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Abstract Molecular recognition is integral to biological function and frequently involves
preferred binding of a molecule to one of several exchanging ligand conformations in solution. In
such a process the bound structure can be selected from the ensemble of interconverting ligands a
priori (conformational selection, CS) or may form once the ligand is bound (induced fit, IF). Here we
focus on the ubiquitous and conserved Hsp70 chaperone which oversees the integrity of the
cellular proteome through its ATP-dependent interaction with client proteins. We directly quantify
the flux along CS and IF pathways using solution NMR spectroscopy that exploits a methyl TROSY
effect and selective isotope-labeling methodologies. Our measurements establish that both
bacterial and human Hsp70 chaperones interact with clients by selecting the unfolded state from a
pre-existing array of interconverting structures, suggesting a conserved mode of client recognition
among Hsp70s and highlighting the importance of molecular dynamics in this recognition event.
DOI: https://doi.org/10.7554/eLife.32764.001

Introduction

An elaborate network of chaperones is present in organisms across all domains of life to oversee the
health of the cellular proteome (Balchin et al., 2016). The Hsp70 family of molecular chaperones
occupies a central node in this network, steering proteins synthesized on the ribosome to their
native conformations, as well as cooperating with the machinery of protein disaggregation, refolding
and proteolysis to control the fate of improperly folded and aggregated cellular proteins
(Mayer and Bukau, 2005; Mayer, 2013; Mogk et al., 2015; Rosenzweig et al., 2013). Hsp70 inter-
acts with client substrates via an ATP-dependent chaperone cycle that is tightly regulated by Hsp40
co-chaperones and nucleotide exchange factors (NEFs) (Balchin et al., 2016; Mayer and Bukau,
2005; Mayer, 2013). Substrates are brought to the cycle by either Hsp40 or ATP-bound Hsp70 and
typically undergo multiple rounds of binding and release before either folding to the native state or
being transferred to downstream chaperone systems such as GroEL/ES and ClpB (bacteria) or Hsp90
and Hsp104 (eukaryotes).
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elLife digest Proteins are the workhorses of a cell and are involved in almost all biological
processes. Newly made proteins need to ‘fold’ into precise three-dimensional shapes in order to
carry out their roles. However, proteins sometimes fold incorrectly or unfold. These protein forms
are not able to work effectively and in some cases may even cause diseases.

Chaperone proteins help other proteins to fold correctly and are found in living organisms
ranging in complexity from bacteria to humans. There are many different types of chaperones that
play different roles inside cells. One, called Hsp70, binds to proteins that are incorrectly folded to
help them to mature into their correct structures. However, it was not clear whether Hsp70 can also
associate with the mature, correctly folded form of the proteins.

A technique called Nuclear Magnetic Resonance (NMR) spectroscopy can distinguish between
mature, unfolded and chaperone-bound forms of the same protein. Sekhar et al. therefore used
NMR to investigate which forms of a protein Hsp70 binds to. This revealed that both the bacterial
and human versions of the Hsp70 chaperone interact only with unfolded proteins.

The results presented by Sekhar et al. also explain why Hsp70 does not disrupt the routine
workings of the cell: because it does not bind to mature forms of proteins. These observations
extend our understanding of how chaperones assist in folding proteins, and fit into a broader
research theme exploring how proteins recognize one another. It will now be interesting to see
whether the same mechanism holds for more complex forms of proteins, such as aggregates, or
larger protein structures with regions of both folded and unfolded elements.

DOI: https://doi.org/10.7554/elife.32764.002

Hsp70 is a 70 kDa protein that consists of a 45 kDa N-terminal ATPase domain (NBD) and a 25
kDa C-terminal substrate binding domain (SBD) (Figure 1A) (Mayer and Bukau, 2005). Much of our
understanding of client recognition by Hsp70 derives from studies of peptide-based substrates.
Crystal (Zhu et al., 1996; Zahn et al., 2013) and NMR structures (Stevens et al., 2003) of peptide-
bound SBDs establish that the substrate binds in an extended conformation, with a 4-5 amino acid
core of the substrate forming backbone hydrogen bonds as well as hydrophobic contacts with chap-
erone residues Val 436, lle 401 and lle 438 that line the SBD binding pocket (Figure 1B). The hydro-
phobic nature of the central binding pocket governs the preference of Hsp70 for substrate
sequences enriched in large aliphatic hydrophobic sidechains such as lle, Leu and Val
(Rddiger et al., 1997). Studies on full length protein substrates have revealed that these are globally
unfolded in the Hsp70-bound state (Palleros et al., 1994, Kurt et al., 2006, Chen et al., 2006;
Kurt and Cavagnero, 2008; Sharma et al., 2010; Kellner et al., 2014; Lee et al., 2015;
Sekhar et al., 2015) and lack long-range interactions (Sekhar et al., 2016), though they can form
local residual native (Sekhar et al., 2015) and non-native secondary structure (Kurt and Cavagnero,
2008) in regions far from the Hsp70 binding site. The ability of Hsp70 to recognize commonly occur-
ring sequences in typical proteins with a frequency of about 1 in 40 residues makes it a promiscuous
interactor (Rosenzweig et al., 2017), generating a highly heterogeneous Hsp70-substrate ensemble
that ensures the efficient search of conformational space for an optimal folding pathway (Lee et al.,
2015; Rosenzweig et al., 2017, Sekhar et al., 2017). The structural constraints of the Hsp70 bind-
ing pocket (Figure 1C) are such that only an unfolded stretch of polypeptide can fit into the binding
groove if the helical lid is closed (Zhu et al., 1996), though more compact protein conformations
can be accommodated if the lid is partially open (Schlecht et al., 2011).

Hsp70 function involves altering the conformation of client proteins (Mayer, 2013;
Rodriguez et al., 2008; Goloubinoff and De Los Rios, 2007; Clerico et al., 2015) during folding
(Sharma et al., 2010; Szabo et al., 1994) and disaggregation (Mogk et al., 2015), as well as dis-
mantling of oligomeric assemblies such as clathrin coats (Bécking et al., 2011; Sousa et al., 2016)
that surround vesicles involved in intra-cellular trafficking. However, the molecular mechanism by
which Hsp70 causes these diverse conformational changes remains poorly understood. The struc-
tures of the Hsp70 chaperone in its ATP (Kityk et al., 2012; Qi et al., 2013) (Figure 1D) and ADP
states (Bertelsen et al., 2009) (Figure 1A) are substantially different and the conformational switch
that occurs in Hsp70 upon ATP hydrolysis has been hypothesized to perform conformational work
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Figure 1. Structure of the E.coli Hsp70 (DnaK) chaperone. (A) Cartoon representation of the NMR structure of
DnaK/ADP (Bertelsen et al., 2009) showing the N-terminal ATPase domain (NBD) and the C-terminal substrate
binding domain which consists of a B-sandwich subdomain and an a-helical lid (PDB ID: 2KHO). (B) An enlarged
view of the substrate binding cleft showing key hydrophobic residues Ile 401, Val 436 and lle 438 of DnaK as green
sticks forming contacts with the substrate residue that occupies the central binding position (cyan sticks) (PDB ID:
1DK2) (Zhu et al., 1996). The remainder of the peptide substrate is shown in red. (C) Space filling structure of the
substrate binding domain (SBD) with a closed conformation of the helical lid, illustrating the pore that the
substrate (red) threads through. (D) The crystal structure of DnaK/ATP in the absence of substrate (Kityk et al.,
2012; Qi et al., 2013), showing that upon ATP hydrolysis the o-helical lid becomes docked on the B-sandwich
domain concomitant with the undocking of NBD and SBD (PDB ID: 4B9Q).

DOI: https://doi.org/10.7554/elife.32764.003

on the bound substrate and alter its structure (Mayer, 2013; Clerico et al., 2015). Contrary to this
hypothesis, NMR studies by our group have shown that the dominant native (i.e., unbound) and
bound conformations of a substrate can be significantly different despite the fact that the structure
of the substrate in the ADP-bound, ATP-bound and nucleotide-free forms of Hsp70 are identical,
showing that ATP hydrolysis does not have to be coupled to a substrate conformational change in
the Hsp70 chaperone system (Sekhar et al., 2015).

Two limiting-case mechanisms have been proposed for the binding of Hsp70 to its target sub-
strates, namely conformational selection (CS) and induced fit (IF), also referred to in some reports as
the holdase and the unfoldase models, respectively (Mayer, 2013; Sharma et al., 2010;
Rodriguez et al., 2008; Goloubinoff and De Los Rios, 2007, Clerico et al., 2015; Bécking et al.,
2011; Slepenkov and Witt, 2002). In some cases conformational transitions in the substrate may
occur in the absence of Hsp70 binding but still form an important component of the binding pro-
cess. For example, the binding of Hsp70 to the clathrin triskelion that leads to downstream uncoat-
ing of a clathrin-coated vesicle has been postulated to occur via local conformational fluctuations in
individual clathrin molecules that transiently expose the Hsp70 binding site (Bocking et al., 2011).
The recognition of 62 by E.coli Hsp70 (DnaK) has also been hypothesized to occur through transient
excursions of the 632 molecule from a compact conformation where the binding site is sequestered
in a helix to a more accessible extended structure (Rodriguez et al., 2008). In contrast, the IF-like
unfoldase model is believed to operate in accelerating the folding of large protein substrates such
as luciferase by transforming misfolded kinetically trapped states into unfolded but folding-compe-
tent conformations (Sharma et al., 2010).
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In general, distinguishing between CS and IF mechanisms (Changeux and Edelstein, 2011)
requires a consideration of both structure and kinetics. For example, in order to establish that a par-
ticular binding interaction occurs via CS, it is necessary both to demonstrate that a very similar con-
formation to that in the bound state is sampled in the absence of the binder and to show that the
formation of the complex occurs primarily via a kinetic pathway whereby the conformation of the
ligand that resembles the bound form is selected for binding. While there is compelling evidence in
a number of cases for the pre-sampling of a bound conformation in the unbound state (Boehr et al.,
2009; Tzeng and Kalodimos, 2009; Ye et al., 2016, Lange et al., 2008; Anthis et al., 2011,
Venditti and Clore, 2012), very few reports have unequivocally established that such a conformation
is on-pathway to the bound state (Birdsall et al., 1980; Daniels et al., 2014, Daniels et al., 2015;
Chakrabarti et al., 2016). Indeed, pre-sampling of a bound conformation does not automatically
imply that the bound state forms from such a conformation. Several recent studies have sought to
make this clarification by formulating the CS and IF mechanisms in terms of the flux of molecules
flowing through the two pathways to the bound state (Hammes et al., 2009; Weikl and Paul,
2014).

Herein, in an effort to further characterize how Hsp70 chaperones bind to cognate substrates, we
address which of the competing pathways, CS or IF, better explains the binding interaction between
Hsp70 and its targets. We consider a pair of folding competent substrates with very different sec-
ondary structures (a-helix and B-sheet) and both E. coli and human (Hsc70) chaperones and probe
the binding reaction using magnetization exchange (Farrow et al., 1994; Palmer et al., 2001) and
chemical exchange saturation transfer (CEST) NMR methodology (Vallurupalli et al., 2017,
Anthis and Clore, 2015), which simultaneously provide structural information about each of the par-
ticipating components as well as the kinetics of the recognition event. The NMR experiments exploit
selective isotope labeling (Kerfah et al., 2015) and methyl transverse relaxation optimized spectros-
copy (methyl TROSY) (Tugarinov et al., 2003; Ollerenshaw et al., 2003) approaches so that large
protein assemblies such as the Hsp70-substrate complex can be probed quantitatively at atomic res-
olution. We have carried out equilibrium measurements and analyzed the resulting kinetic parame-
ters in terms of fluxes along the competing CS and IF pathways, where formation of the unfolded
bound conformer is predominantly the result of chaperone binding to either unfolded or native sub-
strate states, respectively. Our results establish that the dominant binding process is via the CS
mechanism for both substrates considered, and for both DnaK and human Hsc70, suggesting that
the CS mode of Hsp70 recognition may be conserved. Our data highlight the importance of molecu-
lar dynamics in Hsp70 chaperone-substrate binding and emphasize the potential of NMR spectros-
copy in providing unambiguous mechanistic insights into key biological processes that involve
molecular interactions.

Results

NMR experiments probing CS and IF modes of Hsp70-substrate
interactions

In what follows we consider a solution comprising client protein substrate and Hsp70 (referred to as
K) at equilibrium. The client protein is not characterized by a single structure, but rather by an
ensemble of conformers, ranging from native (N) to unfolded (U); in the examples that follow both N
and U states are approximately equally populated, and are in principle, both available to form a sub-
strate-Hsp70 bound complex. A number of different biophysical experiments, performed on a vari-
ety of Hsp70 complexes, has established that the substrate is unfolded in the bound state, UK
(Palleros et al., 1994; Chen et al., 2006; Sharma et al., 2010; Kellner et al., 2014; Lee et al.,
2015; Sekhar et al., 2015). Our goal is to obtain mechanistic insights into the binding reaction by
considering the flux from either conformers U or N to UK so as to evaluate what the dominant path-
way for the Hsp70 - substrate interaction might be and hence establish whether binding is best
described in terms of a CS or IF mechanism.

As described in the Introduction, in the IF (unfoldase) model the dominant process involves
Hsp70 binding to N to form a preliminary complex (NK), where the bound substrate has an N-like
structure, that is subsequently unfolded to form the dominant bound conformation (UK). The reac-
tion can be denoted as N — NK — UK, although in principle more complex schemes can also be
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included so long as they do not involve the U — UK step. In contrast, in the CS (holdase) model, as
we consider it here, Hsp70 selects a substrate conformer that structurally resembles the bound state
(UK) from an equilibrium mixture, with larger fluxes for reactions that proceed via this path
(U — UK) than for those involving N — NK — UK. It is important to emphasize that a number of
pathways fit the description of the CS mechanism, including both N — U — UK and the simpler
U — UK. Indeed, in cases where the N,U conformational interconversion is limiting kinetically the
flux through the U — UK pathway will be larger than the more complex CS scheme that begins with
N.

Since the distinction between the CS and IF models involves a consideration of both structure
and kinetics, our strategy here is to use magnetization exchange (zz-exchange) (Farrow et al., 1994,
Palmer et al., 2001) or CEST NMR (Vallurupalli et al., 2017) experiments that both resolve different
conformers through chemical shifts and facilitate extraction of rates of interconversion. Figure 2A

. . . ka . .
shows a schematic of a zz-exchange spectrum for a two-site exchange reaction, Aki’; B. In this experi-
BA

ment the chemical shifts of NMR signals are measured both before and after a delay during which
chemical exchange occurs. Because the experiment is constructed essentially as a "*C-'"H HMQC,
whereby 3C and "H chemical shifts are recorded before and after the exchange period, respectively,
a dataset is generated in which for each methyl group a pair of peaks (diagonal-peaks) is obtained
at the resonance positions for the "H and "*C methyl spins that are associated with the two intercon-
verting states. An additional pair of peaks (cross-peaks) is also present that link the diagonal peaks,
derived from the transfer of longitudinal magnetization from A to B or B to A during the exchange
period. Quantification of the buildup and decay of the cross- and diagonal-peaks, respectively, as a
function of the duration of the exchange period enables the extraction of rates of interconversion
and equilibrium populations of states. Figure 2B illustrates a hypothetical CEST profile, again focus-
ing on a two-state exchange process. In this experiment the intensity of an observed peak (say from
a proton of residue j of state A) is monitored as a function of the position of a weak radio frequency
(rf) "H field that perturbs magnetization resonating at or close to the frequency of application of the
weak field. The field, applied for a duration Ty, is scanned across all possible frequencies (one fre-
quency per experiment), eventually perturbing the corresponding proton magnetization from resi-
due j of state B and this perturbation is subsequently transferred to the observed peak (A) due to
chemical exchange. Thus, a plot of the intensity ratio of the A state peak (I/l,, where I and I, are the
intensities of peak A when the field is (Tgx # 0) and is not (Tgx = 0) applied, respectively) as a func-
tion of frequency shows a major dip at the resonance position of the target proton in state A and a
minor dip at the position of the resonance frequency of the proton in state B. Note that there is an
analogy between the CEST profiles from A and B and a zz-exchange dataset, with the major dips in
CEST corresponding to the diagonal peaks in zz-exchange, connected via the minor dips in the two
profiles, similar to the zz-exchange crosspeaks. The resulting curves from zz-exchange or CEST pro-
files can be fit to the Bloch-McConnell equations (McConnell, 1958) that include the effects of
chemical exchange to extract parameters of the interconversion process.

There are a number of important experimental constraints which must be taken into account in
the choice of Hsp70 substrates for study via these two approaches. For example, if the N,U intercon-
version is significantly faster than the binding step the distinction between N and U becomes
‘blurred’ and it becomes difficult to distinguish binding starting from N or from U. This is illustrated
in the context of a set of reactions,

Ny
kun
kUK

U+K 2 UK

kogy

where N and U are DnaK-free conformations of the substrate and K refers to DnaK. Focusing on
CEST, Figure 2C shows that the N (red) and U (green) profiles become indistinguishable for fast
interconversion (kexnu >> kexuk, Where kexnu = knu + kune kexux = kKK + kopps kexnu << Awnu
where Awpy is the chemical shift difference between corresponding peaks in states N and U), while if
the interconversion is slow (kex nu << Kex,ux) then the mechanism of binding can clearly be discerned
from a comparison of the CEST profiles of N and U, since only the latter shows a minor dip at the
chemical shift of the reporter nucleus in the bound state in this case (Figure 2D). Similarly, assuming
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Figure 2. Magnetization transfer and CEST experiments for studies of binding kinetics. (A) Schematic of a zz-magnetization exchange spectrum
showing diagonal peaks derived from magnetization in exchanging states A and B, A= B, as well as cross-peaks (black dots) connecting the two

states. (B) Corresponding CEST profile for the exchange reaction in panel A that plots the normalized peak intensity of a spin in state A as a function of
the offset at which a weak radiofrequency field is applied. A major dip at the chemical shift of the spin in state A (—0.6 ppm) as well as a minor dip at
the corresponding chemical shift in state B (0 ppm), can be observed. Black and orange dashed lines between panels A and B show the
correspondence between CEST and zz-exchange experiments via chemical shifts in states A and B. Note, however, that the CEST experiment amplifies
the fingerprint of exchange, so that a minor dip for a spin in state B can be observed even if the peak cannot be directly visualized in the spectrum

(ps <5%). NMR spin-relaxation methods can distinguish between IF and CS binding pathways so long as N and U conformations interconvert slowly
(slower than the binding kinetics). If N and U interconvert rapidly compared to the kinetics of binding (C), any perturbation to the magnetization of the
bound state by application of a weak radiofrequency field is rapidly conveyed to N even if binding is only to U, resulting in identical CEST profiles for N
(red) and U (green). (D) In contrast, if states N and U interconvert slowly then distinct CEST profiles can be observed for CS and IF binding mechanisms,
as shown here for binding to the U state via conformation selection. A prominent minor state dip is observed in the U profile (green) at the position of
the bound frequency, 8g, corresponding to a flux through the U — UK reaction. Because a minor dip is not observed between N and UK (red) the flux
through the reaction N — UK must be much smaller than via U — UK. (E, F) Schematic of 2D planes derived from a "*C-"H magnetization exchange
experiment recorded on a system where the binding reaction is described by conformational selection, U — UK (E) or induced fit, N — UK (F). The U-N
interconversion is assumed to be too slow to give rise to detectable cross-peaks in this experiment. Distinct cross-peaks are observed connecting the
conformation that directly binds the partner (U in panel E, conformational selection and N in panel F, induced fit).

DOV https://doi.org/10.7554/eLife.32764.004
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kexnu << kexux in a zz-exchange experiment for the same CS-based mechanism as above
(Figure 2E), cross-peaks are observed only between U and UK, while for an induced-fit mode of
binding cross-peaks connect only N and UK (Figure 2F). In addition, rates of interconversion must
be on the order of ~1 s~ or faster for zz-exchange (Farrow et al., 1994; Palmer et al., 2001) if all
of the exchange parameters are to be extracted robustly, or ~20 s™' for the CEST experiment
(Vallurupalli et al., 2017) in the general case where profiles from only one of the interconverting
species can be measured. Notably, in cases where peaks from N, U and UK are visible in spectra this
restriction is relaxed for the analysis of CEST profiles as we show below. Finally, it is worth emphasiz-
ing that, in the above discussion, we have assumed that exchange rates are slow compared to chem-
ical shift differences between spins in interconverting states, N, U and UK, so that separate
correlations are observed for each state in NMR datasets.

The N and U states defined above may themselves be composed of sub-ensembles of intercon-
verting conformers, for example {N,N5,...} and {U,Uy,...}. In constructing the CS and IF models in
terms of N and U states it is assumed that the interconversion between sub-states N; or between U;
occurs much faster than the N-U exchange or than ligand binding, with a rate that is fast on the
NMR chemical shift timescale. In this manner only single distinct NMR peaks are observed for spins
in N or U states rather than separate peaks for each element of the sub-ensembles (N;) or (U) so
that N or U can thus be treated as single ‘averaged’ conformers. It naturally follows that the affinities
and rates obtained from NMR experiments will be averages over the members of each sub-ensem-
ble. It is also the case that additional intermediates such as alternate unfolded states (U*) can be
explicitly included in any model of exchange only if their presence is detected either by distinct
peaks in NMR spectra or by minor dips in CEST profiles.

Choice of substrates and chaperones

As a first substrate we focused on the slow-folding marginally stable L90A mutant of the 17th
domain of chicken-brain a-spectrin (referred to as R17*) (Scott et al., 2006). R17* is a three-helix
bundle protein domain (Figure 3A) with kinetics and thermodynamics of folding that suggest that it
may be an ideal candidate for distinguishing between different Hsp70 binding mechanisms using the
NMR approaches described above (Scott et al., 2006). R17* has a strong predicted (Riidiger et al.,
1997) Hsp70 binding site and the sidechains (*'IQGLL*®) forming this binding site are >40% solvent-
exposed on average (Figure 3B), potentially facilitating binding of Hsp70 to the native protein along
an IF pathway. On the other hand the low stability of the folded domain suggests a large population
of the U state in solution (see below) that might favour the CS route.

E. coli DnaK is the Hsp70 ortholog that has been most extensively characterized at structural
(Kityk et al., 2012; Qi et al., 2013; Bertelsen et al., 2009; Pellecchia et al., 2000; Harrison et al.,
1997), kinetic (Sharma et al., 2010; Slepenkov and Witt, 2002, Gisler et al., 1998;
Grimshaw et al., 2001, Grimshaw et al., 2003, Han and Christen, 2003; Pierpaoli et al., 1998,
Schmid et al., 1994; Chesnokova and Witt, 2005; Slepenkov and Witt, 1998, Jordan and
McMacken, 1995; Russell et al., 1998) and mechanistic levels (Sharma et al., 2010; Szabo et al.,
1994; Landry et al., 1992; Schréder et al., 1993; Schénfeld et al., 1995; Greene et al., 1998,
Montgomery et al., 1999; Swain and Gierasch, 2006; Swain et al., 2007, Smock et al., 2010;
Zhuravleva and Gierasch, 2015; Zhuravleva et al., 2012, Moro et al., 2003; Moro et al., 2004;
Taneva et al., 2010; Mayer et al., 2000; Laufen et al., 1999), and it was therefore selected for ini-
tial experiments. The ATP state of DnaK is an important entry point for substrates to the Hsp70
chaperone cycle (Pierpaoli et al., 1998) and was chosen as the chaperone nucleotide state in this
study. In the ATP state DnaK substrate complexes have millisecond lifetimes and have been previ-
ously studied with CEST methodology (Sekhar et al., 2015). In all experiments involving DnaK/ATP,
the allosterically active T199A mutant of DnaK (McCarty and Walker, 1991) that is deficient in ATP
hydrolysis was used to minimize ATP turnover during NMR data collection.

R17* binds DnaK

Figure 3C shows the Met methyl region of a *C-"H HMQC spectrum of 250 uM U-2H, 1led1-"3CHs,
Leu/Val-"*CH3/"2CD3, Met-"3CH; (ILVM-"3CH3) labeled R17*, 25°C. There are two Met residues in
R17* and five resonances in the spectral region. Three of the peaks were assigned to Met 87 and
two to Met 26 based on the "*C-"H HMQC spectrum of M26L R17* (Figure 3—figure supplement
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Figure 3. R17* binds DnaK. Ribbon diagram of the X-ray structure of R17 (PDB ID: 1CUN) (Grum et al., 1999)
showing the strongest DnaK binding site in blue with sidechains denoted as sticks. The backbone nitrogen atoms
of methyl containing amino acids lle, Leu, Met and Val are indicated as red spheres; these methyls are used as
probes of chaperone binding with the labeling scheme that we employ. (B) Surface representation of the R17
structure, with the lle and Leu residues of the two DnaK binding sites identified from LIMBO (Van Durme et al.,
2009) shown in blue. Met region of the "*C-"H HMQC spectrum recorded on a 250 uM ILVM "*CHz-labeled R17*
sample without (C) and with (D) 500 uM DnaK/ATP, 25°C. Assignments of folded (N) and unfolded (U) Met are
indicated in red and green, respectively. The peak that appears upon DnaK addition is labeled as ‘Bound'.

DOI: https://doi.org/10.7554/eLife.32764.005

The following figure supplements are available for figure 3:

Figure supplement 1. Resonance assignments for R17*.

DOV https://doi.org/10.7554/eLife.32764.006

Figure supplement 2. |dentifying residues of R17* at the central binding groove of DnaK.

DOI: https://doi.org/10.7554/eLife.32764.007

1A). In addition, we carried out a temperature titration of R17* to gradually unfold the protein so as
to ascertain whether the extra peaks arise from its unfolded state. Figure 3—figure supplement 1B
shows that only two of the resonances remain in a "*C-"H HMQC spectrum recorded at 45°C and
these are therefore assigned to the unfolded state of R17. The other three resonances derive from
the native conformer, with the weaker resonance from Met 87 (M87Np) possibly originating from an
R17* dimer that is detected on the size exclusion column during purification.
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Upon addition of 500 uM U-?H DnaK/ATP a new peak appears in the Met region of the '*C-'H
HMQC spectrum that can be unambiguously assigned to the bound state of R17* (Figure 3D). The
binding of R17* to DnaK can also be established from the '*C-"H HMQC spectrum of a sample pre-
pared as 400 uM ILVM-"3CH;z R17* and 800 uM I-'3CH; DnaK/ADP in which a number of new peaks
are observed for the key lle 401 and lle 438 residues present at the central binding pocket of DnaK
that are sensitive reporters of the binding event (Rosenzweig et al., 2017) (Figure 3—figure sup-
plement 2, middle). The presence of several lle 401 and lle 438 resonances at distinct chemical shifts
in the bound state demonstrates the existence of multiple bound conformations of the R17*-DnaK
complex, interconverting with each other and with free DnaK in slow exchange on the NMR chemical
shift timescale. Such conformational heterogeneity in DnaK-substrate interactions, observed previ-
ously in studies focused on the three-helix bundle client hTRF1 (Rosenzweig et al., 2017), arises
from the binding of DnaK to a number of sites on R17* that position different aliphatic hydrophobic
amino acids of the client at the central groove of the DnaK binding site (referred to as the 0 posi-
tion). Indeed, the DnaK binding site prediction algorithm LIMBO (Van Durme et al., 2009) identifies
at least two regions on R17* with a high propensity to interact with DnaK, *>QGLLKKH*® and
7OEDLIKKN7® (Figure 3B), each of which has two hydrophobic residues (L44 and L45 in region 1 and
L72 and 173 in region 2) that could occupy the central cavity. Notably, substitution of the Leu pair at
positions 44 and 45 with lle leads to the appearance of new correlations in the lle region of a '*C-'H
HMQC spectrum recorded on a 200 uM ILVM-'3CH; L441/L45| R17* sample to which 400 uM ?H
DnaK/ADP has been added, confirming that the region containing residues 42-48 is a DnaK binding
site. We have not been able to confirm DnaK binding to the second predicted site, as substitution of
Leu 72 with lle did not yield additional correlations in the lle region of a spectrum recorded on a suit-
ably prepared R17*, DnaK/ADP sample.

In order to determine whether the new resonance in the HMQC spectrum of the R17*-DnaK com-
plex belongs to a Met residue at the 0 position of the DnaK binding site we measured intermolecular
NOEs between ILVM-"3CH3 R17* and I-'*CH; DnaK/ADP (Figure 3—figure supplement 2). Here
the ADP state of DnaK is used as it has higher affinity for substrates and the complex has lower ko
rates (Mayer and Bukau, 2005). Previous X-ray and NMR structures of a variety of different com-
plexes have established that lle 401 and lle 438 in the DnaK binding pocket are within 5 A of the
methyl moiety of the substrate residue located at position 0 (Zhu et al., 1996; Zahn et al., 2013,
Stevens et al., 2003) and NOEs have been used to link lle 401, lle 438 cross peaks with those from
substrate residues that belong to the same conformation (Rosenzweig et al., 2017). For R17* the
bound Met methyl does not show NOE cross-peaks to lle 401 and lle 438 of DnaK, establishing that
this Met residue is not located at the 0 position (Figure 3—figure supplement 2, left). However,
NOE cross-peaks can be observed connecting pairs of lle 401 and lle 438 residues (labeled as ‘a’
and 'b’) with their substrate counterparts whose methyls are localized to the Leu region of the
HMQC spectrum, establishing that at least two distinct Leu residues of R17* can be present at the
DnaK 0 position in the R17*-DnaK ensemble (Figure 3—figure supplement 2, right).

A number of biophysical studies using different spectroscopies such as NMR, fluorescence and
circular dichroism have shown that DnaK-bound substrates are globally unfolded (Palleros et al.,
1994; Chen et al., 2006; Sharma et al., 2010; Kellner et al., 2014, Lee et al., 2015; Sekhar et al.,
2015). In order to determine the conformation of R17* in its DnaK-bound state we have compared
the intensities of cross-peaks in *C-"H HMQC spectra derived from native and unfolded states of
R17* as probes. The intensities of native state Met and lle resonances decrease by a factor of
1.6 £ 0.1 upon DnaK binding, consistent with solution equilibria shifting from N, and also with differ-
ent "H and "3C chemical shifts of R17* in the bound state from those in N. In contrast, intensities of
lle and Met correlations derived from the unfolded state increase by 2.2 + 0.6 fold. The simplest
interpretation of the data is that the Met and lle residues of R17* in bound conformations have the
same chemical shifts as U, with the degeneracy in shifts leading to an increase, rather than a
decrease in unfolded peak intensities. This provides strong evidence that R17* is globally unfolded
in the DnaK-bound state. The distinct *C and "H chemical shifts from the Met peak labeled ‘Bound’
in Figure 3D (assigned as Met 26, see below), that are not unfolded-like, reflect a conformation of
R17*-DnaK whereby the Met is proximal to the DnaK binding site and hence shifted from the ran-
dom coil region of the spectrum. Taken together, our data shows that DnaK-bound R17* is globally
unfolded and resembles the U conformation of R17* that exists in equilibrium with N in the absence
of DnaK.
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Quantifying the mechanism of DnaK binding to R17*

Having established that the bound form of R17* is structurally very similar to U we next turned to
studying the binding reaction using zz-exchange magnetization transfer. This experiment is particu-
larly powerful in the case of R17* because both the 'H and '3C chemical shifts of the one Met reso-
nance that reports on the bound state are distinct from those derived from N and U, and the Met
region of the *C-"H HMQC spectrum is well resolved, facilitating the detection and quantification
of cross-peaks between states. Figure 4A shows a 2D plane from the zz-exchange dataset acquired
with a mixing time of 300 ms. A pair of cross-peaks can be observed, labeled 1 and 2, connecting
the unfolded state of Met 26 with the bound state and assigning the bound resonance to the methyl
group of Met 26. Notably, there are no cross-peaks between N and the bound state, unequivocally
demonstrating that DnaK interacts predominantly with the unfolded state of R17*.

. .. . ki
In order to obtain the binding and release rate constants for the reaction, ng UK, we measured
BU

diagonal (unfolded and bound) and cross-peak intensities for Met 26 as a function of mixing time val-
ues that ranged from 25 to 800 ms and fit the resulting profiles globally to extract kyg and kgy values
of 0.8 +0.1s " and 2.7 £ 0.2 s, respectively (Figure 4B). One dimensional reduced %? surfaces
show that both rate constants can be obtained reliably from the exchange dataset (Figure 4C), with
errors in the pseudo-first order rate constant kyg and the first order constant kgy estimated by a
bootstrapping procedure (Efron and Tibshirani, 1986), described in Materials and methods
(Figure 4D). On the basis of the relative fractional populations of N and U (pn/pu), as estimated
from the first plane of the pseudo-3D zz-exchange dataset with Ty x = 25 ms (1.8:1) along with py/
ps (=ksu/kys) values from the time-dependent zz-exchange data (3.4:1) pn, pu and pg (bound frac-
tion) are calculated to be 58 = 2%, 33 £ 1% and 9 + 2%, respectively. From the total DnaK concentra-
tion of 500 uM in the sample the bimolecular rate constant for the binding reaction is calculated to
be kU8 = kyp/[DnaK]=1600 + 250 M~"s™". Note that this value is an underestimate because there are
several bound conformations in solution (see discussion above) and we only focus here on the pro-
cess for which the cross-peak of Met 26 of the bound state is resolved. Other complexes for which
the Met 26 cross-peaks of the bound state are degenerate with the unfolded state are invisible to
this analysis.

Because there are no cross-peaks between states N and B only upper-estimates of kng and kgy
rates can be obtained by assuming that the N-B cross-peaks are at the noise level. Computations
were performed, following the description outlined previously (Huang et al., 2016), where relative
intensities of the N and B diagonal-peaks and the N-B cross-peaks are calculated using experimen-
tally measured values of relaxation times for longitudinal order, as a function of kyg and kgn. Upper
bounds for kyn and kyy were calculated in a similar manner as for kng,kgn since exchange-based
cross-peaks reporting on the U,N interconversion are absent as well. The values for all of the rate
constants (including upper bounds in some cases) are illustrated in Figure 4E that shows the R17*
binding mechanism.

The flux along the CS pathway is theoretically defined as the sum of fluxes for all pathways lead-
ing to the bound state via U that do not involve the NK— UK transition. Similarly, the net flux through
the IF pathway is the sum of the flux values for all paths that do not involve the U— UK step. In prac-
tice, however, the U« N transition is very slow for R17* with an upper bound of 0.01 s=" for ke, un
so that the dominant flux contribution along the CS pathway derives from the U— UK transition while
an upper bound for the IF pathway (N—NK—UK) can be estimated from the absence of an N,UK
cross-peak. The relative partitioning of the flux along the CS (Fcs) and IF (Fjp) paths, ©, is thus
defined as

o= @ _ ké’B[DnaK} [U] _ kuspu

n

- F[F - kNB[DnaK] [N} - kNBpN

on

From kyg = 0.8 s and kyg <0.004 s~ as well as pp/py = 1.8, © >113. Flux measurements thus
confirm that the mechanism of R17* binding to DnaK is overwhelmingly biased in favour of CS
(Figure 4E). A histogram of the quantified flux values for the U—UK (lower bound), N — U — UK
and N — NK — UK pathways (only upper bounds) is presented in Figure 4F.
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Figure 4. Mechanism of R17* binding to DnaK/ATP. (A) Magnetization exchange spectrum recorded on a 250 uM ILVM "*CHj-labeled R17* sample
(500 uM DnaK/ATP), focusing on the Met region. A mixing time of 300 ms was used so that exchange cross-peaks 1 and 2 could be easily observed.
The exchange peaks establish the identity of the resonance labeled ‘Bound’ - it originates from Met 26. The 1D trace at the chemical shift denoted by
the vertical solid line at 1.87 ppm is shown alongside the spectrum. Importantly, both the spectrum and the 1D trace show that cross-peaks are
observed only from the bound state to the unfolded state and not to the native state of Met 26. (B) Mixing time-dependent changes in cross- (square)
and diagonal- (circle) peak intensities of Met 26. The unfolded diagonal peak and the bound-to-unfolded cross-peak (cross-peak 2 in panel A) are
coloured blue and matched with the blue axis labels (right) while the bound diagonal peak and the unfolded-to-bound cross-peak (cross-peak 1 in
panel A) are shown in red along with the red axis labels (left). Solid curves are fits of the intensities to a two-state model of conformational exchange.
(C) Dependence of reduced xz values from fits of the exchange data as a function of the pseudo first order rate constant kyg (blue) or the first order
rate constant kgy (green). Values increase steeply from the minimum indicating that both rate constants can be obtained reliably from modeling the zz-
exchange data. (D) Distributions in kyg and kgy based on a bootstrap analysis of the data, as described in Materials and methods; means and standard
deviations of the distributions were used as parameter estimates and their errors, respectively. (E) Model of R17* binding to DnaK. Reactions for which
only upper limits for the rate constants can be obtained are shown as dotted lines. The major flux for R17*-DnaK binding occurs along the elementary

Figure 4 continued on next page
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Figure 4 continued

conformational selection pathway U to UK. (F) Histogram showing flux values for the U—UK, N — U — UK (upper bound) and N — NK — UK (upper
bound) pathways. Note that NK is not directly detected in our experiments.
DOI: https://doi.org/10.7554/eLife.32764.008

Binding of a p-sheet substrate, drkN SH3

Having established that the binding of the a-helical bundle domain R17* to DnaK proceeds through
a CS mechanism we next addressed the dependence of binding on the secondary structure of the
client protein by choosing the incomplete 5-stranded B-barrel SH3 domain of the Drosophila mela-
nogaster Enhancer of sevenless 2B protein (drkN SH3, Figure 5A,B) as a client. DrkN SH3 is a slow-
folding protein with ke, un ~ 157, 20°C, and is marginally stable, populating a significant fraction of
U at equilibrium (pa/pu ~ 2, pH 6.0, 20°C) (Farrow et al., 1994; Tollinger et al., 2001). Previous
studies have established that the DnaK bound state of drkN SH3 is structurally similar to U
(Lee et al., 2015).

Figure 5 shows the methyl spectrum of 250 uM IM-"3CH3 drkN SH3 without (C), and with (D) 500
UM U-2H DnaK/ATP. The binding of SH3 to DnaK can be clearly visualized through the appearance
of at least four new peaks, labeled 1-4 in Figure 5D. Two of these, 1 and 2, are particularly intense
and separated in the "H dimension from other resonances derived from the N and U states of drkN
SH3. The "C-"H HMQC spectrum of a sample of 500 uM IM-'>CH; DnaK/ADP and 250 uM
ILVM-"3CH5 drkN SH3 is shown in Figure 5—figure supplement 1 (middle). There are at least three
new resonances for each of the DnaK binding site residues lle 401 and lle 438 when drkN SH3 is
present, confirming that the SH3 domain binds to the canonical binding pocket on DnaK and
highlighting the conformational heterogeneity in the SH3-DnaK ensemble, as has been seen in all
other folding competent clients that we have studied to date. The identity of the residues of drkN
SH3 at position 0 of the DnaK binding pocket have been obtained by recording a 3D '*C-edited
NOESY dataset on the same sample (Figure 5—figure supplement 1). Notably, there are NOEs
connecting the two lle peaks 1 and 2 of drkN SH3 to lle 438 of the chaperone, indicating that peaks
1 and 2 arise from lle at the O position of the DnaK binding site. In contrast, NOEs from Leu residues
in drkN SH3 to lle 401 and lle 438 are not observed. The absence of Leu residues at the binding site
may possibly account for the low affinity of drkN SH3 for DnaK, even in the high affinity binding state
where DnaK is ADP loaded. Cavagnero and coworkers report a Kp of 243 uM for drkN SH3 and
DnaK/ADP (Lee et al., 2015) that is at least two orders of magnitude weaker than literature values
for peptides or proteins where Leu residues can occupy position O (Pierpaoli et al., 1998).

Quantifying the mechanism of DnaK binding to drkN SH3

While the 'H chemical shifts of the bound lle peaks 1 and 2 from drkN SH3 are unique, their '3C
shifts are nearly degenerate with those from lle 27 and lle 4 of the N state, respectively, (Figure 5D)
which complicates the quantification of potential N-B cross-peaks in a zz-exchange dataset. Thus, we
have measured "H CEST spectra to obtain the kinetics of drkN SH3 binding to DnaK/ATP using the
pulse sequence shown in Figure 6—figure supplement 1A. Our choice of exploiting the "H nucleus
in CEST studies is motivated by the fact that the largest chemical shift differences between folded,
unfolded and bound state peaks in methyl-based "*C-"H HMQC datasets of drkN SH3 are in the "H
dimension. However, 'H CEST can be prone to artifacts arising from NOE effects that lead to spuri-
ous minor dips that do not report on conformational exchange (Sekhar et al., 2016;
Bouvignies and Kay, 2012). In order to minimize these NOE-dips we have used highly deuterated
I-'3CH; labeled drkN SH3 for acquiring CEST data and fortunately, there are only two pairs of lle res-
idues that are within 5 A, considerably reducing the number of possible NOE dips. Finally, the mix-
ing time during which exchange is quantified was set to 150 ms, a reasonably small value that
further minimizes the sizes of these spurious dips. In principle it is possible to eliminate NOE effects
completely using a spin-state selective 'H CEST scheme that has been proposed recently
(Yuwen et al., 2017). However, this comes at a considerable cost in sensitivity (more than a factor of
two) and since signal-to-noise is limiting in applications involving very slowly exchanging conformers
(see below) or when short mixing times are selected we have chosen not to use this approach here.

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764 12 of 29


https://doi.org/10.7554/eLife.32764.008
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

€ 070605040302 B) 0.7 0.6 0.5 0.4 0.3 0.2
lle a lle
0
53N
101 10 107 oeN 10
SH3 (250 M)
111 11 11 DnaK/ATP (500 uM) | 4
24N fFf‘N
= 121 12 £ 12441, 48U - 12
N e
= ~ \_27U
o 2 53U o 4\
2 131 r13 2 1374V Ys3u . 13
=y I 1
° .3 & '
4N
141 0.7\ F14 141N Ty 2t
151 r15 151 r15
48N @ 48N

070605040302
1H (ppm)

070605040302
1H (ppm)

Figure 5. Binding of drkN SH3 to DnaK. (A) Cartoon representation of the structure of drkN SH3 (PDB ID: 2A36)
(Bezsonova et al., 2005) with the strongest predicted DnaK binding site coloured in blue. (B) Surface
representation of drkN SH3 where the large aliphatic hydrophobic sidechains of the two DnaK binding sites
identified by the algorithm LIMBO (Van Durme et al., 2009) are shown in blue, illustrating that the binding sites
are partially accessible even in the N state. lle regions of "*C-'"H HMQC spectra of 250 uM IM-"3CH3 drkN SH3
without (C) and with (D) 500 uM U-2H DnaK/ATP, 25°C. lle cross-peaks derived from N and U are labeled in red
and green, respectively, while DnaK-bound peaks 1 to 4 that appear only upon DnaK addition are denoted by
blue labels.

DOI: https://doi.org/10.7554/eLife.32764.009

The following figure supplement is available for figure 5:

Figure supplement 1. >C-'H HMQC spectrum of 250 pM ILVM-"3CH; drkN SH3 containing 500 uM IM-"3CHs

DnaK/ADP (middle).
DOV https://doi.org/10.7554/eLife.32764.010
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In order to interpret CEST profiles it was necessary to first assign peaks 1 and 2 to specific lle res-
idues in drkN SH3. This was achieved using a zz-exchange experiment that links peaks 1 and 2 to
the corresponding U state correlations, that were already assigned by traditional NMR methods. In
this way we could show that peaks 1 and 2 are derived from lle 53 and lle 27, respectively (Fig-
ure 6—figure supplement 2). Since we know from NOE data that both peaks 1 and 2 are present at
the 0 position, it follows that peaks 1 and 2 report on two distinct DnaK-bound conformations of
drkN SH3, labeled as B1 and B2 respectively. In the B1 conformer lle 53 is at the 0 position while in
B2 the O position is occupied by lle 27. Figure 6 shows 'H CEST profiles from lle 27 and lle 53
methyl groups of folded (A,D), unfolded (B,E) and DnaK-bound (C,F) drkN SH3, acquired on a sam-
ple with 250 uM IM-">CH3; drkN SH3 and 500 uM U-?H-DnaK/ATP. Recall that in CEST spectra mea-
sured by recording the intensity of a peak from state j as a function of irradiation frequency the
major dip derives from that state, while minor dips link state j with other states in the exchanging
network. The native state CEST profiles of both lle 27 and lle 53 show only one minor dip each, at
the resonances frequencies of the corresponding "H®' shifts in their respective unfolded states.
These minor dips result from the U-N conformational exchange. However, the corresponding CEST
traces from both residues in U show minor dips to N as well as to the bound state, unambiguously
demonstrating that the major flux for the binding reaction involves a pathway whereby DnaK selects
the unfolded state of drkN SH3. This conclusion is reinforced by CEST profiles of the bound state
peaks where only one strong minor dip is observed in each trace that links the bound state with U.
In contrast to DnaK/ATP, the CEST profiles of drkN SH3 bound to DnaK/ADP do not show any signa-
ture of binding/release (Figure 6—figure supplement 1B), though the presence of the bound states
B1 and B2 can clearly be discerned from *C-'"H HMQC spectra recorded on the same sample. This
is a consequence of the slow rates of substrate release from Dnak/ADP (~0.001 s~', 25°C)
(Mayer and Bukau, 2005; Pierpaoli et al., 1998), which places the exchange process outside the
window of detection via CEST methods (Vallurupalli et al., 2017). The presence of CEST minor dips
with DnaK/ATP and not with DnaK/ADP also confirms that DnaK is predominantly in the ATP-bound
form in the sample used for acquiring CEST data in Figure 6.

Analysis of the "H CEST profiles for the drkN SH3 system is challenging because of the measurable
exchange between U and N, and U and UK, and by the presence of two bound states. Accordingly, we fit
the CEST profiles from the lle 27 and lle 53 N and U peaks, as well as the profiles of 153B1 and 127B2
peaks globally to the four-state model shown in Figure 7. The intermediate state along the IF pathway,
corresponding to NK; is not included in the model because there is no evidence from 3C."H HMQC
spectra of SH3/DnaK samples or from the CEST profiles justifying the explicit inclusion of such a state;
instead, the three-state N-NK-UK pathway was approximated as N-UK. The rate constants and popula-
tions that have been obtained from our modeling analysis are shown in Figure 7. The reliability of the
kinetics parameters was evaluated by generating 1D reduced y%? surfaces as a function of each of the
eight global variables (5 rates, 3 populations; Figure 7—figure supplement 1). These show pronounced
minima for all five rate constants kex U1, Kex NB1, Kex,UB2: Kex nB2 @Nd kex un.However, the minima are very
shallow and broad for the populations, indicating that only the rate constants and not the populations
can be obtained reliably from the CEST data.

The flux ratio © for the U—UK and N— UK pathways based on the simultaneous fit of CEST pro-
files from lle 27 and lle 53 is given by

_—_on

[
" kNB[DnaK][N]

n

kUBDnaK][U]  Kesus (pr"m)PU ke —

= =

N ) k,
kex,NB (PN+PB>pN ex,NB

where kg ug and ke ng for both the B1 and B2 arms of the binding scheme of Figure 7 can be obtained
reliably. In order to estimate =, we fit the CEST data using a bootstrap procedure (Efron and Tibshirani,
1986) described in Materials and methods; the resulting distribution of = values is narrow and centred
around ~1, with 98% of the values falling within the range of 0.84-1.27 for state B1 (lle 53 at the 0 posi-
tion) and 0.49-1.57 for B2 (lle 27 at the O position) (Figure 7—figure supplement 2). The average and
standard deviation of the Z distribution are 1.0 + 0.1 and 1.0 + 0.2 for the B1 and B2 arms respectively.
This implies that © is well approximated by the ratio kexus/kexns- Rate constants and their errors, as
reported in Figure 7, are listed as the means and standard deviations of the respective distributions
obtained from a bootstrapping analysis. Using these values, ©1 and ©2 for the formation of bound states
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Figure 6. The SH3-DnaK binding interaction as detected by '"H CEST. "H CEST profiles quantified from lle 27 (A-
C) and lle 53 (D-F) native (A,D), unfolded (B,E) and DnaK-bound (C,F) resonances are highlighted. Measurements
were performed on a 250 uM IM-"*CH3 drkN SH3 sample containing 500 uM U-?H DnaK/ATP. Vertical dotted lines
highlight TH3" chemical shifts of lle 27 (A=C) or lle 53 (D=F) in the following conformations: native (red), unfolded
(green), bound with lle 27 at position 0 of the DnaK binding cleft (blue, left hand side) and bound with lle 53 at
position O (cyan, right hand side). The vertical blue line in panel F and the vertical cyan line in panel C are drawn at
"H chemical shifts of lle 53 (where lle 27 is at the O position) and lle 27 (where lle 53 is at the O position),
respectively. These shifts are obtained from the fit. Solid curves are fits of the data to the four-state model
depicted in Figure 7.

DOI: https://doi.org/10.7554/eLife.32764.011

The following figure supplements are available for figure 6:

Figure supplement 1. DrkN binding to DnaK/ATP but not to Dnak/ADP can be detected by "H CEST.
DOI: https://doi.org/10.7554/eLife.32764.012

Figure supplement 2. DrkN SH3 binding to DnaK/ATP can be detected using magnetization exchange
experiments.

DOI: https://doi.org/10.7554/elife.32764.013
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Figure 7. Binding model for the drkN SH3 — DnaK complex, along with parameter estimates and flux along
different pathways. (A) Four-state model used for fitting "H CEST data, comprising native (N), unfolded (U) and
two DnaK-bound states, B1 and B2, corresponding to lle 53 and lle 27 at the central DnaK binding groove.
Populations of the different states as well as rate constants for their interconversion are indicated. Mean values of
parameters and errors are obtained as the averages and standard deviations from a bootstrap procedure. Values
of kex are shown (key = kyy + ko), where kyx is an apparent pseudo-first order rate constant (kyx = kYX[L]) and [L] is
the equilibrium concentration of free ligand (DnaK in this case). Directions of major fluxes for binding at sites 1 (lle
53) and 2 (lle 27) are indicated. Histograms showing flux values for the U—-UK, N — U — UK and

N — NK — UK pathways leading to the formation of the two bound states B1 (B) and B2 (C).

DOI: https://doi.org/10.7554/elife.32764.014

The following figure supplements are available for figure 7:

Figure supplement 1. Estimating the reliability of model parameters obtained by fitting 'H CEST data for SH3-
DnaK binding to a four-state model.

DOI: https://doi.org/10.7554/eLife.32764.015

Figure supplement 2. Estimating parameter distributions using a bootstrapping procedure described in Materials
and methods.

DOI: https://doi.org/10.7554/eLife.32764.016
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B1 and B2 corresponding to lle 53 and lle 27 of drkN SH3 at position 0 of DnaK are found to be 4 and 21
respectively. Figure 7B and C show histograms of flux values for U—UK, N — U — UK and N — UK path-
ways. The flux through N — NK — UK could not be estimated because NK correlations are not observed,
but an upper bound is given by the flow through N — UK. Thus our data strongly support the notion that
the dominant flux is through the U— UK pathway whereby DnaK directly selects the U state, and therefore
the binding mechanism can be described according to the CS model.

Is the CS mechanism of interaction conserved across the Hsp70 family?
The Hsp70 family of chaperones are integral to the quality control machinery in organisms ranging
from bacteria to humans and the Hsp70 client binding site sequence and architecture have been
highly conserved through evolution. We thus wondered if the mechanism of client substrate recogni-
tion by Hsp70 is also conserved and whether a CS mode of binding might also apply to other Hsp70
chaperones. To this end we choose the constitutively expressed human Hsc70 for study and focused
on the drkN SH3 substrate.

Upon addition of 500 pM U-?H, Hsc70/ATP to a solution of 170 uM IM-"*CHs drkN SH3, no new
peaks were observed (Figure 8A,B), suggesting that the affinity of drkN SH3 for Hsc70/ATP is lower
than that for DnaK/ATP (Figure 5). A reduced affinity would lower the population of UK and in the
present case render it invisible to study by traditional NMR methods. For applications of this sort
CEST is particularly powerful because the signals from sparsely populated protein conformations can
be amplified by detecting them through NMR visible states (Vallurupalli et al., 2017). Figure 8C,D
shows "H CEST profiles derived from lle 27 of N and U drkN SH3. Similar to our observations with
DnaK, the native state CEST profile (red) shows a minor dip at the frequency of lle 27 H3" in the
unfolded state, while the unfolded state profile (green) shows a pair of dips, with one at the position
of the native state for lle 27 H®' and a second, initially unassigned. There are several lines of evi-
dence that strongly indicate that the unassigned minor dip arises from Hsc70-bound drkN SH3. First
the chemical shift of the dip, 0.35 ppm, is close to 0.2 ppm that was measured for the DnaK bound
states B1 and B2 (Figure 5). Second, when CEST profiles are recorded of drkN SH3 bound to DnaK/
ADP, where the exchange kinetics are much slower than for the ATP loaded chaperone form and
too slow to observe exchange derived dips (see above), a minor dip in the region between 0.2-0.4
ppm is not observed in the unfolded state CEST profile (Figure 6—figure supplement 1B, middle).
Finally, a "*C-"H HMQC spectrum recorded after leaving the sample for approximately 2 days at
room temperature, sufficient time for Hsc70/ATP to convert to Hsc70/ADP, shows a new peak at the
"H chemical shift of the minor dip, 0.35 ppm. This new peak belongs to Hsc70/ADP-bound drkN
SH3 and is now visible because Hsc70/ADP has a higher affinity for substrate than Hsc70/ATP and
the population of the bound state is higher. Notably, in the N state CEST profile a small broad peak
is observed at the position of lle 27 H®' in the bound state (~0.35 ppm). This dip is not the result of
exchange between N and UK but can be attributed, instead, to an NOE between proximal residues
lle 27 and lle 48 in the native drkN SH3 state and the fact that the bound state H®' chemical shift for
lle 27 is degenerate with the 'H lle 81 shift of residue 48 in the native state. Confirmation that this is
an NOE dip and not due to exchange is obtained by measuring CEST profiles of drkN SH3 bound to
DnaK/ADP where an NOE dip is observed as well (Figure 8E) but, as discussed above, where the
rates of binding/release are too slow for the development of minor dips resulting from exchange
and by the observation of a distinct NOE crosspeak between lle 27 and lle 48 in a 3D "3C-'3C-'H
NOESY spectrum of ILVM-"3CH; drkN SH3. Taken together our results thus confirm that the major
flux to UK proceeds through U so that human Hsc70 also employs a CS mode of interaction with the
drkN SH3 client protein. As a final note, we have chosen not to quantify fluxes in this case because a
bound state profile could not be obtained (peaks from the bound state are not observed in spectra)
and because of the potential for contamination from NOE dips.

Discussion

The Hsp70 chaperone plays a ubiquitous role in maintaining cellular proteostasis by recognizing and
modulating the structure of its client proteins in an ATP-dependent manner to effect a variety of
downstream functions that include protein folding, translocation and oligomer disassembly
(Balchin et al., 2016). Structures of Hsp70 bound to a number of different peptide substrates have
appeared (Zhu et al., 1996; Zahn et al., 2013; Stevens et al., 2003; Clerico et al., 2015) and both
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Figure 8. DrkN SH3 binds Hsc70 through the unfolded state. "*C-"H HMQC spectra of (A) 250 uM IM-"3CHj; drkN SH3 without Hsc70 and (B) 170 uM
IM-"3CH3 drkN SH3 with 500 uM U-2H Hsc70/ATP. New peaks do not appear upon addition of Hsc70/ATP. lle 27 'H® CEST profiles from native (C) and
unfolded (D) drkN SH3 in the presence of Hsc70/ATP acquired using the sample from panel B. The unfolded state CEST profile (panel D) shows a minor
dip at the native state chemical shift (~0.55 ppm), but also a prominent second minor dip at ~0.33 ppm that arises from the binding of drkN SH3 to
Hsc70/ATP. While the existence of the bound state cannot be discerned from the spectrum in panel B, binding is clearly revealed in the CEST profile.
(E) The small dip observed in the native state CEST profile (panel C, drkN SH3 +Hsc70/ATP) at ~0.33 ppm is also present in the native state CEST
profile of drkN SH3 +DnaK/ADP where binding/release to DnaK/ADP is too slow to generate exchange dips (see Figure 6—figure supplement 1B).
This dip arises from cross-relaxation of lle 27 with the nearby lle 48 in the native state.

DOI: https://doi.org/10.7554/eLife.32764.017
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biochemical and biophysical studies of Hsp70 with folding competent protein domains and intact
proteins have been reported (Kellner et al., 2014; Lee et al., 2015, Sekhar et al., 2015;
Sekhar et al., 2016; Rodriguez et al., 2008; Sekhar et al., 2012a; Sekhar et al., 2012b). However,
the coupling between chaperone binding and substrate conformational changes remains poorly
understood.

Understanding the mechanisms by which flexible molecules bind their targets has been the focus
of considerable attention in the literature (Boehr et al., 2009; Rauh et al., 2004; Zhang et al.,
2007; Mittag et al., 2010). In general, such molecules exist in an array of different interconverting
conformations in solution at equilibrium, yet binding to a protein generally selects one of the states
over the others. In principle, NMR spectroscopy is a valuable tool for obtaining mechanistic informa-
tion about the binding process if the kinetics happen to be in a regime that is amenable to the meth-
odology. In the case of zz-exchange this requirement puts exchange rates on the order of 1 s~ or
larger, although in some cases significantly slower timescales have been studied using methionine
methyl probes with very slow longitudinal relaxation rates (Religa et al., 2010). The CEST experi-
ment, in general, is most sensitive to slightly faster processes with rates of at least 20-30 s~!, butin
the present application accurate estimates for rates of ~1 s~ could be obtained because profiles
derived from spins in all of the interconverting states could be measured.

An elegant illustration of the utility of NMR in this regard was provided close to forty years ago in
studies by Birdsall and coworkers using a one-dimensional analogue of the CEST approach
described here (Birdsall et al., 1980). The authors were able to demonstrate that the enzyme dihy-
drofolate reductase (DHFR) selects one conformation of folinic acid, a product of the reaction with
tetrahydrofolate that is catalyzed by DHFR, over a second, under conditions where both conforma-
tions exist in roughly equal proportions in solution in the absence of enzyme. Here we have
extended this work by using state of the art NMR methods that include relaxation optimized techni-
ques for recording spectra of methyl group probes (methyl TROSY) in high molecular weight com-
plexes (Rosenzweig and Kay, 2014) and two-dimensional spin relaxation experiments such as CEST
(Vallurupalli et al., 2017) and magnetization exchange (Farrow et al., 1994; Palmer et al., 2001) to
probe the binding reaction of Hsp70 with cognate substrates. It is increasingly recognized that pro-
tein molecules, much like simpler small organic compounds such as folinic acid, exist in solution as
an equilibrium mixture between multiple conformations, and that these diverse conformers may in
some cases have different functional properties, including different propensities for binding to
ligands. The targets of Hsp70 include an array of different protein substrates and elucidating what, if
any, common structural features are recognized by the chaperone during the initial stages of binding
to these targets would represent an important contribution towards understanding the overall bind-
ing mechanism.

We have studied the binding reaction of Hsp70 from E. coli (DnaK) to a pair of substrates with
very different secondary structures, including the three-helical bundle domain R17* from chicken-
brain o-spectrin and the all B-sheet SH3 domain from the Drosophila adaptor protein Drk. Both of
these protein domains exist in solution as an equilibrium between N and U states, with peaks from
each conformer observed in "3C-"H correlation datasets so that probes are available that can report
on preferred chaperone binding to either of these two predominant solution conformations. Relaxa-
tion based experiments establish that in both cases the dominant flux to the bound state, in which
the substrate is unfolded in complex with DnaK (Lee et al., 2015), proceeds through the single step
binding reaction U — UK as opposed to any scheme in which binding to N is the first step in an NK
to UK transition. In order to obtain insight into whether the DnaK binding mechanism is conserved
among different Hsp70 orthologs we have carried out further studies using the constitutively
expressed human Hsc70 protein and the drkN SH3 substrate. Notably, peaks from the bound state
were not observed in spectra, reflecting the low affinity of the complex. However, an excited state
dip was observed in the "H CEST profile of lle 27 H" in U that could be assigned to the ‘invisible’
bound state, while a corresponding peak from chemical exchange was not observed for N. This
establishes that the flux to the Hsc70 bound state, like that for DnaK, also proceeds via a U —UK
mechanism. It is worth noting that all of the flux measurements described here were done at equilib-
rium, with the stability of samples monitored by recording a series of '*C-"H correlation maps at dif-
ferent time points. It is, of course, possible to envision non-equilibrium measurements where the
relative importance of different fluxes change over time as populations of states vary during the
course of reactions, but this was not the case for the equilibrium studies conducted here.
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Our data thus point to the conformational selection model as a good descriptor of Hsp70-ligand
binding, at least for the substrates and chaperones that are considered in the present study. It is
important to emphasize that the analysis of flux through IF and CS pathways discussed here is some-
what different than what is typically described in the literature where a comparison of fluxes through
N — U — UK (CS) and N — NK — UK (IF) pathways exclusively is made, without considering binding
proceeding directly from other equilibrium states (U in this case) (Hammes et al., 2009; Weikl and
Paul, 2014; Vogt and Di Cera, 2012). Here we have considered proteins as equilibrium ensembles,
with binding reactions proceeding from any member of the ensemble, rather than focusing exclu-
sively on the N conformer as the initial state. An analysis that includes the possibility of fluxes from
any of the existing equilibrium states of a protein in solution is required for distinguishing between
different mechanisms of binding. In the case here U is thermally accessible from N and is significantly
populated at equilibrium, with the N — U — UK reaction contributing only a small amount to the
net flux by which UK is formed relative to the U — UK pathway for the substrates and Hsp70 chaper-
ones considered.

The preference of Hsp70 for the unfolded state of the substrates demonstrates a 'holdase’ recog-
nition mechanism whereby Hsp70 captures intrinsic fluctuations in its client protein. Our results
argue against a simple N — NK — UK unfoldase scheme as a dominant binding mechanism, where
the native state of the substrate is recognized by Hsp70 and induced to unfold upon binding. How-
ever, it must be emphasized that we have focused on elementary binding steps here and our results
are not inconsistent with broader unfoldase mechanisms involving recognition of partially unfolded
or misfolded regions of substrates that eventually result in unfolded Hsp70-bound clients via a multi-
step process. For example, such a mechanism may be operative in the conversion of a misfolded
state of luciferase to a globally unfolded, folding-competent ensemble (Sharma et al., 2010) where
the elementary binding step is a holdase-like CS reaction, U — UK, involving trapping by Hsp70 of
local conformational fluctuations occurring in a small region of the protein.

A CS-based mechanism for Hsp70-substrate interactions is consistent with expectations based on
Hsp70 function. First, such a binding mode ensures that Hsp70 will not randomly unfold properly
folded and functional cellular proteins. Second, a number of cognate Hsp70 substrates such as
nascent polypeptides synthesized on the ribosome (Teter et al., 1999) and proteins translocated
across membranes (Pilon and Schekman, 1999) are unfolded and would therefore be poised for
binding to Hsp70. Third, the CS binding mode ensures that Hsp70 will select only misfolded inter-
mediates lacking stable secondary and tertiary structure for refolding rather than stably folded native
conformations with exposed hydrophobic sidechains so that refolding occurs in a unidirectional man-
ner from the misfolded to the native state. Finally, Hsp70 recognition sites on proteins such as 632
that bind in their native state are in long solvent-exposed loop regions (Rodriguez et al., 2008)
where both sidechain and backbone motifs of the binding site residues are available for interaction.

It should also be noted that there are likely to be small differences in structure between the
Hsp70-bound (UK) and the globally unfolded state (U) of substrates. Indeed, conformational sam-
pling in the bound state is expected to be different from the globally unfolded state because each
Hsp70 molecule divides the substrate into two distinct polypeptide segments at the binding site.
We have shown earlier that tertiary interactions that are transiently present in the U state of the
unbound substrate are disrupted across the Hsp70 binding site (Sekhar et al., 2016), so that the
two segments could have different overall structural propensities than would be the case for the full-
length protein in its unfolded state. We cannot determine through our measurements whether in
this case these small changes have occurred as a result of binding (IF) or prior to it (CS). Instead, our
conclusions of CS being the prevalent mechanism, therefore, pertain to binding events involving
interactions of the chaperone with states that have larger conformational differences such as N and
uU.

The multiple Hsp70-bound conformations of R17* and drkN SH3 noted in this study reinforce our
previous observations with the three-helix bundle substrate hTRF1 that Hsp70 binds promiscuously
to its substrates, recognizing different sites containing aliphatic hydrophobic residues along the
polypeptide sequence (Rosenzweig et al., 2017). Our results show that each binding site of the
substrate can be recognized by Hsp70 when it becomes exposed to the solvent in the thermally
accessible unfolded state, highlighting the prominent role played by conformational dynamics in this
crucial protein-protein interaction.
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Materials and methods

Designation

Source or reference
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Additional information

Gene (Gallus gallus) R17 NA Uniprot ID: PO7751 R17 is the 17th repeat of
spectrin alpha chain

Gene SH3 NA Uniprot ID: Q08012 SH3 is the N-terminal SH3 domain

(Drosophila melanogaster) of the Enhancer of Sevenless 2B

Gene (Escherichia coli) DnaK NA Uniprot ID: POA6Y8 Hsp70 chaperone from
E.coli

Gene (Escherichia coli) GrpE NA Uniprot ID: P09372 GrpE co-chaperone from
E.coli

Gene (Homo sapiens) Hsc70 NA Uniprot ID: P11142 Heat shock cognate
71 kDa protein

Recombinant DNA reagent pET29b(+) - R17* This paper R17* is L90A R17, plasmid
has tags etc.

Recombinant DNA reagent pET28 - SH3 This paper Plasmid has tags
etc.

Recombinant DNA reagent DnaK DOI: 10.1073/pnas.1508504112

Recombinant DNA reagent GrpE DOI: 10.1073/pnas.1508504112

Recombinant DNA reagent Hsc70 DOI: 10.1073/pnas.1508504112

Software, algorithm NMRPipe DOI: 10.1007/BF00197809

Software, algorithm Sparky https://www.cgl.ucsf.edu

/home/sparky/
Software, algorithm FuDA http://www.biochem.ucl.ac.
uk/hansen/fuda/
Software, algorithm ChemEx https://github.com/gbouvignies/

chemex

Plasmids, protein expression and purification
R17*

The gene encoding L90A R17 (referred to here as R17*), containing an N-terminal hexa-His tag fol-
lowed by a short linker and a Tobacco Etch Virus (TEV) protease cleavage site, was synthesized by
Genscript and sub-cloned into a pET-29b(+) vector. U-?H, 1led1-"3CH3, Leu/Val-'>CHs/"?CD;,
Met-"3CHj3 (ILVM-"3CHs) labeling of R17* was carried out according to previously published proto-
cols (Tugarinov et al., 2006, Gelis et al., 2007). Briefly, BL21(DE3) cells overexpressing R17* from
the pET-29b(+) vector were grown at 37°C in D,O minimal media containing SNH,CI (1 g/L) and
[?H,"2C]-glucose (3 g/L) as the sole nitrogen and predominant carbon sources respectively. 60 mg/L
2-keto-3-d,-4-'3C-butyrate, 80 mg/L 2-keto-3-methyl-ds-3-dq-4-"3C-butyrate and 100 mg/L meth-
yl-">*CHs-methionine precursors were added one hour before induction. Cells were induced at an
ODyggo of 0.8 with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and grown for 20 hr at 22°C.
Cells were subsequently lysed and purified by affinity chromatography using a nickel-nitrilo triacetic
acid (Ni-NTA) column. The His tag was cleaved with TEV protease at 4°C and R17* was separated
from the tag and TEV protease by passing it over a Ni-NTA column. The protein was further purified
on a Superdex 75 size exclusion column. R17* elutes as two peaks, both of which give identical
"H-">N HSQC spectra. The protein content from both peaks was pooled for preparing NMR
samples.

M26L R17*

11e81-"3CHs, Met-"3CHs-labeled M26L R17* was overexpressed and purified as described above for
R17* with the following minor modifications. Cells were cultured in "H,O minimal media containing
3 g/L unlabeled glucose and 1 g/L ">NH4Cl. 50 mg/L 2-keto-3-dp-4-'3C-butyrate and 100 mg/L
methyl-'3CHz-methionine were used as precursors for labeling lle (§1) and Met methyl groups,
respectively. Since the deuterons of the methylene group in the lle precursor partially exchange to
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"H during protein overexpression, lle residues of M26L R17* exist as mixtures of isotopomers and
show characteristic 2- (F1) and 3- (F,) bond shifts in 3C-"H correlation spectra. Chemical shifts of the
isotopomers were not resolved in the NOESY spectrum that was recorded and thus were not
problematic.

DrkN SH3

The gene for the SH3 domain of Drosophila melanogaster Enhancer of sevenless 2B protein (drkN
SH3) was cloned into the pET-28 vector using PCR amplification (Kapa Hifi, Kapa Biosystems, MA, U.
S.A\) followed by Gibson assembly (New England Biolabs, MA, U.S.A.). The final gene incorporates a
N-terminal Hexa-His tag followed by a TEV protease cleavage site. Selectively labeled, highly deuter-
ated drkN SH3 was overexpressed in BL21(DE3) cells as described above using 60 mg/L 2-keto-3-d,-
4-"3C-butyrate and 100 mg/L methyl-">*CH3-methionine without (IM-"3CHj labeled drkN SH3) or with
80 mg/L 2-keto-3-methyl-d3-3-d;-4-"*C-butyrate (ILVM-">CHj3 labeled drkN SH3) as precursors. The
protein was isolated from the lysate using a Ni-NTA column under denaturing (6 M guanidinium
chloride) conditions. The unfolded protein was refolded on the column before elution by lowering
the denaturant concentration stepwise from 6 to 4, 2, 1 and finally to 0 M. The His tag was removed
by incubation with TEV protease overnight at 4°C. DrkN SH3 was separated from the tag and TEV
protease by passing it over a Ni-NTA column and further purified on a Superdex 75 size exclusion
column.

Chaperones

Wild-type DnaK, T199A DnaK and T199A Hsc70 chaperones as well as the DnaK nucleotide
exchange factor GrpE were overexpressed and purified as described previously (Sekhar et al.,
2015). DnaK and Hsc70 were highly deuterated in all studies, with selective lled1-3CHs, or
lled1-"3CH3, Met-"3CHjs labeling of DnaK carried out as described above. GrpE was overexpressed
and purified from rich media as unlabeled protein.

NMR samples

All NMR samples were prepared in 50 mM HEPES pH 8, containing 50 mM KCI, 5 mM MgCl,, 1 mM
EDTA and 1 mM TCEP in 100% D,O with or without DnaK/ADP, DnaK/ATP or Hsc70/ATP. An ATP
regeneration system composed of 50 units of creatine kinase, 20 mM phosphocreatine, was added
to all samples containing DnaK/ATP or Hsc70/ATP. In the case of DnaK/ATP the regeneration system
additionally contained 5 uM GrpE to facilitate nucleotide exchange (Sekhar et al., 2015).

NMR data acquisition and analysis

Spectrometers ranging in "H Larmor precession frequency (field strength) from 500 (11.7 T) to 800
MHz (18.8 T) were used for NMR data acquisition. All relaxation experiments (zz-exchange and
CEST) were performed using a Bruker 800 MHz spectrometer equipped with a cryogenically cooled
probe. The sample temperature was fixed across the different spectrometers by calibration using a
thermocouple placed inside an NMR tube containing H,O. All experiments were carried out at 25°C
unless specified otherwise. NMR datasets were processed with the NMRPipe suite of programs
(Delaglio et al., 1995) and visualized with Sparky (Goddard and Kneller, 2006).

'H CEST

"H CEST datasets were acquired using a modified *C-'"H HMQC pulse sequence incorporating a
CEST exchange period of duration, Tgx, following the relaxation delay and immediately preceding
the HMQC sequence (see Figure 6—figure supplement 1A). During Tex (150 ms) a weak saturating
"H B, field (20.3 Hz) was applied as a function of offset (one offset for each 2D dataset), spanning
the range of lle methyl "H3' chemical shifts (1.0 to —0.2 ppm). A 2 kHz 3¢ decoupling field (90,-
240,-90,, [Freeman et al., 2011; Vallurupalli et al., 2012]) was applied during Tgx to eliminate one-
bond *C-"H couplings that would otherwise appear in CEST profiles. 40 2D planes were acquired
for each dataset, along with 32 scans and a relaxation delay of 1.5 s for a net recording time of 25
hr. Each "H CEST dataset contained a reference plane that included By irradiation far off-resonance
for a duration Tgx.
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In order to obtain robust fits of "H CEST profiles estimates of 'H longitudinal relaxation rates are
required. These were obtained by recording an experiment in which initial "H magnetization was
placed along the +z or -z axis in alternate scans, allowing relaxation to proceed for a period Tgx dur-
ing which a 2 kHz "3C decoupling field was applied, as for the CEST experiments. The resulting sig-
nal was subsequently read out using an HMQC pulse scheme. Tgx was varied from 50 to 600 ms and
peak intensities were extracted and fit to a single exponential decay function of the form I =
Ipexp(—R, Ty ) to obtain "H R, values.

"H chemical shift-dependent resonance intensities were extracted from the pseudo-3D dataset by
fitting lineshapes globally across all 40 2D planes using the FuDA software package (http://www.bio-
chem.ucl.ac.uk/hansen/fuda/). CEST profiles were subsequently fit to an appropriate model of chem-
ical exchange using the program ChemEx (Bouvignies, 2017; copy archived at https://github.com/
elifesciences-publications/chemex) to extract rate constants for the interconversion between states
and their populations, that were then used in the calculation of flux values. Bootstrap analyses were
performed (Efron and Tibshirani, 1986) to obtain mean values of rates, populations and errors. In
each analysis 1000 bootstrapped datasets were generated, each of which contained CEST profiles
from N, U and B states of lle 27 and lle 53. Data-points for each CEST profile in the bootstrapped
dataset were selected randomly from each experimental CEST profile such that the total number of
points per profile (Daniels et al., 2014) was retained. Each bootstrap dataset was then fit globally
using ChemEx (Bouvignies, 2017) to obtain distributions of model parameters with the widths of
the distributions taken as estimates of the errors in the parameter values.

Magnetization exchange

Magnetization exchange experiments were performed using a '>*C-'"H HMQC-based pulse sequence
in which an exchange element of duration Tex was inserted immediately after the '>C evolution
period. For R17* 13 2D planes were acquired with Tgx ranging from 25 to 800 ms. Tyyx-dependent
peak intensities for Met 26 were obtained by fitting lineshapes of U, UK, U-UK and UK-U peaks with
FuDA (Figure 4B). The resulting profiles were globally fit to a two-state model of chemical exchange
to extract exchange rate constants and populations. A bootstrap analysis similar to those described
for "H CEST data was carried out to evaluate errors in populations and rate constants.

13C-13C-"H NOESY

3D "3C-edited NOESY datasets recording correlations of the type (13Cj-NOE-13Ck-1Hk) were
acquired on samples of R17* (400 uM) or drkN SH3 (250 uM) bound to DnaK/ADP (800 uM for R17*
and 500 uM for drkN SH3) using a modified HMQC-based version of a previously published pulse
sequence (Zwahlen et al., 1998). Mixing times of 200 ms were used in both cases.

Acknowledgements

This work was supported by grants from the Natural Sciences and Engineering Research Council of
Canada and the Canadian Institutes of Health Research (LEK), as well as funding from the Azrieli
Foundation, the Blythe Brenden-Mann New Scientist Fund, and the Roshan Family Foundation (RR).
LEK holds a Canada Research Chair in Biochemistry. We dedicate this paper to the memory of the
late Alex D Bain who served both as a mentor as we attempted to understand the nuances of chemi-
cal exchange and as a good friend whose encouragement and good cheer was always greatly
appreciated.

Additional information

Competing interests
Lewis E Kay: LEK is a Reviewing Editor in eLife. The other authors declare that no competing inter-
ests exist.

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764 23 of 29


http://www.biochem.ucl.ac.uk/hansen/fuda/
http://www.biochem.ucl.ac.uk/hansen/fuda/
https://github.com/elifesciences-publications/chemex
https://github.com/elifesciences-publications/chemex
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

Funding

Funder Author
Canadian Institutes of Health Lewis E Kay
Research

Natural Sciences and Engi- Lewis E Kay

neering Research Council of
Canada

Azrieli Foundation Rina Rosenzweig

Blythe Brenden-Mann New
Scientist Fund

Rina Rosenzweig

Roshan Family Foundation Rina Rosenzweig

The funders had no role in study design, data collection and
interpretation, or the decision to submit the work for publication.

Author contributions

Ashok Sekhar, Conceptualization, Resources, Data curation, Software, Formal analysis, Supervision,
Validation, Investigation, Visualization, Methodology, Writing—original draft, Project administration,
Writing—review and editing; Algirdas Velyvis, Guy Zoltsman, Resources, Investigation; Rina Rose-
nzweig, Conceptualization, Resources, Supervision, Investigation; Guillaume Bouvignies, Resources,
Data curation, Software, Formal analysis, Writing—review and editing; Lewis E Kay, Conceptualiza-
tion, Data curation, Formal analysis, Supervision, Funding acquisition, Validation, Investigation,
Methodology, Writing—original draft, Project administration, Writing—review and editing

Author ORCIDs

Ashok Sekhar @) http://orcid.org/0000-0002-8628-7799
Guillaume Bouvignies () http://orcid.org/0000-0003-4398-0320
Lewis E Kay @@ http://orcid.org/0000-0002-4054-4083

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.32764.030
Author response https://doi.org/10.7554/elife.32764.031

Additional files

Supplementary files
« Transparent reporting form
DOI: https://doi.org/10.7554/elife.32764.018

Major datasets
The following previously published datasets were used:

Database, license,
and accessibility
information

Year Dataset title Dataset URL

2009 NMR-RDC / XRAY structure of E.
coli HSP70 (DNAK) chaperone (1-
605) complexed with ADP and
substrate

1996 The substrate binding domain of
dnak in complex with a substrate
peptide, determined from type 1
native crystals

Author(s)

Zuiderweg ERP,
Bertelsen EB

https://www.rcsb.org/ Publicly available at

pdb/explore/explore.do? the RCSB Protein

structureld=2kho Data Bank (Accession
no: 2KHO)

https://www.rcsb.org/ Publicly available at

pdb/explore/explore.do? the RCSB Protein

structureld=1dkz Data Bank (Accession
no: 1DKZ)

Zhu X, Zhao X,
Burkholder WF,
Gragerov A, Ogata
CM, Gottesman
ME, Hendrickson
WA

Kopp J, Mayer MP, 2012 Open conformation of ATP-bound  https://www.rcsb.org/ Publicly available at
Sinning | Hsp70 homolog DnaK pdb/explore/explore.do? the RCSB Protein
structureld=4b9q Data Bank (Accession
no: 4B9Q)

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764

24 of 29


http://orcid.org/0000-0002-8628-7799
http://orcid.org/0000-0003-4398-0320
http://orcid.org/0000-0002-4054-4083
https://doi.org/10.7554/eLife.32764.030
https://doi.org/10.7554/eLife.32764.031
https://doi.org/10.7554/eLife.32764.018
https://www.rcsb.org/pdb/explore/explore.do?structureId=2kho
https://www.rcsb.org/pdb/explore/explore.do?structureId=2kho
https://www.rcsb.org/pdb/explore/explore.do?structureId=2kho
https://www.rcsb.org/pdb/explore/explore.do?structureId=1dkz
https://www.rcsb.org/pdb/explore/explore.do?structureId=1dkz
https://www.rcsb.org/pdb/explore/explore.do?structureId=1dkz
https://www.rcsb.org/pdb/explore/explore.do?structureId=4b9q
https://www.rcsb.org/pdb/explore/explore.do?structureId=4b9q
https://www.rcsb.org/pdb/explore/explore.do?structureId=4b9q
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

Grum VL, Li D, 1999 Crystal structure of repeats 16 and  https://www.rcsb.org/ Publicly available at
MacDonald RI, 17 of chicken brain alpha spectrin  pdb/explore/explore.do? the RCSB Protein
Mondragon A structureld=1cun Data Bank (Accession
no: TCUN)
Forman-Kay JD, 2005 Solution structure of the N—termina|_https://www.rcsb.org/ _Publicly available at
Bezsonova I, Singer SH3 domain of DRK pdb/explore/explore.do? the RCSB Protein
A, Choy W-Y, Tol- structureld=2a36 Data Bank (Accession
linger M no: 2A36)
References

Anthis NJ, Clore GM. 2015. Visualizing transient dark states by NMR spectroscopy. Quarterly Reviews of
Biophysics 48:35-116. DOI: https://doi.org/10.1017/5S0033583514000122, PMID: 25710841

Anthis NJ, Doucleff M, Clore GM. 2011. Transient, sparsely populated compact states of apo and calcium-
loaded calmodulin probed by paramagnetic relaxation enhancement: interplay of conformational selection and
induced fit. Journal of the American Chemical Society 133:18966-18974. DOI: https://doi.org/10.1021/
ja2082813, PMID: 21999431

Balchin D, Hayer-Hartl M, Hartl FU. 2016. In vivo aspects of protein folding and quality control. Science 353:
aac4354. DOI: https://doi.org/10.1126/science.aac4354, PMID: 27365453

Bertelsen EB, Chang L, Gestwicki JE, Zuiderweg ER. 2009. Solution conformation of wild-type E. coli Hsp70
(DnaK) chaperone complexed with ADP and substrate. PNAS 106:8471-8476. DOI: https://doi.org/10.1073/
pnas.0903503106, PMID: 19439666

Bezsonova |, Singer A, Choy WY, Tollinger M, Forman-Kay JD. 2005. Structural comparison of the unstable drkN
SH3 domain and a stable mutant. Biochemistry 44:15550-15560. DOI: https://doi.org/10.1021/bi0512795,
PMID: 16300404

Birdsall B, Feeney J, Roberts GC, Burgen AS. 1980. The use of saturation transfer NMR experiments to monitor
the conformational selection accompanying ligand-protein interactions. FEBS Letters 120:107-109.

DOI: https://doi.org/10.1016/0014-5793(80)81057-X, PMID: 6777193

Boehr DD, Nussinov R, Wright PE. 2009. The role of dynamic conformational ensembles in biomolecular
recognition. Nature Chemical Biology 5:789-796. DOI: https://doi.org/10.1038/nchembio.232, PMID: 1984162
8

Bouvignies G, Kay LE. 2012. Measurement of proton chemical shifts in invisible states of slowly exchanging
protein systems by chemical exchange saturation transfer. The Journal of Physical Chemistry B 116:14311—
14317. DOI: https://doi.org/10.1021/jp31110%9u, PMID: 23194058

Bouvignies G. 2017. Chemex. Github. https://github.com/gbouvignies/chemex/tree/papers/hsp70_foldase_
unfoldase [Accessed 3bfa060].

Bocking T, Aguet F, Harrison SC, Kirchhausen T. 2011. Single-molecule analysis of a molecular disassemblase
reveals the mechanism of Hsc70-driven clathrin uncoating. Nature Structural & Molecular Biology 18:295-301.
DOI: https://doi.org/10.1038/nsmb.1985, PMID: 21278753

Chakrabarti KS, Agafonov RV, Pontiggia F, Otten R, Higgins MK, Schertler GFX, Oprian DD, Kern D. 2016.
Conformational selection in a protein-protein interaction revealed by dynamic pathway analysis. Cell Reports
14:32-42. DOI: https://doi.org/10.1016/j.celrep.2015.12.010, PMID: 26725117

Changeux JP, Edelstein S. 2011. Conformational selection or induced fit? 50 years of debate resolved. F1000
Biology Reports 3:19. DOI: https://doi.org/10.3410/B3-19, PMID: 21941598

Chen Z, Kurt N, Rajagopalan S, Cavagnero S. 2006. Secondary structure mapping of DnaK-bound protein
fragments: chain helicity and local helix unwinding at the binding site. Biochemistry 45:12325-12333.

DOI: https://doi.org/10.1021/bi0612263, PMID: 17014085

Chesnokova LS, Witt SN. 2005. Switches, catapults, and chaperones: steady-state kinetic analysis of Hsp70-
substrate interactions. Biochemistry 44:11224-11233. DOI: https://doi.org/10.1021/bi050787b,
PMID: 16101306

Clerico EM, Tilitsky JM, Meng W, Gierasch LM. 2015. How hsp70 molecular machines interact with their
substrates to mediate diverse physiological functions. Journal of Molecular Biology 427:1575-1588.

DOI: https://doi.org/10.1016/j.jmb.2015.02.004, PMID: 25683596

Daniels KG, Suo Y, Oas TG. 2015. Conformational kinetics reveals affinities of protein conformational states.
PNAS 112:9352-9357. DOI: https://doi.org/10.1073/pnas. 1502084112, PMID: 26162682

Daniels KG, Tonthat NK, McClure DR, Chang YC, Liu X, Schumacher MA, Fierke CA, Schmidler SC, Oas TG.
2014. Ligand concentration regulates the pathways of coupled protein folding and binding. Journal of the
American Chemical Society 136:822-825. DOI: https://doi.org/10.1021/ja4086726, PMID: 24364358

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A. 1995. NMRPipe: a multidimensional spectral
processing system based on UNIX pipes. Journal of Biomolecular NMR 6:277-293. DOI: https://doi.org/10.
1007/BF00197809, PMID: 8520220

Efron B, Tibshirani R. 1986. Bootstrap methods for standard errors, confidence intervals, and other measures of
statistical accuracy. Statistical Science 1:54-75. DOI: https://doi.org/10.1214/ss/1177013815

Farrow NA, Zhang O, Forman-Kay JD, Kay LE. 1994. A heteronuclear correlation experiment for simultaneous
determination of 15N longitudinal decay and chemical exchange rates of systems in slow equilibrium. Journal
of Biomolecular NMR 4:727-734. DOI: https://doi.org/10.1007/BF00404280, PMID: 7919956

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764 25 of 29


https://www.rcsb.org/pdb/explore/explore.do?structureId=1cun
https://www.rcsb.org/pdb/explore/explore.do?structureId=1cun
https://www.rcsb.org/pdb/explore/explore.do?structureId=1cun
https://www.rcsb.org/pdb/explore/explore.do?structureId=2a36
https://www.rcsb.org/pdb/explore/explore.do?structureId=2a36
https://www.rcsb.org/pdb/explore/explore.do?structureId=2a36
https://doi.org/10.1017/S0033583514000122
http://www.ncbi.nlm.nih.gov/pubmed/25710841
https://doi.org/10.1021/ja2082813
https://doi.org/10.1021/ja2082813
http://www.ncbi.nlm.nih.gov/pubmed/21999431
https://doi.org/10.1126/science.aac4354
http://www.ncbi.nlm.nih.gov/pubmed/27365453
https://doi.org/10.1073/pnas.0903503106
https://doi.org/10.1073/pnas.0903503106
http://www.ncbi.nlm.nih.gov/pubmed/19439666
https://doi.org/10.1021/bi0512795
http://www.ncbi.nlm.nih.gov/pubmed/16300404
https://doi.org/10.1016/0014-5793(80)81057-X
http://www.ncbi.nlm.nih.gov/pubmed/6777193
https://doi.org/10.1038/nchembio.232
http://www.ncbi.nlm.nih.gov/pubmed/19841628
http://www.ncbi.nlm.nih.gov/pubmed/19841628
https://doi.org/10.1021/jp311109u
http://www.ncbi.nlm.nih.gov/pubmed/23194058
https://github.com/gbouvignies/chemex/tree/papers/hsp70_foldase_unfoldase
https://github.com/gbouvignies/chemex/tree/papers/hsp70_foldase_unfoldase
https://doi.org/10.1038/nsmb.1985
http://www.ncbi.nlm.nih.gov/pubmed/21278753
https://doi.org/10.1016/j.celrep.2015.12.010
http://www.ncbi.nlm.nih.gov/pubmed/26725117
https://doi.org/10.3410/B3-19
http://www.ncbi.nlm.nih.gov/pubmed/21941598
https://doi.org/10.1021/bi0612263
http://www.ncbi.nlm.nih.gov/pubmed/17014085
https://doi.org/10.1021/bi050787b
http://www.ncbi.nlm.nih.gov/pubmed/16101306
https://doi.org/10.1016/j.jmb.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25683596
https://doi.org/10.1073/pnas.1502084112
http://www.ncbi.nlm.nih.gov/pubmed/26162682
https://doi.org/10.1021/ja4086726
http://www.ncbi.nlm.nih.gov/pubmed/24364358
https://doi.org/10.1007/BF00197809
https://doi.org/10.1007/BF00197809
http://www.ncbi.nlm.nih.gov/pubmed/8520220
https://doi.org/10.1214/ss/1177013815
https://doi.org/10.1007/BF00404280
http://www.ncbi.nlm.nih.gov/pubmed/7919956
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

Freeman R, Kempsell SP, Levitt MH. 2011. Radiofrequency pulse sequences which compensate their own
imperfections. 1980. Journal of Magnetic Resonance 213:453-479. DOI: https://doi.org/10.1016/0022-2364(80)
90327-3, PMID: 22152347

Geen H, Freeman R. 1991. Band-selective radiofrequency pulses. Journal of Magnetic Resonance 93:93-141.
DOI: https://doi.org/10.1016/0022-2364(91)20034-Q

Gelis I, Bonvin AM, Keramisanou D, Koukaki M, Gouridis G, Karamanou S, Economou A, Kalodimos CG. 2007.
Structural basis for signal-sequence recognition by the translocase motor SecA as determined by NMR. Cell
131:756-769. DOI: https://doi.org/10.1016/j.cell.2007.09.039, PMID: 18022369

Gisler SM, Pierpaoli EV, Christen P. 1998. Catapult mechanism renders the chaperone action of Hsp70
unidirectional. Journal of Molecular Biology 279:833-840. DOI: https://doi.org/10.1006/jmbi.1998.1815, PMID:
9642064

Goddard T, Kneller D. 2006. Sparky—NMR assignment and integration software. San Francisco, University of
California.

Goloubinoff P, De Los Rios P. 2007. The mechanism of Hsp70 chaperones: (entropic) pulling the models
together. Trends in Biochemical Sciences 32:372-380. DOI: https://doi.org/10.1016/].tibs.2007.06.008,

PMID: 17629485

Greene MK, Maskos K, Landry SJ. 1998. Role of the J-domain in the cooperation of Hsp40 with Hsp70. PNAS
95:6108-6113. DOI: https://doi.org/10.1073/pnas.95.11.6108, PMID: 9600925

Grimshaw JP, Jelesarov |, Schonfeld HJ, Christen P. 2001. Reversible thermal transition in GrpE, the nucleotide
exchange factor of the DnaK heat-shock system. Journal of Biological Chemistry 276:6098-6104. DOI: https://
doi.org/10.1074/jbc.M009290200, PMID: 11084044

Grimshaw JP, Jelesarov |, Siegenthaler RK, Christen P. 2003. Thermosensor action of GrpE. The DnaK chaperone
system at heat shock temperatures. The Journal of Biological Chemistry 278:19048-19053. DOI: https://doi.
org/10.1074/jbc.M300924200, PMID: 12639955

Grum VL, Li D, MacDonald RI, Mondragdn A. 1999. Structures of two repeats of spectrin suggest models of
flexibility. Cell 98:523-535. DOI: https://doi.org/10.1016/S0092-8674(00)81980-7, PMID: 10481916

Hammes GG, Chang Y-C, Oas TG. 2009. Conformational selection or induced fit: A flux description of reaction
mechanism. PNAS 106:13737-13741. DOI: https://doi.org/10.1073/pnas.0907195106

Han W, Christen P. 2003. Mechanism of the targeting action of DnaJ in the DnaK molecular chaperone system.
Journal of Biological Chemistry 278:19038-19043. DOI: https://doi.org/10.1074/jbc.M300756200, PMID: 12654
915

Harrison CJ, Hayer-Hartl M, Di Liberto M, Hartl F, Kuriyan J. 1997. Crystal structure of the nucleotide exchange
factor GrpE bound to the ATPase domain of the molecular chaperone DnaK. Science 276:431-435.

DOI: https://doi.org/10.1126/science.276.5311.431, PMID: 9103205

Huang R, Ripstein ZA, Augustyniak R, Lazniewski M, Ginalski K, Kay LE, Rubinstein JL. 2016. Unfolding the
mechanism of the AAA+ unfoldase VAT by a combined cryo-EM, solution NMR study. PNAS 113:E4190-
E4199. DOI: https://doi.org/10.1073/pnas.1603980113, PMID: 27402735

Jordan R, McMacken R. 1995. Modulation of the ATPase activity of the molecular chaperone DnaK by peptides
and the DnaJ and GrpE heat shock proteins. Journal of Biological Chemistry 270:4563-4569. DOI: https://doi.
org/10.1074/jbc.270.9.4563, PMID: 7876226

Kellner R, Hofmann H, Barducci A, Wunderlich B, Nettels D, Schuler B. 2014. Single-molecule spectroscopy
reveals chaperone-mediated expansion of substrate protein. PNAS 111:13355-13360. DOI: https://doi.org/10.
1073/pnas.1407086111, PMID: 25165400

Kerfah R, Plevin MJ, Sounier R, Gans P, Boisbouvier J. 2015. Methyl-specific isotopic labeling: a molecular tool
box for solution NMR studies of large proteins. Current Opinion in Structural Biology 32:113-122. DOI: https://
doi.org/10.1016/j.sbi.2015.03.009, PMID: 25881211

Kityk R, Kopp J, Sinning I, Mayer MP. 2012. Structure and dynamics of the ATP-bound open conformation of
Hsp70 chaperones. Molecular Cell 48:863-874. DOI: https://doi.org/10.1016/j.molcel.2012.09.023,

PMID: 23123194

Kurt N, Cavagnero S. 2008. Nonnative helical motif in a chaperone-bound protein fragment. Biophysical Journal
94:148-1L50. DOI: https://doi.org/10.1529/biophysj.107.127647, PMID: 18192369

Kurt N, Rajagopalan S, Cavagnero S. 2006. Effect of hsp70 chaperone on the folding and misfolding of
polypeptides modeling an elongating protein chain. Journal of Molecular Biology 355:809-820. DOI: https://
doi.org/10.1016/j.jmb.2005.10.029, PMID: 16309705

Landry SJ, Jordan R, McMacken R, Gierasch LM. 1992. Different conformations for the same polypeptide bound
to chaperones DnaK and GroEL. Nature 355:455-457. DOI: https://doi.org/10.1038/355455a0, PMID: 1346469

Lange OF, Lakomek NA, Fares C, Schroder GF, Walter KF, Becker S, Meiler J, Grubmdiller H, Griesinger C, de
Groot BL. 2008. Recognition dynamics up to microseconds revealed from an RDC-derived ubiquitin ensemble
in solution. Science 320:1471-1475. DOI: https://doi.org/10.1126/science.1157092, PMID: 18556554

Laufen T, Mayer MP, Beisel C, Klostermeier D, Mogk A, Reinstein J, Bukau B. 1999. Mechanism of regulation of
hsp70 chaperones by DnaJ cochaperones. PNAS 96:5452-5457. DOI: https://doi.org/10.1073/pnas.96.10.5452,
PMID: 10318904

Lee JH, Zhang D, Hughes C, Okuno Y, Sekhar A, Cavagnero S. 2015. Heterogeneous binding of the SH3 client
protein to the DnaK molecular chaperone. PNAS 112:E4206-E4215. DOI: https://doi.org/10.1073/pnas.
1505173112, PMID: 26195753

Mayer MP, Bukau B. 2005. Hsp70 chaperones: cellular functions and molecular mechanism. Cellular and
Molecular Life Sciences 62:670-684. DOI: https://doi.org/10.1007/s00018-004-4464-6, PMID: 15770419

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764 26 of 29


https://doi.org/10.1016/0022-2364(80)90327-3
https://doi.org/10.1016/0022-2364(80)90327-3
http://www.ncbi.nlm.nih.gov/pubmed/22152347
https://doi.org/10.1016/0022-2364(91)90034-Q
https://doi.org/10.1016/j.cell.2007.09.039
http://www.ncbi.nlm.nih.gov/pubmed/18022369
https://doi.org/10.1006/jmbi.1998.1815
http://www.ncbi.nlm.nih.gov/pubmed/9642064
https://doi.org/10.1016/j.tibs.2007.06.008
http://www.ncbi.nlm.nih.gov/pubmed/17629485
https://doi.org/10.1073/pnas.95.11.6108
http://www.ncbi.nlm.nih.gov/pubmed/9600925
https://doi.org/10.1074/jbc.M009290200
https://doi.org/10.1074/jbc.M009290200
http://www.ncbi.nlm.nih.gov/pubmed/11084044
https://doi.org/10.1074/jbc.M300924200
https://doi.org/10.1074/jbc.M300924200
http://www.ncbi.nlm.nih.gov/pubmed/12639955
https://doi.org/10.1016/S0092-8674(00)81980-7
http://www.ncbi.nlm.nih.gov/pubmed/10481916
https://doi.org/10.1073/pnas.0907195106
https://doi.org/10.1074/jbc.M300756200
http://www.ncbi.nlm.nih.gov/pubmed/12654915
http://www.ncbi.nlm.nih.gov/pubmed/12654915
https://doi.org/10.1126/science.276.5311.431
http://www.ncbi.nlm.nih.gov/pubmed/9103205
https://doi.org/10.1073/pnas.1603980113
http://www.ncbi.nlm.nih.gov/pubmed/27402735
https://doi.org/10.1074/jbc.270.9.4563
https://doi.org/10.1074/jbc.270.9.4563
http://www.ncbi.nlm.nih.gov/pubmed/7876226
https://doi.org/10.1073/pnas.1407086111
https://doi.org/10.1073/pnas.1407086111
http://www.ncbi.nlm.nih.gov/pubmed/25165400
https://doi.org/10.1016/j.sbi.2015.03.009
https://doi.org/10.1016/j.sbi.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25881211
https://doi.org/10.1016/j.molcel.2012.09.023
http://www.ncbi.nlm.nih.gov/pubmed/23123194
https://doi.org/10.1529/biophysj.107.127647
http://www.ncbi.nlm.nih.gov/pubmed/18192369
https://doi.org/10.1016/j.jmb.2005.10.029
https://doi.org/10.1016/j.jmb.2005.10.029
http://www.ncbi.nlm.nih.gov/pubmed/16309705
https://doi.org/10.1038/355455a0
http://www.ncbi.nlm.nih.gov/pubmed/1346469
https://doi.org/10.1126/science.1157092
http://www.ncbi.nlm.nih.gov/pubmed/18556554
https://doi.org/10.1073/pnas.96.10.5452
http://www.ncbi.nlm.nih.gov/pubmed/10318904
https://doi.org/10.1073/pnas.1505173112
https://doi.org/10.1073/pnas.1505173112
http://www.ncbi.nlm.nih.gov/pubmed/26195753
https://doi.org/10.1007/s00018-004-4464-6
http://www.ncbi.nlm.nih.gov/pubmed/15770419
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

Mayer MP, Schréder H, Rudiger S, Paal K, Laufen T, Bukau B. 2000. Multistep mechanism of substrate binding
determines chaperone activity of Hsp70. Nature Structural Biology 7:586-593. DOI: https://doi.org/10.1038/
76819, PMID: 10876246

Mayer MP. 2013. Hsp70 chaperone dynamics and molecular mechanism. Trends in Biochemical Sciences 38:507—
514. DOI: https://doi.org/10.1016/j.tibs.2013.08.001, PMID: 24012426

McCarty JS, Walker GC. 1991. DnaK as a thermometer: threonine-199 is site of autophosphorylation and is
critical for ATPase activity. PNAS 88:9513-9517. DOI: https://doi.org/10.1073/pnas.88.21.9513, PMID: 18350
85

McConnell HM. 1958. Reaction rates by nuclear magnetic resonance. The Journal of Chemical Physics 28:430-
431. DOI: https://doi.org/10.1063/1.1744152

Mittag T, Kay LE, Forman-Kay JD. 2010. Protein dynamics and conformational disorder in molecular recognition.
Journal of molecular recognition : JMR 23:105-116. DOI: https://doi.org/10.1002/jmr.961, PMID: 19585546

Mogk A, Kummer E, Bukau B. 2015. Cooperation of Hsp70 and Hsp100 chaperone machines in protein
disaggregation. Frontiers in Molecular Biosciences 2:22. DOI: https://doi.org/10.3389/fmolb.2015.00022,
PMID: 26042222

Montgomery DL, Morimoto RI, Gierasch LM. 1999. Mutations in the substrate binding domain of the Escherichia
coli 70 kDa molecular chaperone, DnaK, which alter substrate affinity or interdomain coupling. Journal of
Molecular Biology 286:915-932. DOI: https://doi.org/10.1006/jmbi.1998.2514, PMID: 10024459

Moro F, Fernédndez V, Muga A. 2003. Interdomain interaction through helices A and B of DnaK peptide binding
domain. FEBS Letters 533:119-123. DOI: https://doi.org/10.1016/50014-5793(02)03752-3, PMID: 12505170

Moro F, Fernandez-Séiz V, Muga A. 2004. The lid subdomain of DnaK is required for the stabilization of the
substrate-binding site. Journal of Biological Chemistry 279:19600-19606. DOI: https://doi.org/10.1074/jbc.
M400921200, PMID: 14985342

Ollerenshaw JE, Tugarinov V, Kay LE. 2003. Methyl TROSY: explanation and experimental verification. Magnetic
Resonance in Chemistry 41:843-852. DOI: https://doi.org/10.1002/mrc.1256

Palleros DR, Shi L, Reid KL, Fink AL. 1994. hsp70-protein complexes. complex stability and conformation of
bound substrate protein. The Journal of Biological Chemistry 269:13107-13114. PMID: 8175736

Palmer AG, Kroenke CD, Loria JP. 2001. Nuclear magnetic resonance methods for quantifying microsecond-to-
millisecond motions in biological macromolecules. Methods in Enzymology 339:204-238 . DOI: https://doi.org/
10.1016/S0076-6879(01)39315-1, PMID: 11462813

Pellecchia M, Montgomery DL, Stevens SY, Vander Kooi CW, Feng HP, Gierasch LM, Zuiderweg ER. 2000.
Structural insights into substrate binding by the molecular chaperone DnaK. Nature Structural Biology 7:298.
DOI: https://doi.org/10.1038/74062, PMID: 10742174

Pierpaoli EV, Gisler SM, Christen P. 1998. Sequence-specific rates of interaction of target peptides with the
molecular chaperones DnaK and DnaJ. Biochemistry 37:16741-16748. DOI: https://doi.org/10.1021/bi981762y,
PMID: 9843444

Pilon M, Schekman R. 1999. Protein translocation: how Hsp70 pulls it off. Cell 97:679-682 . DOI: https://doi.org/
10.1016/S0092-8674(00)80780-1, PMID: 10380919

Qi R, Sarbeng EB, Liu Q, Le KQ, Xu X, Xu H, Yang J, Wong JL, Vorvis C, Hendrickson WA, Zhou L, Liu Q. 2013.
Allosteric opening of the polypeptide-binding site when an Hsp70 binds ATP. Nature Structural & Molecular
Biology 20:900-907. DOI: https://doi.org/10.1038/nsmb.2583, PMID: 23708608

Rauh D, Klebe G, Stubbs MT. 2004. Understanding protein-ligand interactions: the price of protein flexibility.
Journal of Molecular Biology 335:1325-1341. DOI: https://doi.org/10.1016/j.jmb.2003.11.041, PMID: 14729347

Religa TL, Sprangers R, Kay LE. 2010. Dynamic regulation of archaeal proteasome gate opening as studied by
TROSY NMR. Science 328:98-102. DOI: https://doi.org/10.1126/science.1184991, PMID: 20360109

Rodriguez F, Arséne-Ploetze F, Rist W, Ridiger S, Schneider-Mergener J, Mayer MP, Bukau B. 2008. Molecular
basis for regulation of the heat shock transcription factor sigma32 by the DnaK and DnaJ chaperones.
Molecular Cell 32:347-358. DOI: https://doi.org/10.1016/j.molcel.2008.09.016, PMID: 18995833

Rosenzweig R, Kay LE. 2014. Bringing dynamic molecular machines into focus by methyl-TROSY NMR. Annual
Review of Biochemistry 83:291-315. DOI: https://doi.org/10.1146/annurev-biochem-060713-035829, PMID: 24
905784

Rosenzweig R, Moradi S, Zarrine-Afsar A, Glover JR, Kay LE. 2013. Unraveling the mechanism of protein
disaggregation through a ClpB-DnaK interaction. Science 339:1080-1083. DOI: https://doi.org/10.1126/
science.1233066, PMID: 23393091

Rosenzweig R, Sekhar A, Nagesh J, Kay LE. 2017. Promiscuous binding by Hsp70 results in conformational
heterogeneity and fuzzy chaperone-substrate ensembles. eLife 6:28030. DOI: https://doi.org/10.7554/elife.
28030, PMID: 28708484

Russell R, Jordan R, McMacken R. 1998. Kinetic characterization of the ATPase cycle of the DnaK molecular
chaperone. Biochemistry 37:596-607. DOI: https://doi.org/10.1021/bi972025p, PMID: 9425082

Riidiger S, Germeroth L, Schneider-Mergener J, Bukau B. 1997. Substrate specificity of the DnaK chaperone
determined by screening cellulose-bound peptide libraries. The EMBO Journal 16:1501-1507. DOI: https://doi.
org/10.1093/emboj/16.7.1501, PMID: 9130695

Schlecht R, Erbse AH, Bukau B, Mayer MP. 2011. Mechanics of Hsp70 chaperones enables differential interaction
with client proteins. Nature Structural & Molecular Biology 18:345-351. DOI: https://doi.org/10.1038/nsmb.
2006, PMID: 21278757

Schmid D, Baici A, Gehring H, Christen P. 1994. Kinetics of molecular chaperone action. Science 263:971-973.
DOI: https://doi.org/10.1126/science.8310296, PMID: 8310296

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764 27 of 29


https://doi.org/10.1038/76819
https://doi.org/10.1038/76819
http://www.ncbi.nlm.nih.gov/pubmed/10876246
https://doi.org/10.1016/j.tibs.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/24012426
https://doi.org/10.1073/pnas.88.21.9513
http://www.ncbi.nlm.nih.gov/pubmed/1835085
http://www.ncbi.nlm.nih.gov/pubmed/1835085
https://doi.org/10.1063/1.1744152
https://doi.org/10.1002/jmr.961
http://www.ncbi.nlm.nih.gov/pubmed/19585546
https://doi.org/10.3389/fmolb.2015.00022
http://www.ncbi.nlm.nih.gov/pubmed/26042222
https://doi.org/10.1006/jmbi.1998.2514
http://www.ncbi.nlm.nih.gov/pubmed/10024459
https://doi.org/10.1016/S0014-5793(02)03752-3
http://www.ncbi.nlm.nih.gov/pubmed/12505170
https://doi.org/10.1074/jbc.M400921200
https://doi.org/10.1074/jbc.M400921200
http://www.ncbi.nlm.nih.gov/pubmed/14985342
https://doi.org/10.1002/mrc.1256
http://www.ncbi.nlm.nih.gov/pubmed/8175736
https://doi.org/10.1016/S0076-6879(01)39315-1
https://doi.org/10.1016/S0076-6879(01)39315-1
http://www.ncbi.nlm.nih.gov/pubmed/11462813
https://doi.org/10.1038/74062
http://www.ncbi.nlm.nih.gov/pubmed/10742174
https://doi.org/10.1021/bi981762y
http://www.ncbi.nlm.nih.gov/pubmed/9843444
https://doi.org/10.1016/S0092-8674(00)80780-1
https://doi.org/10.1016/S0092-8674(00)80780-1
http://www.ncbi.nlm.nih.gov/pubmed/10380919
https://doi.org/10.1038/nsmb.2583
http://www.ncbi.nlm.nih.gov/pubmed/23708608
https://doi.org/10.1016/j.jmb.2003.11.041
http://www.ncbi.nlm.nih.gov/pubmed/14729347
https://doi.org/10.1126/science.1184991
http://www.ncbi.nlm.nih.gov/pubmed/20360109
https://doi.org/10.1016/j.molcel.2008.09.016
http://www.ncbi.nlm.nih.gov/pubmed/18995833
https://doi.org/10.1146/annurev-biochem-060713-035829
http://www.ncbi.nlm.nih.gov/pubmed/24905784
http://www.ncbi.nlm.nih.gov/pubmed/24905784
https://doi.org/10.1126/science.1233066
https://doi.org/10.1126/science.1233066
http://www.ncbi.nlm.nih.gov/pubmed/23393091
https://doi.org/10.7554/eLife.28030
https://doi.org/10.7554/eLife.28030
http://www.ncbi.nlm.nih.gov/pubmed/28708484
https://doi.org/10.1021/bi972025p
http://www.ncbi.nlm.nih.gov/pubmed/9425082
https://doi.org/10.1093/emboj/16.7.1501
https://doi.org/10.1093/emboj/16.7.1501
http://www.ncbi.nlm.nih.gov/pubmed/9130695
https://doi.org/10.1038/nsmb.2006
https://doi.org/10.1038/nsmb.2006
http://www.ncbi.nlm.nih.gov/pubmed/21278757
https://doi.org/10.1126/science.8310296
http://www.ncbi.nlm.nih.gov/pubmed/8310296
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

Schénfeld HJ, Schmidt D, Schréder H, Bukau B. 1995. The DnaK chaperone system of Escherichia coli:
quaternary structures and interactions of the DnaK and GrpE components. Journal of Biological Chemistry 270:
2183-2189. DOI: https://doi.org/10.1074/jbc.270.5.2183, PMID: 7836448

Schréder H, Langer T, Hartl FU, Bukau B. 1993. DnaK, DnaJ and GrpE form a cellular chaperone machinery
capable of repairing heat-induced protein damage. The EMBO Journal 12:4137. PMID: 7900997

Scott KA, Randles LG, Moran SJ, Daggett V, Clarke J. 2006. The folding pathway of spectrin R17 from
experiment and simulation: using experimentally validated MD simulations to characterize States hinted at by
experiment. Journal of Molecular Biology 359:159-173. DOI: https://doi.org/10.1016/j.jmb.2006.03.011,
PMID: 16618492

Sekhar A, Lam HN, Cavagnero S. 2012a. Protein folding rates and thermodynamic stability are key determinants
for interaction with the Hsp70 chaperone system. Protein Science 21:1489-1502. DOI: https://doi.org/10.1002/
pro.2139, PMID: 22886941

Sekhar A, Nagesh J, Rosenzweig R, Kay LE. 2017. Conformational heterogeneity in the Hsp70 chaperone-
substrate ensemble identified from analysis of NMR-detected titration data. Protein Science 26:2207-2220.
DOI: https://doi.org/10.1002/pro.3276, PMID: 28833766

Sekhar A, Rosenzweig R, Bouvignies G, Kay LE. 2015. Mapping the conformation of a client protein through the
Hsp70 functional cycle. PNAS 112:10395-10400. DOI: https://doi.org/10.1073/pnas. 1508504112,

PMID: 26240333

Sekhar A, Rosenzweig R, Bouvignies G, Kay LE. 2016. Hsp70 biases the folding pathways of client proteins. PNAS
113:E2794-E2801. DOI: https://doi.org/10.1073/pnas. 1601846113, PMID: 27140645

Sekhar A, Santiago M, Lam HN, Lee JH, Cavagnero S. 2012b. Transient interactions of a slow-folding protein
with the Hsp70 chaperone machinery. Protein Science 21:1042-1055. DOI: https://doi.org/10.1002/pro.2087,
PMID: 22549943

Shaka AJ, Keeler J, Frenkiel T, Freeman R. 1983. An improved sequence for broadband decoupling: WALTZ-16.
Journal of Magnetic Resonance 52:335-338. DOI: https://doi.org/10.1016/0022-2364(83)90207-X

Sharma SK, De los Rios P, Christen P, Lustig A, Goloubinoff P. 2010. The kinetic parameters and energy cost of
the Hsp70 chaperone as a polypeptide unfoldase. Nature Chemical Biology 6:914-920. DOI: https://doi.org/
10.1038/nchembio.455, PMID: 20953191

Slepenkov SV, Witt SN. 1998. Peptide-induced conformational changes in the molecular chaperone DnaK.
Biochemistry 37:16749-16756. DOI: https://doi.org/10.1021/bi981738k, PMID: 9843445

Slepenkov SV, Witt SN. 2002. The unfolding story of the Escherichia coli Hsp70 DnaK: is DnaK a holdase or an
unfoldase? Molecular Microbiology 45:1197-1206. DOI: https://doi.org/10.1046/].1365-2958.2002.03093.x,
PMID: 12207689

Smock RG, Rivoire O, Russ WP, Swain JF, Leibler S, Ranganathan R, Gierasch LM. 2010. An interdomain sector
mediating allostery in Hsp70 molecular chaperones. Molecular Systems Biology 6:414. DOI: https://doi.org/10.
1038/msb.2010.65, PMID: 20865007

Sousa R, Liao HS, Cuéllar J, Jin S, Valpuesta JM, Jin AJ, Lafer EM. 2016. Clathrin-coat disassembly illuminates the
mechanisms of Hsp70 force generation. Nature Structural & Molecular Biology 23:821-829. DOI: https://doi.
org/10.1038/nsmb.3272, PMID: 27478930

Stevens SY, Cai S, Pellecchia M, Zuiderweg ER. 2003. The solution structure of the bacterial HSP70 chaperone
protein domain DnaK(393-507) in complex with the peptide NRLLLTG. Protein Science 12:2588-2596.

DOI: https://doi.org/10.1110/ps.03269103, PMID: 14573869

Swain JF, Dinler G, Sivendran R, Montgomery DL, Stotz M, Gierasch LM. 2007. Hsp70 chaperone ligands control
domain association via an allosteric mechanism mediated by the interdomain linker. Molecular Cell 26:27-39.
DOI: https://doi.org/10.1016/j.molcel.2007.02.020, PMID: 17434124

Swain JF, Gierasch LM. 2006. The changing landscape of protein allostery. Current Opinion in Structural Biology
16:102-108. DOI: https://doi.org/10.1016/.sbi.2006.01.003, PMID: 16423525

Szabo A, Langer T, Schréder H, Flanagan J, Bukau B, Hartl FU. 1994. The ATP hydrolysis-dependent reaction
cycle of the Escherichia coli Hsp70 system DnaK, DnaJ, and GrpE. PNAS 91:10345-10349. DOI: https://doi.
org/10.1073/pnas.91.22.10345, PMID: 7937953

Taneva SG, Moro F, Veldzquez-Campoy A, Muga A. 2010. Energetics of nucleotide-induced DnaK
conformational states. Biochemistry 49:1338-1345. DOI: https://doi.org/10.1021/bi?01847¢, PMID: 20078127

Teter SA, Houry WA, Ang D, Tradler T, Rockabrand D, Fischer G, Blum P, Georgopoulos C, Hartl FU. 1999.
Polypeptide flux through bacterial Hsp70: DnaK cooperates with trigger factor in chaperoning nascent chains.
Cell 97:755-765 . PMID: 10380927

Tollinger M, Skrynnikov NR, Mulder FA, Forman-Kay JD, Kay LE. 2001. Slow dynamics in folded and unfolded
states of an SH3 domain. Journal of the American Chemical Society 123:11341-11352. DOI: https://doi.org/10.
1021/ja011300z, PMID: 11707108

Tugarinov V, Hwang PM, Ollerenshaw JE, Kay LE. 2003. Cross-correlated relaxation enhanced 1H[bond]13C
NMR spectroscopy of methyl groups in very high molecular weight proteins and protein complexes. Journal of
the American Chemical Society 125:10420-10428. DOI: https://doi.org/10.1021/ja030153x, PMID: 12926967

Tugarinov V, Kanelis V, Kay LE. 2006. Isotope labeling strategies for the study of high-molecular-weight proteins
by solution NMR spectroscopy. Nature Protocols 1:749-754. DOI: https://doi.org/10.1038/nprot.2006.101,
PMID: 17406304

Tzeng SR, Kalodimos CG. 2009. Dynamic activation of an allosteric regulatory protein. Nature 462:368-372.
DOI: https://doi.org/10.1038/nature08560, PMID: 19924217

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/eLife.32764 28 of 29


https://doi.org/10.1074/jbc.270.5.2183
http://www.ncbi.nlm.nih.gov/pubmed/7836448
http://www.ncbi.nlm.nih.gov/pubmed/7900997
https://doi.org/10.1016/j.jmb.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16618492
https://doi.org/10.1002/pro.2139
https://doi.org/10.1002/pro.2139
http://www.ncbi.nlm.nih.gov/pubmed/22886941
https://doi.org/10.1002/pro.3276
http://www.ncbi.nlm.nih.gov/pubmed/28833766
https://doi.org/10.1073/pnas.1508504112
http://www.ncbi.nlm.nih.gov/pubmed/26240333
https://doi.org/10.1073/pnas.1601846113
http://www.ncbi.nlm.nih.gov/pubmed/27140645
https://doi.org/10.1002/pro.2087
http://www.ncbi.nlm.nih.gov/pubmed/22549943
https://doi.org/10.1016/0022-2364(83)90207-X
https://doi.org/10.1038/nchembio.455
https://doi.org/10.1038/nchembio.455
http://www.ncbi.nlm.nih.gov/pubmed/20953191
https://doi.org/10.1021/bi981738k
http://www.ncbi.nlm.nih.gov/pubmed/9843445
https://doi.org/10.1046/j.1365-2958.2002.03093.x
http://www.ncbi.nlm.nih.gov/pubmed/12207689
https://doi.org/10.1038/msb.2010.65
https://doi.org/10.1038/msb.2010.65
http://www.ncbi.nlm.nih.gov/pubmed/20865007
https://doi.org/10.1038/nsmb.3272
https://doi.org/10.1038/nsmb.3272
http://www.ncbi.nlm.nih.gov/pubmed/27478930
https://doi.org/10.1110/ps.03269103
http://www.ncbi.nlm.nih.gov/pubmed/14573869
https://doi.org/10.1016/j.molcel.2007.02.020
http://www.ncbi.nlm.nih.gov/pubmed/17434124
https://doi.org/10.1016/j.sbi.2006.01.003
http://www.ncbi.nlm.nih.gov/pubmed/16423525
https://doi.org/10.1073/pnas.91.22.10345
https://doi.org/10.1073/pnas.91.22.10345
http://www.ncbi.nlm.nih.gov/pubmed/7937953
https://doi.org/10.1021/bi901847q
http://www.ncbi.nlm.nih.gov/pubmed/20078127
http://www.ncbi.nlm.nih.gov/pubmed/10380927
https://doi.org/10.1021/ja011300z
https://doi.org/10.1021/ja011300z
http://www.ncbi.nlm.nih.gov/pubmed/11707108
https://doi.org/10.1021/ja030153x
http://www.ncbi.nlm.nih.gov/pubmed/12926967
https://doi.org/10.1038/nprot.2006.101
http://www.ncbi.nlm.nih.gov/pubmed/17406304
https://doi.org/10.1038/nature08560
http://www.ncbi.nlm.nih.gov/pubmed/19924217
https://doi.org/10.7554/eLife.32764

e LI FE Research article

Biophysics and Structural Biology

Vallurupalli P, Bouvignies G, Kay LE. 2012. Studying "invisible" excited protein states in slow exchange with a
major state conformation. Journal of the American Chemical Society 134:8148-8161. DOI: https://doi.org/10.
1021/ja3001419, PMID: 22554188

Vallurupalli P, Sekhar A, Yuwen T, Kay LE. 2017. Probing conformational dynamics in biomolecules via chemical
exchange saturation transfer: a primer. Journal of Biomolecular NMR 67:243-271. DOI: https://doi.org/10.
1007/510858-017-0099-4, PMID: 28317074

Van Durme J, Maurer-Stroh S, Gallardo R, Wilkinson H, Rousseau F, Schymkowitz J. 2009. Accurate prediction of
DnaK-peptide binding via homology modelling and experimental data. PLoS Computational Biology 5:
€1000475. DOI: https://doi.org/10.1371/journal.pcbi. 1000475, PMID: 19696878

Venditti V, Clore GM. 2012. Conformational selection and substrate binding regulate the monomer/dimer
equilibrium of the C-terminal domain of Escherichia coli enzyme |. Journal of Biological Chemistry 287:26989—
26998. DOI: https://doi.org/10.1074/jbc.M112.382291, PMID: 22722931

Vogt AD, Di Cera E. 2012. Conformational selection or induced fit? a critical appraisal of the kinetic mechanism.
Biochemistry 51:5894-5902. DOI: https://doi.org/10.1021/bi3006913

Weikl TR, Paul F. 2014. Conformational selection in protein binding and function. Protein Science 23:1508-1518.
DOI: https://doi.org/10.1002/pro.2539, PMID: 25155241

Ye L, Van Eps N, Zimmer M, Ernst OP, Prosser RS. 2016. Activation of the A2A adenosine G-protein-coupled
receptor by conformational selection. Nature 533:265-268. DOI: https://doi.org/10.1038/nature17668,

PMID: 27144352

Yuwen T, Sekhar A, Kay LE. 2017. Separating dipolar and chemical exchange magnetization transfer processes in
" H-CEST. Angewandte Chemie International Edition 56:6122-6125. DOI: https://doi.org/10.1002/anie.
201610759

Zahn M, Berthold N, Kieslich B, Knappe D, Hoffmann R, Strater N. 2013. Structural studies on the forward and
reverse binding modes of peptides to the chaperone DnaK. Journal of Molecular Biology 425:2463-2479.

DOI: https://doi.org/10.1016/}.jmb.2013.03.041, PMID: 23562829

Zhang Q, Stelzer AC, Fisher CK, Al-Hashimi HM. 2007. Visualizing spatially correlated dynamics that directs RNA
conformational transitions. Nature 450:1263-1267. DOI: https://doi.org/10.1038/nature06389, PMID: 180
97416

Zhu X, Zhao X, Burkholder WF, Gragerov A, Ogata CM, Gottesman ME, Hendrickson WA. 1996. Structural
analysis of substrate binding by the molecular chaperone DnaK. Science 272:1606-1614. DOI: https://doi.org/
10.1126/science.272.5268.1606, PMID: 8658133

Zhuravleva A, Clerico EM, Gierasch LM. 2012. An interdomain energetic tug-of-war creates the allosterically
active state in Hsp70 molecular chaperones. Cell 151:1296-1307. DOI: https://doi.org/10.1016/].cell.2012.11.
002, PMID: 23217711

Zhuravleva A, Gierasch LM. 2015. Substrate-binding domain conformational dynamics mediate Hsp70 allostery.
PNAS 112:E2865-E2873. DOI: https://doi.org/10.1073/pnas. 1506692112, PMID: 26038563

Zwahlen C, Gardner KH, Sarma SP, Horita DA, Byrd RA, Kay LE. 1998. An NMR experiment for measuring
methyl—methyl NOEs in '* C-labeled proteins with high resolution. Journal of the American Chemical Society
120:7617-7625. DOI: https://doi.org/10.1021/ja981205z

Sekhar et al. eLife 2018;7:e32764. DOI: https://doi.org/10.7554/elLife.32764 29 of 29


https://doi.org/10.1021/ja3001419
https://doi.org/10.1021/ja3001419
http://www.ncbi.nlm.nih.gov/pubmed/22554188
https://doi.org/10.1007/s10858-017-0099-4
https://doi.org/10.1007/s10858-017-0099-4
http://www.ncbi.nlm.nih.gov/pubmed/28317074
https://doi.org/10.1371/journal.pcbi.1000475
http://www.ncbi.nlm.nih.gov/pubmed/19696878
https://doi.org/10.1074/jbc.M112.382291
http://www.ncbi.nlm.nih.gov/pubmed/22722931
https://doi.org/10.1021/bi3006913
https://doi.org/10.1002/pro.2539
http://www.ncbi.nlm.nih.gov/pubmed/25155241
https://doi.org/10.1038/nature17668
http://www.ncbi.nlm.nih.gov/pubmed/27144352
https://doi.org/10.1002/anie.201610759
https://doi.org/10.1002/anie.201610759
https://doi.org/10.1016/j.jmb.2013.03.041
http://www.ncbi.nlm.nih.gov/pubmed/23562829
https://doi.org/10.1038/nature06389
http://www.ncbi.nlm.nih.gov/pubmed/18097416
http://www.ncbi.nlm.nih.gov/pubmed/18097416
https://doi.org/10.1126/science.272.5268.1606
https://doi.org/10.1126/science.272.5268.1606
http://www.ncbi.nlm.nih.gov/pubmed/8658133
https://doi.org/10.1016/j.cell.2012.11.002
https://doi.org/10.1016/j.cell.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23217711
https://doi.org/10.1073/pnas.1506692112
http://www.ncbi.nlm.nih.gov/pubmed/26038563
https://doi.org/10.1021/ja981205z
https://doi.org/10.7554/eLife.32764

