2011).

We have previously characterized how binding of Hsp70 affects local structure and long-range
interactions in regions removed from the binding site of a helical protein model substrate, the
human telomeric repeat-binding factor (nTRF1, Figure 1C) (Sekhar et al., 2015, 2016). Notably, the
conformation of the bound substrate is independent of the nucleotide state of Hsp70, suggesting
that an ATP-coupled unfoldase mechanism may not be a general feature of Hsp70 activity
(Sekhar et al., 2015). Hsp70 binding does not disturb the secondary structural propensities of
hTRF1 removed from the binding site, although long-range interactions are significantly affected
(Sekhar et al., 2016). Here, we have used methyl-TROSY NMR (Tugarinov et al., 2003) in conjunc-
tion with selective isotope labeling (Tugarinov and Kay, 2004; Kerfah et al., 2015) to obtain atomic
resolution information on an hTRF1 complex with the major E.coli Hsp70 homolog, DnaK, including
at the DnaK binding site. We find that the flexibility inherent in the DnaK binding pocket enables it
to interact promiscuously with substrate. DnaK binds at as many as four distinct sites on this small
53-residue client protein, with a fraction of hTRF1 bound to two molecules of chaperone, resulting in
considerable heterogeneity in the bound ensemble. Our results, therefore suggest a model for
Hsp70-mediated conformational biasing whereby binding of Hsp70 at different positions of a sub-
strate creates sub-ensembles with distinct conformational preferences and hence different starting
structures for folding upon release from Hsp70, thereby broadening the conformational space sam-
pled by the substrate as it folds. More generally, our study establishes that the DnaK-hTRF1 ensem-
ble is a fuzzy complex, characterized by both static and dynamic disorder. It further demonstrates
the utility of NMR spectroscopy as a tool to probe heterogeneous biomolecular ensembles at atomic
resolution.

Results

A strategy for characterizing the interaction of DnaK with a model
substrate using methyl-TROSY NMR

In order to obtain insight into the molecular details of Hsp70-substrate interactions we have used
the model substrate hTRF1 (Figure 1C), a 53-residue three-helix bundle belonging to the homeodo-
main family of proteins (Gianni et al., 2003). hTRF1 is only marginally stable and its native conforma-
tion is in equilibrium with an unfolded state that is populated at 4.2% and only transiently formed
with a lifetime of 2.9 ms (35°C) (Sekhar et al.,, 2015). This substrate has one predicted
(Riidiger et al., 1997) strong DnaK binding site centred at Leu 31 and two additional weak sites
around residues 16 and 42 (Figure 1D). We have previously shown that hTRF1 interacts with DnaK
at its canonical binding site and while DnaK-bound hTRF1 is globally unfolded, secondary structural
propensities are not affected in substrate regions distal to the DnaK binding site, with as much as
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40% residual secondary structure retained (Sekhar et al., 2015). In contrast, a series of spin relaxa-
tion experiments established that transient long-range native and non-native tertiary interactions
that are present in the unfolded state of hTRF1 are disrupted in the bound form (Sekhar et al.,
2016). Interestingly, despite the fact that DnaK undergoes large conformational changes between
ATP and ADP bound states the tethered hTRF1 is maintained in a globally unfolded conformation
throughout the entire chaperone nucleotide cycle (Sekhar et al., 2015).

Our initial studies using "H-">"N NMR spectroscopy could not detect hTRF1 residues located at or
near the DnaK binding site (residues 27-39 were invisible), because the relevant "H-">N correlations
were not visible in TROSY-based spectra of U-?H/">N hTRF1 bound to U-H DnaK/ADP that reflects
both the slow rotational tumbling of the ~80 kDa DnaK-hTRF1 complex and potentially also confor-
mational heterogeneity at the binding site (see below). In order to probe chaperone-substrate inter-
actions at the binding site we made use of selective isotope labeling strategies (Kerfah et al., 2015;
Tugarinov et al., 2006) in concert with methyl Transverse Relaxation Optimized Spectroscopy
(methyl-TROSY) (Tugarinov et al., 2003; Ollerenshaw et al., 2003). The methyl-TROSY technique
takes advantage of favorable relaxation properties of the '>C and "H methyl spins during magnetiza-
tion transfer in a heteronuclear multiple quantum correlation (HMQC) experiment, where one of the
two magnetization transfer pathways is effectively immune to intra-methyl dipolar relaxation
(Tugarinov et al., 2003). External sources of transverse relaxation are minimized by preparing highly
deuterated proteins, with "H,">C labeling restricted to the methyl groups of lle, Leu, Val and Met
and where the isopropyl methyls of Leu and Val are labeled as "*CH3/">CDs. The utility of methyl
13CHs-labeling along with methyl-TROSY methodology has been established in studies of high
molecular weight proteins where insight into the structure and dynamics of a number of large mole-
cules and macromolecular complexes with molecular weights up to approximately one MDa have
been obtained (Rosenzweig and Kay, 2014; Wiesner and Sprangers, 2015, Huang and Kalodi-
mos, 2017).

Multiple DnaK-bound conformations of hTRF1

Human TRF1 has a number of methyl groups that can serve as probes of molecular structure and
dynamics in the DnaK-bound complex. Of the single lle, six Leu, two Val and two Met residues, the
lle and two of the Leu are located at the strongest DnaK binding site (Figure 1C,D). We have, thus,
prepared a sample of U-°H, 1led1-"3CHs, Leu,Va|-13CH3/12CD3, Met-13CH3-(referred to as
ILVM-"3CH) labeled hTRF1 and exploited the methyl-TROSY effect to obtain spectra of high resolu-
tion and sensitivity. The lle region of the "H-">*C HMQC spectrum of ILVM-">CH3 hTRF1 shows a sin-
gle peak arising from lle 29, located in helix 2 (Figure 2A). However, upon addition of 2-fold excess
U-2H DnaK/ADP, at least five peaks are observed for lle 29 at chemical shifts that are distinct from
the resonance position of lle 29 in the free state, labeled as A-E in Figure 2B, suggesting that there
are multiple conformations of DnaK-bound hTRF1. In order to ensure that all the new lle peaks arise
from chaperone-bound hTRF1 molecules, we measured peak-specific diffusion coefficients using a
2D "H-*C HMQC-based pulsed field gradient (PFG) diffusion experiment. Of the diffusion coeffi-
cients that could be quantified reliably, those measured from the new peaks are very similar and are
smaller than the free hTRF1 diffusion rate (Figure 2—figure supplement 1), establishing the exis-
tence of multiple DnaK-bound states of hTRF1 and thus conformational heterogeneity in the bound
ensemble. The multiplicity of conformations that are reported by the lle probes is further confirmed
by the Leu/Val region of "H-"3C HMQC spectra (as discussed in detail below). The majority of Leu
and Val residues in hTRF1 are expected to be far removed from the strongest binding site and thus
in the globally unfolded DnaK-bound state their associated methyl groups would be localized to the
random coil region of HMQC spectra. However, there are a number of peaks outside this region
(Figure 2C, labeled as 1-6) which, as described subsequently, arise from hTRF1 methyl groups of
residues located directly at the DnaK binding site.

The conformational heterogeneity of the chaperone-substrate ensemble can be detected from
spectra of DnaK as well. Upon addition of 2-fold excess U-?H hTRF1 several new peaks appeared in
the "H-3C HMQC spectrum of IM-"3CHs labeled DnaK/ADP (compare Figure 2D and E). These
could be assigned via a methyl-NOESY data set recorded on an ILVM-"*CH;z; DnaK/ADP-U-?H TRF1
sample, making use of available assignments for many of the methyl groups of DnaK/ADP
(Zhuravleva et al., 2012), as arising from four separate conformers of lle 401 and lle 438. The result-
ing crosspeaks are labeled as ‘a’-'d" in Figure 2E along with the lle residue from which they derive.
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Figure 2. DnaK binds substrate via a multiplicity of interactions. The lle region of "H-"*C HMQC spectra of
ILVM-"3CH3 hTRF1 in the absence (A) and in the presence (B) of two-fold excess U-°H DnakK/ADP. The single lle 29
peak in the unbound state (A) disperses into multiple resonances in the hTRF1-DnaK bound state, indicating
multiple DnaK-bound conformations of hTRF1. These are denoted by the letters A-E. (C) Superposition of the Leu/
Val regions of the same spectra shown in panels A and B with peaks arising from binding to DnaK that are outside
the random coil region labeled from 1 to é. (D,E) "H-3C HMQC spectra of IM-"3CH; DnaK/ADP in the absence (D)
and in the presence of two-fold excess U->H hTRF1 (E) showing multiple peaks arising from lle 401 and Ile 438 of
hTRF1-bound DnaK/ADP and labeled as 'a’-'d" along with the lle residue from which the peak originates.

DOI: 10.7554/¢elife.28030.003

The following figure supplements are available for figure 2:

Figure supplement 1. Verifying binding with a PFG diffusion experiment.

DOI: 10.7554/elife.28030.004
Figure supplement 2. Multiple conformers are observed upon DnaK binding to hTRF1 peptides.

DOI: 10.7554/eLife.28030.005

In order to estimate the lifetimes of bound states we recorded a magnetization exchange experi-
ment (Farrow et al., 1994) where the appearance of exchange-relayed crosspeaks between HMQC
correlations provides evidence of exchange. No such peaks were observed in experiments acquired
with a mixing time of 300 ms, establishing that the interconversion between multiple bound states is
slow. Simulations that we have performed are consistent with a substrate off-rate, kos less than
0.3 57", The absence of exchange between bound conformers is consistent with previously measured
slow rates of substrate release from DnaK/ADP (~0.001 s~', 25°C) (Pierpaoli et al., 1998,
Mayer et al., 2000), and in turn also establishes that if DnaK slides between different binding sites
on a substrate polypeptide chain (see below) the rate must be on the order of 0.3 s™" or slower as

well.
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Characterizing the multiple conformations of the DnaK-hTRF1 complex
Having established that the substrate-DnaK complex is conformationally heterogeneous, we pro-
ceeded to characterize the multiple bound states in more detail. Initially we wondered as to whether
the entire hTRF1 polypeptide is essential to observe a multiplicity of bound states or if the heteroge-
neity can be reproduced by the region of the substrate alone that corresponds to the DnaK binding
site. We considered the possibility that regions of hTRF1 removed from the binding site could inter-
act with the DnaK chaperone in different ways, leading to the extra peaks in spectra of both the sub-
strate and the chaperone. In order to address this possibility, we synthesized a small peptide of 16
residues, hTRF1,3 3g, that includes the strongest predicted DnaK binding site but lacks the surround-
ing region and acquired 'H-">C HMQC spectra of IM-"*CH; DnaK/ADP in the free and peptide-
bound states (Figure 2—figure supplement 2A, left). Notably, extra peaks for DnaK corresponding
to lle 401a,b and lle 438a,b were observed so that the presence of the entire substrate polypeptide
chain is not a pre-requisite for observing multiple bound conformations. In a similar manner a second
peptide, hTRF134.49, was produced that contains a weaker DnaK binding site. An extra peak corre-
sponding to lle 401 c is observed in this case (Figure 2—figure supplement 2A, right) that is distinct
from the peaks detected in the spectrum of IM-"*CH; DnaK/ADP bound to hTRF1,3.35 (Figure 2—
figure supplement 2A, left). These experimental results are inconsistent with the notion that the
extra conformers reflect multiple potential interactions between regions of the substrate distal from
the binding site and DnaK.

Next, we tested whether the multiple conformations arise from the interactions between sub-
strate and the a-helical chaperone lid that encloses the substrate-binding pocket. The lid has been
hypothesized to adopt different positions relative to the binding cavity and each position could
result in a distinct orientation for the hydrophobic sidechains of both the substrate and of DnaK (lle
401, lle 438) that line the binding site (Schlecht et al., 2011). In order to test this possibility, we car-
ried out experiments with the ATP-bound form of DnaK as a way to modulate substrate-SBD-lid
interactions and compared the results with those obtained from similar experiments recorded on
DnaK/ADP. Substrate binding to DnaK/ATP results in the formation of an allosterically active DnaK
ensemble that consists of domain-docked as well as -undocked conformations (Zhuravleva et al.,
2012) in which the helical lid is more mobile than in the DnaK/ADP state, as inferred from faster sub-
strate release rates in the ATP-bound conformation (Mayer and Bukau, 2005; Gisler et al., 1998).
HMQC spectra of hTRF1 bound to DnaK/ATP were recorded using an ATP hydrolysis-deficient vari-
ant of the chaperone in which Thr at position 199 was mutated to Ala. The lle region of the "H-'3C
HMQC spectrum of hTRF1 bound to DnaK/ATP shows three separate resonances in addition to the
peak from folded (unbound) hTRF1, Figure 2—figure supplement 2B, with the Leu/Val region
showing additional resonances as well. This is similar to what was observed for the DnakK/ADP bound
state where the lid is in the closed or down orientation, highlighting that multiple DnaK-bound states
of hTRF1 are present even when the lid is not interacting (or interacting less) with substrate. These
results thus argue against the lid being the source of the observed conformational heterogeneity.

High-resolution structures of DnaK-substrate complexes (Zhu et al., 1996; Zahn et al., 2013;
Stevens et al., 2003) establish that the client protein is partly stabilized by hydrophobic interactions
between its sidechains and those of the chaperone that line the binding cavity (Figure 3A). One sub-
strate sidechain, designated to be at position 0 with respect to the DnaK binding cleft, extends
deep into the hydrophobic pocket of DnaK and is in close proximity (~4 A) to the 81-methyl groups
of lle 401 and lle 438 of the chaperone (Figure 3A). In order to ascertain whether different side-
chains of the substrate occupy position O, leading to the observed multiplicity of bound conforma-
tions, we used an isotope-labeling strategy which allowed us to simultaneously detect the key
residues in both substrate and in DnaK. This was achieved by labeling the substrate at lle Y2 and at
the proR-positions of Leud and Valy methyl groups (referred to as ly-proR-LV-">CHs) and labeling
DnaK at lled1 and Mete. Figure 3B (center) shows a 'H-"*C HMQC spectrum recorded on a sample
containing 1.8 mM DnaK/ADP and 0.7 mM hTRF1 incorporating the above labeling scheme. The
crosspeaks from hTRF1 (black) are distinct in their '*C chemical shifts from those belonging to DnaK
(green).

We then exploited the proximity of lle 401 and lle 438 of DnaK to the corresponding substrate
sidechain at position 0 that allowed us to link sets of peaks from hTRF1 (labeled 1-6) and DnaK
(labeled ‘a’-'d’) deriving from the same conformation using a 3D '*C-edited NOESY experiment
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Figure 3. Linking multiple resonances and hence conformers of DnaK and hTRF1. (A) Zoomed region of the crystal structure of a DnaK-NRLLLTG
peptide complex (PDB ID: 1DKZ [Zhu et al., 1996]) highlighting interactions between sidechains of the peptide (magenta) bound to the substrate
binding domain (SBD) of DnaK (green). Key hydrophobic sidechains lining the central cavity of the DnaK binding pocket, lle 401 and lle 438, are shown
as sticks and coloured blue and red respectively. The Leu residue in the substrate occupying this central cavity (L,) and forming hydrophobic
interactions involving lle 401 and lle 438 is shown in cyan. Distances between the key residues in the binding cavity are denoted on the plot. (B) (middle)
"H-"3C HMQC spectrum of 0.7 mM ly-proR-LV-"*CHj3 labeled hTRF1 bound to 1.8 mM IM-"3CHj; labeled Dnak/ADP. Resonances in the HMQC
spectrum arising from hTRF1 are coloured black, while peaks from DnaK are in green. Peaks are identified as in Figure 2. The HMQC dataset is flanked
by four sets of Fi-F3 strips from a 3D methyl NOESY spectrum with correlations of the form (13CJ-—NOE—73C|<—1 Hy). The first set of strips link hTRF1
conformation 3 with DnaK conformation d, the second set link hTRF1 and DnaK conformations 2 and b and so forth. The letter ‘D’ is used to identify
the diagonal peak in each plot. The F, "*C chemical shift is indicated at the bottom of each strip.

DOI: 10.7554/eLife.28030.006
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recorded on the complex prepared as described above. Figure 3B (right and left) shows Fq-F3 strips
from a 3D methyl NOESY spectrum that records correlations of the form (">*C-NOE-"*C,-"H,) with
the F, (*3C,) chemical shift from which the slice was taken indicated at the bottom. Each group of
three NOESY strips highlights crosspeaks 1-4 from hTRF1 (Figure 2C) with correlations ‘a’-'d’,
derived from lle 401 and lle 438 of DnaK (Figure 2E). Since NOESY crosspeaks connect nearby pro-
tons, the residues giving rise to each of the four sets of NOESY triplets (comprising one hTRF1 peak
and one each from lle 401 and lle 438 of DnaK) all belong to the same conformational state of the
hTRF1-DnaK complex, which we refer to as states ‘a’-'d’ in what follows. In this way hTRF1 conforma-
tion 3 (as reported by hTRF1 peak 3 in the "H-'3C HMQC of the complex, Figure 2C) and DnaK con-
formation ‘d’, 2 and 'b’, 1 and 'a’, and 4 and ‘c’ are linked. In total four separate hTRF1 residues
show sets of crosspeaks to lle 401 and lle 438 that report on conformational states ‘a’-'d’ of DnaK
(Figure 3B). Thus, at least four methyl-containing residues of hTRF1 can occupy the central position
of the DnaK binding cleft (Figure 3).

Assigning the residues of hTRF1 occupying the central position of the
DnaK binding cleft

In order to assign the four different peaks from residues at the 0 position (Figure 3) we used a muta-
genesis-based approach. Initially Leu 30 and Leu 31, at the strongest predicted DnaK binding site
on hTRF1, were mutated one at a time to lle and "H-"3C HMQC spectra of the resulting complexes
recorded (either ILVM-"3CH3 labeled L30I or L31I hTRF1 and U-’H Dnak/ADP). When Leu 31 was
mutated to lle the peak corresponding to hTRF1 conformation ‘a’ disappeared from the spectrum
(Figure 4), thus establishing that peak ‘a’ arises from a sub-ensemble of DnaK-bound hTRF1 mole-
cules where Leu 31 is at the 0 position. In a similar manner peak ‘b’ arises from L30 as L,. We subse-
quently confirmed our assignments via a second approach. A peptide corresponding to hTRF1
residues 23-38 was synthesised with selectively U-"3C labeled Leu 30, and the 'H-"*C HMQC spec-
trum of this peptide in complex with U-2H DnaK further established that state ‘b’ corresponds to res-
idue Leu 30 at the DnaK substrate binding site (Figure 4—figure supplement 1A). Moreover, peak
5 of Figure 2C could be readily assigned to the second Leu 30 methyl group (proS). Similarly, a sec-
ond peptide, U-3C L31 hTRF1,3.35 where Leu 31 was U-"3C, was prepared and used to unambigu-
ously assign state ‘a’ to the hTRF1-DnaK complex where Leu 31 is located in the binding pocket
(Figure 4—figure supplement 1B). Peak 6 of Figure 2C could be assigned to the proS methyl of
this residue.

"H-3C HMQC spectra of V-">*CH; hTRF1 in complex with U-?’H DnakK/ADP establish that states ‘c’
and 'd’ correspond to hTRF1 Val residues in the DnaK binding pocket (Figure 4—figure supplement
2). Since there are only two Val in hTRF1 (Val 18 and Val 41), each was mutated independently to lle.
The resulting spectra of V18l and V411 hTRF1 in complex with DnaK/ADP (Figure 4) lead directly to
the assignment of states ‘c’ and 'd’ as arising from Val 41 and Val 18 at position 0, respectively. In
addition, the HMQC spectrum of IM-"3CHz; DnaK/ADP in complex with the peptide hTRF134.49 (Fig-
ure 2—figure supplement 2, right) shows distinct peaks at chemical shifts of lle 401 c and lle 438 c,
confirming the assignment of state c to V41 at position 0. To the best of our knowledge this is the
first study where a Val residue has been shown to occupy the 0 position in a DnaK-substrate com-
plex, although lle, Leu, Met, Pro and cyclohexylalanine are known to be able to bind in the central
pocket (Clerico et al., 2015).

Having assigned the "a-d’ states of hTRF1 to Leu 31, Leu 30, Val 41 and Val 18, respectively, we
next sought assignments for the distinct resonances of lle 29 (Figure 2B). Assignments could not be
obtained, however, because NOEs are not observed between lle 29 and either Leu 30 or Leu 31 in
the complex that would immediately link at least some of the multiple lle correlations with distinct
conformations ‘a-d’. Although it would be expected that 4 lle peaks might be observed in the bound
state, one for each unique conformation ‘a-d’, the presence of 5 lle correlations in the spectrum of
Figure 2B is of interest. It is unlikely that the additional peak derives from a state whereby lle 29 is
localized to the O position of the complex, because NOEs from the y2 methyl group of lle 29 and
the 81 methyls of lle 401 or lle 438 of DnaK (Figure 3B) are not observed, despite the fact that short
distances (<5.1 A to lle 401 and <4.4 A to lle 438) are expected based on an X-ray structure of a
peptide complex where lle occupies the central position (Zahn et al., 2013). Some insight into the
multiplicity is obtained, however, by inspection of an HMQC spectrum of a complex of IM-"CH,
DnaK/ADP and hTRF1 (Figure 4—figure supplement 3) at a low contour level. Notably, two
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Figure 4. Assigning residues of hTRF1 at the central position of the DnaK binding cleft. Selected regions of 'H-'3C
HMQC spectra of wild-type ILVM-"*CH3 hTRF1 bound to U-?H DnaK/ADP (black), overlaid with ILVM-"3CH;
labeled L31I (red), L30I (orange), V41l (cyan) and V18I (green) hTRF1 bound to U-’H DnaK/ADP. The locations of
the four mutations are indicated in the appropriate colour on the structure of native hTRF1 (PDB ID: 1BAS5,
[Nishikawa et al., 1998]) at the top of the figure. The four hTRF1 resonances arising from methyl containing
residues at the O position of the DnaK binding cavity identified from the 3D NOESY (Figure 3) are indicated by
letters ‘a’-'d". These four peaks, all assigned to the proR "*CHs group from proR labeling experiments (see text),
are highlighted for each mutant considered. One among these four resonances in each column, denoted by an
asterisk, disappears in the mutant spectrum thus leading to the assignment of peaks a-d to specific methyl groups
in hTRF1.

DOI: 10.7554/eLife.28030.007

The following figure supplements are available for figure 4:

Figure supplement 1. Assigning states 'a’ and ‘b’ to L31 and L30 respectively.

DOI; 10.7554/eLife.28030.008

Figure supplement 2. Assigning states ‘c’ and 'd’ to Val residues of hTRF1 present at the 0 position of the DnaK
binding cleft.

DOI: 10.7554/eLife.28030.009

Figure supplement 3. Additional unassigned DnaK-hTRF1 conformations.

DOI: 10.7554/eLife.28030.010
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additional pairs of unassigned lle 401 and lle 438 resonances are observed, indicating the presence
of two more states (i.e., beyond the four already characterized). These additional peaks are also
present in a complex of hTRF134.49 and DnaK/ADP so that the bound conformers must involve resi-
dues within the 34-49 region (see Materials and methods). NOEs correlating the unassigned DnaK
lle 401 and 438 crosspeaks to either of the Val (1) or Leu (1) residues in the 34-49 sequence are not
observed; the additional conformations most likely arise, therefore, from other residues at the DnaK
0 position. The appearance of a fifth lle correlation thus most likely reflects one (or both) of these
additional conformers, beyond the four that are characterized presently.

Quantifying the interaction stoichiometry between hTRF1 and DnaK

In order to estimate the stoichiometries of the diverse complexes that have been characterized
above we performed a titration of 0.6 mM Iy-proR-LV-"3CHj; labeled hTRF1 with increasing amounts
of IM-"3CH; DnaK/ADP. Intensities of free and bound resonances of both hTRF1 and DnaK in 'H-"3C
HMQC spectra were quantified as a function of the increasing [DnaK]/[hTRF1}; concentration ratio
where the subscript ‘T" denotes total concentration (i.e., in both free and bound states). Figure 5
shows the concentration-dependent intensities of hTRF1 resonances identified to be at the 0
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Figure 5. Quantifying the stoichiometry of hTRF1 binding to DnaK. Peak intensities from an NMR titration focusing
on the four hTRF1 residues Leu 30, Leu 31, Val 18 and Val 41 that occupy the central position of the DnaK binding
cavity in different DnaK-bound conformations; (A) L31, (B) L30, (C) V41 and (D) V18. The ratio of the total
concentrations of DnaK and hTRF1 at each titration point is plotted along the x-axis. Solid lines have been drawn
to guide the eye and do not have physical significance.

DOI: 10.7554/elife.28030.011

The following figure supplements are available for figure 5:

Figure supplement 1. Simulating multiple binding equilibria for quantifying stoichiometry.
DOI: 10.7554/eLife.28030.012

Figure supplement 2. Quantifying the stoichiometry of hTRF1 binding to DnaK.

DOI: 10.7554/elife.28030.013
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position of the DnaK binding site, corresponding to the four conformations discussed above. As
described in Materials and methods the absolute concentration of hTRF1 decreases throughout the
course of the titration because the sample for each titration point was generated by removing a cal-
culated volume of solution from the previous titration sample and adding the same volume of a
stock solution of DnaK containing no hTRF1.

The mathematical modeling of the titration profiles is complicated by the simultaneous presence
of multiple DnaK-hTRF1 binding equilibria in addition to the known oligomerization equilibrium of
free DnaK/ADP (Schénfeld et al., 1995, Thompson et al., 2012) and some aggregation of the sam-
ple during the course of the titration. However, general features of the binding equilibria can still be
obtained. Numerical simulations applicable to the titration mode employed here show that under
conditions of tight binding, species with 1:1 stoichiometry are maximally populated at a [DnaK];/
[TRF1]; ratio of 1, while species with two bound DnaK molecules occur maximally at a ratio of 2
(Materials and methods, Figure 5—figure supplement 1), even when multiple equilibria are present.
The maxima for states 'a’, 'b’ and 'd’, corresponding to complexes with Leu 31, Leu 30 and Val 18
occupying position 0, all occur at [DnaK}/[TRF1}; ratios of 1, indicating that the stoichiometries in
these cases are 1 DnaK to 1 hTRF1 (Figure 5A,B,D). Interestingly, however, the maximum for the 'c’
state, with Val 41 at 0, is at a ratio of 2, indicating that this sub-ensemble has two DnaK molecules
bound to each hTRF1 chain (Figure 5C). Currently we have not been able to identify where the sec-
ond DnaK binds on hTRF1 of conformation ‘c’. Similar conclusions are obtained by focusing on cross-
peaks from lle 401 and lle 438 from the DnaK side as well (Figure 5—figure supplement 2).
Multiple DnaK molecules have been proposed or modeled to bind large substrate polypeptides
such as luciferase (Szabo et al., 1994) and rhodanese (Han and Christen, 2003; Kellner et al.,
2014). Our data provides evidence for the existence of higher binding stoichiometries than 1:1 at
equilibrium in solution even for a small 53 amino acid substrate, suggesting that multiple occupancy
of closely spaced binding sites on typical substrate molecules (Riidiger et al., 1997) is indeed possi-
ble. The presence of 2:1 DnaK:hTRF1 complexes amongst at least three other conformers that are
singly bound further adds to the heterogeneity of the mixture and the variety of conformations sam-
pled by the hTRF1 chain in the chaperone-bound state.

A qualitative estimate of the relative dissociation equilibrium constants (Ky) for the three 1:1
hTRF1-DnaK complexes with Leu 31, Leu 30 and Val 18 occupying position 0 can also be obtained
from the titrations, provided differences in relaxation rates for the methyl resonances from these
states can be neglected and peak intensities reflect the concentrations of the respective molecular
species. In this regard "H and "3C linewidths of lle 401 methyl resonances, as measured in 'H-"3C
HMQC spectra of hTRF1-bound DnaK in the four states a-d, are similar, with a maximum deviation
from the mean of 6.1 Hz in "H and 3.4 Hz in "3C. This difference in "H linewidth translates roughly
into a relative relaxation loss of 13% during constant duration transfer periods in the HMQC pulse
sequence, so that differential relaxation losses between the four states are small. With these approx-
imations the intensities of states 'a’, ‘b’ and 'd’ at the maxima in the titration profiles provide an esti-
mate of the relative binding strengths. The ratio of lle 401 resonance intensities for a:b:d at a
[DnaKlt/[hTRF1}; value of 1 are 1:0.4:0.05, corresponding to relative Ky values and free energy dif-
ferences between the states of 1:2.6:20.1 and 0:0.6:1.8 kcal/mol, respectively, at 35°C. Thus, while
each site on hTRF1 binds DnaK with its own specific affinity, and while quantitation is necessarily
only approximate, it is clear that the multiple conformations are all thermally accessible and signifi-
cantly populated at equilibrium.

Probing rotamer distributions of the DnaK binding site residues

The diversity of substrates that can bind to DnaK implies that the binding pocket possesses consid-
erable flexibility with which to accommodate chains with different sequences and conformations.
The binding site residues are also highly conserved in evolution and amino acid substitutions result
in impaired function (Mayer and Bukau, 2005; Mayer et al., 2000), showing that the binding pocket
architecture is vital for chaperone activity. In order to estimate the flexibility inherent in the DnaK
binding pocket, we analyzed the rotameric distributions of lle 401 and lle 438 in the four bound con-
formations described above. lle sidechains predominantly sample the trans and gauche- %, rotameric
states in solution (Hansen et al., 2010) with dihedral angle , values of 170° and 300° respectively.
3C chemical shifts are robust reporters of the residue-specific fractions of trans and gauche-
(Hansen et al., 2010) and using the 13C 81 chemical shift values for lle 401 and lle 438 in states ‘a’-
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‘d" we computed the fractional populations of the trans and gauche- rotameric states in each case
(Table 1). The rotamer distributions for the two lle residues vary substantially in the different bound
conformations, ranging from 42% gauche- for lle 401 and 100% gauche- for lle 438 in state ‘d’, to
99% gauche- for lle 401 and 46% gauche- for lle 438 in state ‘b’. Thus, despite being highly con-
served in evolution the DnaK binding site residues retain considerable flexibility, allowing the bind-
ing pocket to accommodate different substrate sidechains. Notably, the fractional population of the
trans conformer of lle 438 increases by almost 2-fold, from 28% to 54% between states ‘a’ and 'b’,
both of which have a Leu residue at position 0, indicating that it is not merely the identity of the
amino acid residing at 0 that governs the topology of the binding cleft.

Relevance of the observations for other substrates and Hsp70
chaperones

The B-sandwich domain in the DnaK SBD shows a high degree of conservation within the Hsp70 fam-
ily of chaperones (Mayer and Bukau, 2005; Zhang et al., 2014). The conserved topology of the
substrate binding site suggests that the multiplicity of DnaK-substrate conformations observed pres-
ently should be a common characteristic of Hsp70-client complexes in general. In order to verify this
we recorded HMQC spectra of a sample of ILVM-">CH; hTRF1 containing a two-fold excess of
human U-?H Hsc70/ADP (Figure 6). The lle region of this spectrum clearly shows at least four peaks
for lle 29 in the presence of Hsc70, demonstrating the existence of conformational heterogeneity in
the Hsc70-hTRF1 complex as well. Three-helix bundle proteins have previously been shown to
represent ~10% of all in vivo substrates interacting with E.coli DnaK (Calloni et al., 2012); in addi-
tion, conformational heterogeneity has also been detected in the binding of a B-sheet protein with
DnaK (Lee et al., 2015). Taken together, these observations suggest that the promiscuity of Hsp70
and the heterogeneous nature of Hsp70-client complexes are general features, beyond what has
been characterized in detail in the present study of the DnaK-hTRF1 complex.

Discussion

In this study we have used selective isotope-labeling strategies involving methyl group probes in
combination with NMR experiments that exploit a methyl-TROSY effect to characterize complexes
of the E.coli Hsp70 chaperone (DnaK) and a model substrate hTRF1. The beneficial relaxation prop-
erties of methyl groups enable the detection of resonances from the DnaK binding site, unlike in
"H-">N experiments where such resonances are too broad to be observed. We find that the residues
that are part of the DnaK binding pocket are inherently malleable so that DnaK can recognize and
bind to at least four different sites on the small 6 kDa, 53 residue hTRF1 substrate that have been
characterized in the present work. Since typical client proteins of DnaK are much larger than 53 resi-
dues, it is very likely that DnaK will bind to multiple client sites, generally. This will lead to a pool of
substrates that are segregated into a highly heterogeneous mixture of sub-ensembles, each of which
has a DnaK chaperone bound to one or more specific locations, and each with unique conforma-
tional features that ultimately facilitate a broad exploration of the free energy landscape (see
below).

What advantage does the promiscuity of Hsp70 in client recognition confer on the client protein?
Consider a hypothetical substrate with three binding sites for Hsp70 from which three sub-ensem-
bles of Hsp70-bound substrates are generated (Figure 7). Chaperone binding results in different
lengths of polypeptide both upstream and downstream of the point of contact and the resulting N-

Table 1. Percentages of Trans and Gauche- Ile 401 and lle 438y, Conformations*.

a (Leu 31) b (Leu 30) c (Val 41) d (Val 18)

lle 401 lle 438 lle 401 lle 438 lle 401 lle 438 lle 401 lle 438
Trans 0.86 0.28 0.99 0.54 0.66 0.00 0.58 0.00
Gauche- 0.14 0.72 0.01 0.46 0.34 1.00 0.42 1.00

*Fractional Trans and Gauche- x, conformations calculated from lle *C3' chemical shifts according to Hansen et al. (2010) for conformers ‘a’-'d". The
identities of hTRF1 residues at the 0 position are noted.
DOI: 10.7554/elife.28030.014
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Figure 6. Both human Hsc70 and E.coli DnaK interact with hTRF1 at multiple sites. Overlay of a "H-"*C HMQC
spectrum of 200 uM ILVM-"3CH; hTRF1 containing a two-fold excess of U->H Hsc70/ADP (red) with the spectrum
of (A) free ILVM-"*CH3 hTRF1 (black) and (B) ILVM-"3CH3 hTRF1 bound to U-*H Dnak/ADP (blue). Four peaks are
observed for the lone lle 29 of hTRF1 bound to Hsc70, demonstrating that multiple conformations of the
chaperone-substrate complex are formed with both E.coli Hsp70 (DnaK) and its human ortholog (Hsc70).

DOI: 10.7554/elife.28030.015

and C-terminal segments, that are different in the three sub-ensembles, can form different amounts
of secondary and tertiary structure while bound to Hsp70. Subsequently, when the substrates are
released for downstream folding the starting conformations can be significantly different. Some of
the starting structures will misfold while others that are more amenable to folding will attain their
native form. Misfolded proteins can re-enter the chaperone cycle by binding to Hsp70 using another
site, thereby increasing their overall chances of avoiding the same kinetic trap. The heterogeneity
resulting from Hsp70 binding thus enables the client protein to explore a number of starting confor-
mations, that lead to the formation of different amounts and types of local structure, as a means for
navigating kinetic traps in the conformational free energy landscape and for promoting efficient fold-
ing to the native state. Such a mechanism of Hsp70 function is expected to be particularly beneficial
for proteins with rugged free energy landscapes and local minima that trap misfolded and aggrega-
tion-prone conformations, where folding yield is increased by recycling kinetically trapped molecules
at the expense of a decrease in folding rate resulting from repeated binding to the Hsp70 chaper-
one (Agashe et al., 2004). Slower folding in the presence of the Hsp70 chaperone system has
indeed been observed in the literature for RNase H (Sekhar et al., 2012a), though such a decrease
is predicted to be negligible for fast-folding proteins like hTRF1 (56) (Figure 7—figure supplement
1.

Our data provides a rationale for why substrate proteins typically undergo multiple rounds of
binding and release before folding to the native state (Mayer, 2013; Szabo et al., 1994;
Clerico et al., 2015; Sharma et al., 2010). Large proteins like luciferase are expected to have sev-
eral kinetic traps in their folding free energy landscape; in the first binding cycle it is conceivable
that only a few sub-ensembles of Hsp70-bound luciferase lead to starting conformations for the cli-
ent upon release that bypass these kinetic traps and result in efficient folding. The other molecules
fall into kinetically trapped misfolded states that then rebind Hsp70. Since only a fraction of folding-
competent conformations are generated during any particular iteration of the Hsp70 chaperone
cycle, it follows that the net probability of folding and hence the folding efficiency increases with the
number of iterations that a substrate undergoes through the chaperone cycle. Our work also sheds
light into the cause of the conformational heterogeneity that was previously reported for a complex
between the N-terminal SH3 domain from Drk and DnaK based on the observation of multiple peaks
for specific residues in a "H-">N HSQC spectrum of the complex (Lee et al., 2015). While the origin
of the peaks was unclear in that study it now appears that DnaK may be able to bind to the SH3
domain in different ways. Multiple modes of binding, including the existence of forward and reverse
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Figure 7. Model of a substrate with three Hsp70 binding sites (indicated in different colors) forming three distinct
Hsp70 bound sub-ensembles. By increasing the number of interaction sites a larger region of conformational
space can be explored from which folding of the substrate occurs upon release from the chaperone. Proteins
stuck in kinetic traps can enter the cycle again with Hsp70 binding to different sites increasing the probability of

proper folding.
DOI: 10.7554/eLife.28030.016

The following figure supplement is available for figure 7:

Figure supplement 1. Folding of hTRF1 without and with DnaK/DnaJ/GrpE (K/J/E).

DOI: 10.7554/eLife.28030.017
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modes and registry shifts, have also been seen in crystal structures of short peptides with DnaK
(Zahn et al., 2013). Here we establish that such multiple binding modes can exist at equilibrium in
solution and we elucidate the molecular determinants for the formation of a heterogeneous chaper-
one-substrate ensemble.

The model proposed above for Hsp70-mediated protein folding is broadly similar to that pro-
posed for GroEL/ES function, wherein GroEL/ES maintains kinetically trapped conformers in a glob-
ally unfolded state and subsequently releases them for folding (Weissman et al., 1994, Todd et al.,
1996). However, in the case of Hsp70 the starting conformation for substrate folding can potentially
be different in every binding cycle. Therefore, Hsp70-mediated folding does not rely passively on
stochastic refolding from the same conformation, but instead actively alters starting structures as a
strategy to sample a different folding pathway and hence different regions of conformational space
during each iteration. The presence of multiple chaperone interaction sites on the substrate is a fea-
ture shared between Hsp70, SecB (Lilly et al., 2009; Huang et al., 2016) and trigger factor
(Saio et al., 2014). However, SecB and trigger factor utilize several surface-exposed hydrophobic
pockets for capturing substrate molecules, resulting in a complex where the substrate wraps around
the chaperone and buries 4000-8000 AZ? of surface area at the interface (Lilly et al., 2009,
Huang et al., 2016; Saio et al., 2014). Such a multivalent mode of interaction is consistent with the
role of trigger factor and SecB in keeping the substrate unfolded and extended prior to transfer to
downstream Hsp70 chaperones (trigger factor) (Teter et al., 1999; Deuerling et al., 1999) or in the
case of SecB prior to secretion or delivery to the SecA ATPase (Bechtluft et al., 2010). In contrast,
Hsp70 interacts with substrates using predominantly one binding site (though interactions with the
o-helical lid have been observed previously [Smock et al., 2011]) that contacts the substrate mini-
mally at 4-5 residues, allowing the rest of the chain to explore conformational space. The mechanism
of Hsp70 action is thus different from those of SecB and trigger factor and appears to be tailored
towards its function in assisting protein folding.

The chaperone-substrate interaction studied here adds to the increasing number of examples of
conformational heterogeneity observed in concert with molecular recognition (Boehr et al., 2009,
Mittag et al., 2010). In the present case the multiplicity of Hsp70 client binding modes leads to
static disorder at the binding interface, where each sub-ensemble has a well-defined structure, with
dissociation and subsequent re-association of the substrate occurring on a slow timescale. We have
shown earlier that parts of the substrate polypeptide chain distal to the Hsp70 binding site are glob-
ally unfolded with local secondary structure (Sekhar et al., 2015, 2016), resulting in rapidly intercon-
verting states and dynamic disorder in these regions. Such a fuzzy complex with static and dynamic
disorder enhances exploration of the free energy landscape, facilitating the efficient folding of the
substrate to its native conformation.

Materials and methods

Peptides

Unlabeled hTRF1,3.35 (EGNWSKILLHYKFNNR) and hTRF134.49 (KFNNRTSVMLKDRWRT) peptides
were synthesized by GenScript (http://www.genscript.com). hTRF1,3.35 labeled with "3C at position
30 or 31 was synthesized by New England Peptide (www.newenglandpeptide.com) using U-"3C-Leu,
which was a generous gift from Cambridge Isotopes Limited.

Protein overexpression, purification and isotope labeling for NMR
spectroscopy

Hsc70

Human T199A Hsc704_¢4¢ (UniProt ID P11142, referred to as Hsc70 in this manuscript) was expressed
in E. coli BL21-CodonPlus (DE3)-RIPL cells from a pProEx plasmid carrying an N-terminal polyhisti-
dine tag (a gift from J. Young, McGill University, Montreal, Canada). Cells were grown in minimal
M9 D,O media containing 1 g/L ">NH4Cl and 3 g/L [*H,"?C]-glucose as the sole nitrogen and carbon
sources respectively to an ODggg of ~0.8, at which point expression was induced by the addition of
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and allowed to proceed overnight at 25°C.
Following expression, bacteria were harvested and the Hsc70 protein purified on nickel nitrilotriace-
tic acid (Ni-NTA) resin (GE Healthcare) under denaturing conditions (6 M GuHCI) to ensure complete
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removal of bound nucleotides. Hsc70 was refolded on the Ni-NTA column by gradually reducing the
concentration of denaturing agent in the wash buffer (from 6 M to 0 M GuHClI), and the N-terminal
polyhistidine tag was removed via TEV (tobacco etch virus) protease cleavage. The cleaved protein
was further purified on a HiLoad 16/60 Superdex 200 pg gel filtration column (GE Healthcare) equili-
brated with 50 mM HEPES (pH 7.5), 50 mM KCI, 1 mM dithiothreitol (DTT), and 0.03% NaNs3.

Mutant and wild-type hTRF1 and DnaK

Samples of hTRF1, both wild-type (wt), and V18I, L30I, L31] and V41l mutants and DnaK, wt and
T199A, were prepared and purified as described earlier (Sekhar et al., 2015). Proteins were overex-
pressed in BL21(DE3) cells grown in minimal M9 D,O media containing 1 g/L ">NH,Cl and 3 g/L
[2H,12C]-g|ucose as sole nitrogen and carbon sources respectively. U-?H, 1led1-"3CHs;, Leu/
Val-"*CH3/"2CD3, Met-">CHs-labeling was achieved following the procedures of Tugarinov et al.
(2006) and Gelis et al. (2007). Stereospecific methyl labeling of Leu and Val prochiral methyls,
proR-LV-13CH3, was achieved as detailed previously (Kerfah et al., 2015; Gans et al., 2010), with
13CHs-labeling at the lley2 positions using the approach of Ruschak et al. (2010). V-"*CH; hTRF1
was prepared through the addition of the precursor for Leu/Val methyl labeling during cell growth,
but with the addition of an excess (100 mg/L) of U-?H,"°C Leu (a generous gift from Cambridge Iso-
topes Limited). NMR samples were prepared in 100% (vol/vol) D-O buffer (pH 8) composed of 50
mM HEPES, 50 mM KCI, 5 mM MgCl,, 1 mM TCEP, 1 mM EDTA, 0.03% NaN3, and 5 mM ATP or
ADP when required.

NMR spectroscopy

NMR spectra were acquired on 14.1 T Varian INOVA (600 MHz 'H Larmor frequency) or 18.8 T
Bruker (800 MHz) spectrometers, equipped with cryogenically cooled probes. All NMR measure-
ments were carried out at 35°C unless specified otherwise. The temperature inside the sample cham-
ber of the spectrometer was measured using a thermocouple inserted into an NMR tube containing
D.O. The software packages NMRPipe (Delaglio et al., 1995) and Sparky (Goddard and Kneller,
2006) were used for processing and visualizing NMR datasets respectively.

Diffusion measurements

Translational diffusion coefficients were measured on a sample of ILVM-"3CHj; labeled hTRF1 (0.3
mM) containing 0.5 mM DnaK/ADP using a 2D '3*C-edited HMQC-based pulsed field gradient (PFG)
NMR experiment that is very similar to a previously published "®N-based sequence but with >N and
3C pulses interchanged (Choy et al., 2002). Magnetic field gradients were varied between 4 and 60
G/cm with 1 ms encoding and decoding gradient durations, and a diffusion delay of 200 ms was
employed. Peak lineshapes were fit using the program FuDA (http://www.biochem.ucl.ac.uk/hansen/
fuda/) to extract intensities (I) as a function of squared gradient strength (G?), which were subse-
quently fit to a single exponential decay function of the form | = I exp(-dG?) to determine relative
diffusion coefficient values, where Iy is the peak intensity in the absence of encoding/decoding gra-
dients and d is proportional to the diffusion constant.

3c-"*c-"H NOESY

Intermolecular NOEs were quantified by recording a 3D '*C-edited NOESY dataset (200 ms mixing
time) from which correlations of the form (13Cj-NOE-13Ck-1Hk) were obtained. The HMQC version
used is based on an HSQC scheme published previously (Zwahlen et al., 1998). The NOESY spec-
trum was acquired on a sample containing 0.7 mM Iy-proR-LV-"3CH; hTRF1 and 1.8 mM IM-"3CHs
DnaK/ADP.

NMR titrations

NMR titrations were carried out starting with a 0.6 mM sample of ly-proR-LV-">*CH; hTRF1 and a 2.1
mM IM-"3CH; DnaK/ADP stock solution. Titrations were performed by removing an aliquot from the
titrating solution and adding an identical volume of the stock DnaK/ADP solution. Consequently, the
concentration of hTRF1 decreases during the course of the titration while the volume of the sample
remains constant. Peak lineshapes were fit globally across all titration points using FUDA to estimate
intensity as a function of the [DnaK}y / [nTRF1}; ratio.
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Simulating NMR titration profiles
Consider the binding of DnaK (K) to hTRF1, which in turn exchanges between native (N) and

unfolded (V) states at equilibrium, with a folding constant Kyy = % (the notation [i] stands for the

equilibrium concentration of species /). We have previously measured Kyy to be 22.7, 35°C, based

n >N CEST experiments (Vallurupalli et al., 2012). In the models that follow we assume that K
binds U and not N, as we have assumed previously (Sekhar et al., 2015), although this is not essen-
tial for any of the conclusions presented. Let the total concentration of DnaK and hTRF1 at a titration
point be [K]lr and [N]r respectively, where we note that successive titrations points involve the
removal of a given amount of solution and replacing it with an equivalent volume of DnaK, as
described in ‘NMR titrations’ above. Consider, first, the formation of both 1:1 (UK) and 1:2 (UK2)

hTRF1-DnaK complexes with association (dissociation) constants K; (Ky¢) and K; (Kg,) such that K| =

[UKZ] _ [UK
Kaz ~ KK — &[0

balance equations are given by

L and K, =

0 [U][K] Linear Model of Figure 5—figure supplement 1. The mass

[N];= [N]+ [U] + [UK] + [UK2],

[K],= [K] + [UK] + 2[UK2).

Taken together these equations can be used to derive an expression for the free DnaK concentra-
tion at equilibrium as the solution of the cubic equation

a[K)+b[K*+¢[K) +d =0,
where

a=K K>,
b=K; +KK,(2[N]; — [K];),
c=14+Kyny+K; ([N]T - [K}T)7

d = —(1 -‘rKUN)[K]T

The cubic equation was solved using the software package MATLAB (The Mathworks Inc., Natick,
MA, U.S.A.) and combined with the expressions for equilibrium constants to yield concentrations of
the various species at each of the [K]; and [N]r values used in the titration. These in turn form the
basis for the Linear Model of Figure 5—figure supplement 1.

We have also considered a more complex model (Square Model of Figure 5—figure supplement
1) in which there are two binding sites for DnaK resulting in the formation of 1:1 complexes UKA

and UKB, with association (dissociation) constants K; (Ky1) and K> (Kg0) such that K; = KL,“ = %gﬁ@ and
K, =L KB " (JKA and UKB can then bind a second molecule of DnaK to form a dimer UKAB. The

Ko U][K
two binding sites are assumed to be independent of each other, and consequently the opposite
arms of the square model have identical equilibrium constants. This gives an expression for the equi-
librium concentration of the dimeric species UKAB as

UKAB] = K [UKA][K] = K\ [UKB][K] = K Ka[U] (KT
The mass balance equations are given by
[N]z= [N]+ [U] + [UKA] + [UKB] + [UKAB],
[K];= [K] + [UKA] + [UKB) +2[UKAB].

The expression for the free DnaK concentration at equilibrium for the Square Model of Figure 5—
figure supplement 1 is the solution of the cubic equation
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a[K)+b[K*+¢[K) +d =0,
where

a=KK,
b=K,+K> +K1K2(2[N]T - [K}T)’
c=1+Koy + (K +K2) ([N — [K];),

d=—(1+Kyn)[K];.

The cubic equation was solved using MATLAB and combined with the expressions for equilibrium
constants to yield concentrations of the various species at each of the [K]r and [N]r values used in
the titration.
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