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The 70-kDa heat shock protein (Hsp70) family of chaperones bind
cognate substrates to perform a variety of different processes that
are integral to cellular homeostasis. Although detailed structural
information is available on the chaperone, the structural features of
folding competent substrates in the bound form have not been well
characterized. Here we use paramagnetic relaxation enhancement
(PRE) NMR spectroscopy to probe the existence of long-range inter-
actions in one such folding competent substrate, human telomere
repeat binding factor (hTRF1), which is bound to DnaK in a globally
unfolded conformation. We show that DnaK binding modifies the
energy landscape of the substrate by removing long-range interac-
tions that are otherwise present in the unbound, unfolded confor-
mation of hTRF1. Because the unfolded state of hTRF1 is only
marginally populated and transiently formed, it is inaccessible to
standard NMR approaches. We therefore developed a 1H-based
CEST experiment that allows measurement of PREs in sparse states,
reporting on transiently sampled conformations. Our results sug-
gest that DnaK binding can significantly bias the folding pathway
of client substrates such that secondary structure forms first, fol-
lowed by the development of longer-range contacts between more
distal parts of the protein.
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The 70-kDa heat shock protein (Hsp70) chaperone system is
an important component of the cellular proteostasis ma-

chinery, serving as a central hub to channel client proteins along
folding, refolding, maturation, disaggregation, and proteolytic
pathways in cooperation with other chaperone assemblies such
as Hsp90, Hsp104, and GroEL/ES (1–3). Central to Hsp70
function is its ATP-dependent interaction with client proteins,
facilitated by Hsp40 cochaperones and nucleotide exchange
factors (NEFs) (4). Hsp70 is a weak ATPase that recognizes and
binds substrates at sites containing large aliphatic hydrophobic
residues, Ile, Leu, and Val, flanked by positively charged amino
acids such as Arg and Lys (5). Initial binding of substrate to the
ATP-form of Hsp70 can occur directly, or via Hsp40, with rapid
on/off kinetics that give rise to a weak overall affinity for the
interaction. Subsequent ATP hydrolysis, stimulated by interac-
tions with Hsp40 and substrate, leads to a large conformational
change in the chaperone, locking the substrate in the Hsp70
bound state. The resulting complex is of high affinity with slow
substrate on/off rates (2).
Escherichia coli DnaK is the best studied of Hsp70 chaperones.

It is a 70-kDa protein comprised of an N-terminal ATPase and a
C-terminal substrate binding domain that communicate allosteri-
cally to couple ATP hydrolysis with substrate binding (3). High-
resolution structures of ADP- (6) and ATP-DnaK (7, 8) establish
that these two domains dock on to one another in the ATP-DnaK
state, but become detached from each other in the ADP-bound
form. In contrast to the detailed structural studies characterizing
DnaK, little atomic resolution data are available on the conformation
of folding-competent client proteins in the DnaK-bound state. It is
known that DnaK binds substrates in a globally unfolded confor-
mation with varying degrees of local residual native and nonnative

secondary structure (9–13). However, whether stable or transient
long-range interactions are present in DnaK-bound client proteins
remains an open question that has relevance for understanding the
function of DnaK in substrate refolding and disaggregation. For
example, it has been shown that DnaK, in concert with cochaper-
ones DnaJ (Hsp40) and GrpE (NEF), converts misfolded luciferase
to a globally unfolded, yet folding-competent, conformation (14).
Furthermore, the DnaK chaperone system is thought to “loosen”
aggregated proteins for subsequent disaggregation by ClpB or
proteolysis by ClpXP (15). Aggregated and misfolded proteins are
stabilized by native and nonnative tertiary contacts and character-
izing the extent to which these interactions either persist or are
modified upon DnaK binding will provide insights into the mech-
anism by which DnaK carries out its myriad of important functions.
Here we probe the existence of (transient) long-range tertiary

interactions in a folding competent substrate, the human telomere
repeat binding factor (hTRF1), which is globally unfolded when
bound to DnaK (13), using paramagnetic relaxation enhancement
(PRE) NMR spectroscopy. To evaluate whether DnaK binding
modifies the energy landscape of the substrate in a way that affects
long-range interactions in the unfolded state, we have recorded
PREs in the unbound, unfolded conformation of hTRF1 under
identical conditions to those used for studies of DnaK-bound
hTRF1. The unfolded state of hTRF1 in water (referred to in what
follows as uw-hTRF1) is only sparsely populated and transiently
formed, rendering it invisible to standard NMR studies. However,
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the signal from the invisible state can be amplified using chemical
exchange saturation transfer (CEST) and read out through the vis-
ible, folded hTRF1 state. We thus developed a 1H-based CEST
experiment that facilitates measurement of PREs in uw-hTRF1. A
comparison of PREs in this state with those in the hTRF1-DnaK
bound conformation establishes that the large PREs in uw-hTRF1
are significantly reduced on DnaK binding, and the extent of residual
long-range interactions in the DnaK-bound form is similar to hTRF1
denatured in 4 M urea. Taken together, our results suggest that
DnaK may be able to modify the folding pathways of protein sub-
strates by significantly influencing their tertiary structural tendencies
in the bound conformation.

Results
Measuring Long-Range Interactions in Unfolded and DnaK-Bound
hTRF1. The human telomerase repeat binding factor is a 53-res-
idue three-helix bundle belonging to the homeodomain family of
proteins (Fig. 1A) (16, 17). Native hTRF1 has a predicted DnaK
binding site (5) centered at Leu-30 in helix 2 (Fig. 1A, blue) and
binds ADP-DnaK with a KD of 32 μM (35 °C) in a manner that is
very similar to the well-characterized DnaK-binding peptide
from the E. coli heat shock transcription factor σ32 (13). In-
terestingly, DnaK-bound hTRF1 is globally unfolded but retains
as much as 40% helicity in regions forming helices 1 and 3 in the
native protein, which are distal to the DnaK binding site (13).
hTRF1 is marginally stable and the folded conformer of the WT
protein interconverts with an unfolded state with a fractional
population of ∼4% and with a lifetime on the order of 3 ms
(35 °C), G ��! ��

kGE

kEG
E, where the ground (G) and excited (E) states

refer to the native and uw-hTRF1 states, respectively, and klm
is the rate constant for the conversion from l to m (13). Al-
though NMR cross-peaks from the uw-hTRF1 state cannot be
observed, its chemical shifts could be recorded (13) using
CEST-based experiments (18–20). These experiments have
been developed for characterizing conformationally exchang-
ing states that interconvert on the order of or less than several

hundreds per second with excited state populations of ∼1% or
higher (18). A comparison of the secondary structural pro-
pensities of DnaK-bound hTRF1 with those of the unfolded
state revealed similar patterns of helicity in both states, showing
that DnaK binding does not prevent the formation of secondary
structure in the bound substrate protein (13).
Having established that the innate secondary structural pro-

pensities of the cognate hTRF1 substrate are retained on binding
to DnaK we now wish to probe longer-range interactions. In
particular, we wish to investigate whether DnaK binding, leading
to a globally unfolded ensemble of hTRF1 conformers, modifies
residual tertiary contacts, both nonnative and native-like, that
may be present in unbound, uw-hTRF1. However, quantifying
long-range interactions in uw-hTRF1 is not straightforward be-
cause spectra of this state cannot be directly recorded, and al-
though CEST-based experiments have proven powerful for
obtaining chemical shifts of excited states, these shifts are much
more sensitive to secondary structure and contain little in-
formation on tertiary contacts (21). Indeed, the lack of NMR
approaches for obtaining long-range structural constraints in
invisible states has posed a significant limitation in the charac-
terization of these elusive conformers.
PREs, generated by attachment of a spin label to a reactive

cysteine in a protein, are powerful structural constraints that
have been used in a large number of structural studies of both
folded (22, 23) and unfolded proteins (24–28) and to generate
atomic models of molecular complexes (29, 30). The r−6 de-
pendence of the PRE on the distance between the unpaired elec-
tron of the spin label and the affected NMR probe provides long
range information that extends up to distances of 25–30 Å (31),
significantly larger than those obtained from nuclear Overhauser
effect (NOE) measurements. However, the PRE effect also scales
as the square of the gyromagnetic ratio of the nuclear spin (γ) that is
relaxed by the unpaired electron of the spin label, attenuating the
effect for nuclei such as 13C and 15N that have γ values that are 0.25
and 0.10, respectively, of the 1H nucleus. In what follows, therefore,
the strategy is to measure 1H PREs in the uw-hTRF1 excited state
via a 1H CEST experiment that is described below and compare
such enhancements with those measured on a DnaK-bound hTRF1
complex, as illustrated schematically in Fig. 1B.

Measuring PREs in Slowly Exchanging Excited Protein States. Clore
and coworkers (31) have shown that it is possible to obtain PREs
of spins in the excited state directly from relaxation measure-
ments of nuclei in the ground state of an interconverting system
in cases where the exchange is fast, both on the chemical shift
timescale and relative to the difference in transverse relaxation
rates (R2) of NMR spin probes in the ground (small PRE) and
excited (large PRE) states (typically kex >> 10,000 s−1). For
hTRF1, where the exchange between native and unfolded con-
formers is ∼300 s−1 (35 °C), such an approach is thus not fea-
sible. We have, therefore, developed a 1H CEST-based method
in which a weak 1H radiofrequency B1 field is applied at sys-
tematically varying 1H frequencies, covering the complete range
of possible amide proton resonance positions for a protein. In
cases where exchange is two state, as for the unfolding reaction
of hTRF1, the resulting peak intensity derived from a spin in the
ground state has a B1 frequency-dependent profile that shows
major and minor dips, at the positions of the ground and excited
state chemical shifts for the spin in question. Amplification of
peak intensities from the invisible state is achieved by 1H irra-
diation at the resonance positions of excited state nuclei and the
subsequent transfer of this perturbation to the ground state spins
by chemical exchange. The major and minor state dips for each
nucleus are sensitive to the 1H R2s of the spins in each of their
respective states, which can be obtained by fitting the CEST
profiles to models of two-state exchange using the Bloch–
McConnell equations (32) describing the evolution of exchanging

Fig. 1. Using PREs to compare long-range interactions in DnaK-bound and
uw-hTRF1. (A) Cartoon representation of the structure of hTRF1 [Protein
Data Bank (PDB) ID code 1BA5] (16). The DnaK binding site is highlighted in
blue, and the sidechains of the ILL residues at its core are shown as sticks. The
site of attachment of the nitroxide spin label (residue 52) is shown as a gray
sphere. (B) PREs can be measured directly on DnaK-bound hTRF1 (Right), but
not on uw-hTRF1 because it is a sparsely populated and transiently formed
state that exchanges slowly with native (ground) hTRF1.
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magnetization under conditions of radiofrequency irradiation.
Accordingly, per-residue 1H R2 values for excited state spins can, in
principle, be obtained for a system in conformational exchange by
recording CEST experiments using 1H longitudinal magnetization.
By repeating the experiment for samples where the spin label is
oxidized (oxid) and reduced (red), PREs are calculated as the
difference in fitted R2 values according to ΓNH

2 =Roxid
2 −Rred

2 .
There is, however, a complicating feature. When 1H longitu-

dinal magnetization is irradiated the change in intensity can be
transferred between spins via chemical exchange, as described
above, or alternatively by an NOE effect. In the latter case, the
perturbation is propagated to proximal 1H spins, resulting in dips
in CEST profiles that are difficult to distinguish from chemical
exchange (33). NOE dips are not a concern for applications that
involve 15N or 13C CEST because the γ values of these spins are
smaller than for 1H, and hence the homonuclear dipolar effect
that scales as γ4 is, for all practical purposes, negligible. How-
ever, the effect is significant for 1H CEST and requires a mod-
ification to the experimental approach. Thus, rather than
focusing on longitudinal 1H magnetization, we initially create
1H-15N two-spin order, 2IzNz, where Iz and Nz denote z-magne-
tization from one-bond coupled 1H and 15N spins, respectively.
Irradiation of the 1H component of 2IzNz occurs during a mixing
time, TEX, and the perturbation to 2IzNz is subsequently read out
using the pulse sequence of Fig. 2A (further details of the pulse
scheme are presented in SI Text). CEST dips arise from chemical
exchange in a similar way as in experiments that irradiate lon-
gitudinal magnetization because longitudinal order interconverts

between states (2IGz N
G
z ��! ��

kGE

kEG
2IEz N

E
z ) in an analogous manner to

longitudinal magnetization (IGz ��! ��

kGE

kEG
IEz ). However, dipolar cross-

relaxation between proximal protons, I and S, that leads to NOE
dips in CEST profiles when Iz is allowed to evolve during TEX,
instead results in the creation of terms connecting 1H and 15N
spins that are not scalar coupled, 2IzNz→2SzNz. Importantly, at
the start of CEST irradiation, longitudinal order of the form
2SzNz does not exist, whereas for CEST experiments that quantify
the evolution of longitudinal magnetization during the CEST
delay, both Iz and Sz can be approximately equally populated,
depending on the exact details of the experiment (SI Text). This
crucial difference in initial conditions between CEST experiments
can lead to a significantly slower build-up of NOE dips when
longitudinal order is evolved during TEX, greatly simplifying
analysis of the data. Additional discussion is presented in Fig. S1,
where relative sizes of NOE dips in Iz- and 2IzNz-based CEST
experiments are compared, showing that even for small proteins,
such as hTRFI, significant NOE dips can be obtained when lon-
gitudinal magnetization evolves during CEST, whereas NOE ef-
fects are very much minimized in the pulse scheme of Fig. 2A.

CEST-Based 1H R2 Measurements in uw-hTRF1. To obtain insight into
long-range interactions in uw-hTRF1, as a basis for comparison
with hTRF1 bound to DnaK, Lys-52 at the C-terminal end of
helix 3 was mutated to Cys and a nitroxide-based tempol spin
label attached to the Cys thiol group (Fig. 1A). The 1H-15N hetero-
nuclear single quantum Coherence (HSQC) spectrum of reduced
K52C-tempol hTRF1 is well resolved, characteristic of a folded
protein (Fig. S2). Using the experiment described above (Fig.
2A), 1H CEST profiles were recorded on oxidized and reduced
samples of K52C-tempol hTRF1 using four different B1 fields per
sample ranging from 16 to 53 Hz, with an exchange duration (TEX)
of 125 ms. Representative 1H CEST profiles of K52C-tempol
hTRF1 in which the spin label is reduced (Upper) and oxidized
(Lower) are shown in Fig. 2B and Fig. S3, with the major and
minor dips at the resonance positions of the native ground state
and the corresponding unfolded excited state for each spin, re-
spectively. Each dip is further split by the one-bond 1H-15N

scalar-coupling because 15N decoupling is not applied during
TEX (SI Text), although for many residues the resulting doublet
cannot be resolved. For peaks such as Leu-7 with a large PRE in
the excited state, the width of the minor dip is distinctly broader in
the oxidized sample than in the reduced one (Fig. 2B).

1H CEST profiles for residues with distinct major and minor
dips (jΔϖGEj > 0.3 ppm) were globally fit to a two-state model of
chemical exchange as detailed in SI Text to extract populations
and rates of interconversion between ground and excited states,

Fig. 2. 1H CEST-based method for measuring PREs in excited protein states
in slow conformational exchange with a ground state. (A) 1H-CEST pulse
scheme that has been used. Narrow and wide filled bars correspond to 90°
and 180° pulses, respectively. Open shapes are water selective 90° pulses,
whereas striped 180° pulses are of the composite variety (57), 90°x-180°y-
90°x. Central to the experiment is the delay TEX during which a weak 1H radio
frequency field is applied to longitudinal order, ultimately generating the
CEST profiles. Further details are given in SI Text. (B) Representative CEST
profiles of L7 (Left) and E10 (Right) of uw-hTRF1 with the nitroxide spin label
at position 52 in reduced (Upper) and oxidized (Lower) forms. Ratios of in-
tensities of cross-peaks in the presence (I) and absence (Io) of delay TEX are
plotted along the y axis as a function of the position of the weak 1H B1 field
along x. (C) Correlation between 1H CEST-derived and directly measured R2

values of amide protons in the native (ground) state of hTRF1 when the spin-
label is reduced (Left) or oxidized (Right). The equation for the best-fit line
(solid line) is indicated on the plot.
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as well as residue specific 1H R2 values for nuclei inG and E. The
CEST experiment has the advantage of separating the inter-
converting conformers according to their chemical shifts, facili-
tating the extraction of state-specific R2 values. Moreover,
modeling the CEST profiles using the Bloch–McConnell equa-
tions that explicitly take into account the exchange between the
major and minor conformers provides exchange-free measures of
R2. All of the CEST data could be well fit to a model of two-site
exchange with χ2red values of 1.1 and 1.2 for the oxidized and
reduced samples respectively, and ΔϖGE values for the two
samples match very well, implying that the excited state in both
cases is the same (Fig. S4B). In addition, CEST-derived 15N
chemical shifts of K52C-tempol and WT hTRF1 obtained by
fitting 15N CEST data to two-state models of chemical exchange
correlate very well to each other (Fig. S4C), confirming that the
water unfolded states populated by both proteins are essentially
identical.

Validating CEST-Derived 1H R2 Rates Measured in Ground and Excited
States. As described above 1H R2 values for nuclei in each of the
exchanging states can be obtained from fits of CEST profiles in
the case where dips corresponding to the major and minor states
are well resolved. Using a cutoff of jΔϖGEj > 0.3 ppm and fo-
cusing on residues that could be analyzed in both oxidized and
reduced states allowed us to obtain transverse relaxation rates
for 20 amide protons in hTRF1 (Fig. 2C and Fig. S5). CEST-
derived 1H R2 values for reduced hTRF1 in the ground state
(native conformation) are small and spread over a narrow range
spanning 10–16 s−1, consistent with expectations for a small
deuterated folded protein domain (Fig. S5A). 1H R2 rates for
some amide spins in the reduced, excited state (uw-hTRF1) are
larger than the corresponding values for the native conforma-
tion, with the difference likely arising from enhanced hydrogen
exchange with solvent H2O in the unprotected, unfolded state
(Fig. S5B). Indeed, all uw-hTRF1 1H R2 values are less than
20 s−1 for a reduced sample containing more Cl−, as is expected
because chloride ions suppress hydrogen exchange (34), and
there are significant increases in 1H R2 rates of the uw-state
when the pH is increased from 6 to 7. Residue-specific 1H R2
values measured for both native and unfolded hTRF1 in the
oxidized sample are larger than the rates obtained for the re-
duced sample (Fig. S5 C and D), so that PREs are present in
both ground and excited state conformers as discussed below.
Although errors in CEST derived R2 values are typically about
0.3–2 s−1 in the native ground state, they are considerably larger
in the excited state (5–12 and 4–18 s−1 in reduced and oxidized
samples, respectively; Figs. S5 and S6) so that care must be taken
in interpreting small PRE values.
Because the methodology for measuring 1H R2 relaxation rates

via CEST is new, it must be cross-validated. Validation can be
achieved experimentally for the ground state by recording free-
precession amide 1H transverse relaxation rates (35) on oxidized
and reduced hTRF1 samples directly and subsequently subtracting
from the obtained rates the contribution from chemical exchange.
Fig. 2C shows the linear correlation obtained between direct
(y axis) and CEST-based (x axis) rates, and the agreement is rel-
atively good between the two different measurements, indicating
that robust ground state transverse relaxation rates can be
obtained from fitting CEST profiles. There is a small slope of 5%
and an offset of 1.6 s−1 between CEST and direct measurements
of 1H R2 rates. As shown in SI Text (Fig. S7), extracted R2 values
from CEST are sensitive to B1 miscalibration, and small errors on
the order of 3–5% in the B1 field can lead to the differences noted
here between direct and CEST-based R2 values.
R2 values for nuclei in the excited state cannot be measured

directly because correlations from such rare conformers are not
observed in spectra. We have therefore evaluated the robustness
of excited state R2 rates via computations whereby 10 1H CEST

profiles were simulated using parameter ranges determined from
the experimental data and fit to a two-state model as detailed in
SI Text. This procedure was repeated 500 times using different
realizations of experimental noise added to the CEST data, and
errors in output parameters were calculated on the basis of the
distribution of the fitted values. Good correlations between input
and fitted excited state R2 values are obtained, establishing that
at least for the case of our work on hTRF1, 1H CEST experi-
ments provide reliable estimates of transverse relaxation rates
(Fig. S8 A–C). Small systematic deviations between input and
output values broadly correlate inversely to ΔϖGE, emphasizing
the importance of analyzing only CEST profiles for which major
and minor dips are separated (Fig. S8 D and E). Simulations
were also performed to establish that neglecting (i) cross-re-
laxation of proximal protons with the amide of interest, as well as
(ii) cross-correlation between dipole-dipole and chemical shift
anisotropy relaxation mechanisms in fitting of CEST profiles
does not affect the robustness of extracted ground and excited
state R2 values under our experimental conditions (SI Text and
Fig. S8 F and G).

Fig. 3. Residue-specific PRE values of native (ground, A) and water un-
folded (excited, B) hTRF1. The secondary structure of hTRF1 is shown above
each plot and the DnaK binding site is indicated in magenta.
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PREs in uw-hTRF1. Residue-specific PREs of ground (native) and
excited (unfolded) hTRF1 were calculated as the difference
between R2 rates obtained by fitting CEST profiles measured in
oxidized and reduced samples and are plotted in Fig. 3. Helix 1
has the largest PREs in the native state (Fig. 3A), up to 28 s−1,
whereas distances between the amides of helix 2 and the spin
label (position 52 in helix 3) are sufficiently large so that PRE
values less than ∼5 s−1 are measured. The proximity of the spin
label to many of the amides of helix 3 makes it difficult to quantify
PREs in this region. Measured PRE values in the excited state are
much larger overall (Fig. 3B), reflecting the greater flexibility of
uw-hTRF1 and the lack of a rigid core structure that allows the
spin label to come close to much of the protein. Notably, large
PREs are observed for residues Leu-7–Lys-12 and Val-18–Tyr-21
in both folded and unfolded states, suggesting that helix 1–helix 3
interactions are also present in uw-hTRF1 (Fig. 3B). Interestingly,
significant PREs (∼50–75 s−1) are also seen in helix 2 of the un-
folded ensemble but not in the native conformer, that are con-
sistent with the presence of nonnative helix 2–helix 3 interactions
in uw-hTRF1 (Fig. 3B). PREs in both native and unfolded states
do not change systematically with concentration, confirming that
they derive from intra- rather than intermolecular interactions
(Fig. S5 E and F).

PREs in DnaK-Bound hTRF1. To determine whether long-range in-
teractions are present in DnaK-bound hTRF1, samples containing
300 μM highly deuterated (2H) ADP-DnaK and 140 μM 15N/2H-
labeled K52C-tempol hTRF1 in the reduced and oxidized forms
were prepared. 1H-15N HSQC spectra of these samples show that
the bound substrate is globally unfolded, as was observed pre-
viously for WT hTRF1 in complex with ADP-DnaK (Fig. S9).
Amide 1H R2 values for the reduced and oxidized samples were
measured directly, with the PREs of the DnaK-bound form of
hTRF1 shown in Fig. 4A (blue). Relaxation rates, and hence PRE
values, could not be obtained for residues in helix 2, that contains
the DnaK binding site, because cross-peaks were not observed in
this region of the protein. Further, the few observable peaks from
helix 3 could not be properly quantified because of their low in-
tensity that results from the placement of the spin label at the end
of this helix. A comparison with PRE values measured for uw-
hTRF1 (Fig. 4A, green) establishes that DnaK binding signifi-
cantly reduces the interactions present in the free form of the
substrate. Although helix 2–helix 3 contacts are not expected to be
present in the DnaK-bound state, because they are disrupted by
the bound DnaK, it is clear that helix 1–helix 3 contacts are also
very significantly diminished in the DnaK-bound complex.

PREs in Urea-Unfolded hTRF1. Our results clearly show that the
long-range contacts in uw-hTRF1 are disrupted on DnaK binding;
however, residual small PRE values in the DnaK-bound state in
helix 1 do remain. Are PRE values of this magnitude represen-
tative of contacts that are made at random in a denatured protein?
To address this we measured PREs in the urea-unfolded state of
hTRF1 (uu-hTRF1; Fig. S10). Such conformers are in general
more extended (36) with less residual secondary structure than
compact, unfolded states in water (37). PREs in urea-unfolded
K52C-tempol hTRF1, calculated from 1H free precession R2
measurements on oxidized and reduced samples, are shown in Fig.
4A (black). Small PRE values are measured for residues in helices
1 and 2 with slightly larger rates in helix 3 close to the spin label.
Notably, PREs in helix 1 are comparable in magnitude for urea-
unfolded and DnaK-bound hTRF1, suggesting that DnaK binding
results in an extended unfolded state. In contrast, uu-hTRF1
contains little or no helicity in regions corresponding to helices 1–3
in the native structure (Fig. 4B), unlike both uw-hTRF1 and the
DnaK-bound state. Taken together, our results indicate that the
level of secondary structure of the DnaK-bound client protein is
comparable to that in the unfolded state in the absence of dena-

turants, whereas the extent of transient tertiary contacts is similar
to what is found in the urea denatured unfolded ensemble.

Discussion
Proteins are dynamic molecules that can access alternate energy
conformations due to thermal fluctuations from the ground state
(38, 39). Such rare conformers are likely of importance in fold-
ing, misfolding, and function. Recent advances in protein NMR
spectroscopy, exploiting well-known methods such as Carr-Pur-
cell-Meiboom-Gill (CPMG) (40–42) and R1ρ relaxation dispersion
(43), as well as CEST (18, 44, 45), have led to the identification
and structural characterization of invisible biomolecular con-
formers that are populated to greater than 0.5% and have lifetimes
in excess of ∼100 μs (46). Structural information on such con-
formationally excited states is available in the form of chemical
shifts (47) and chemical shift anisotropies (48), residual dipolar
couplings (49, 50), and hydrogen exchange rates (51). However,
long-range distance information has been difficult to obtain except
for systems in very fast exchange (kex > 10,000 s−1) (31). Here we
introduce a method based on 1H CEST for generating such dis-
tance information in the form of PREs for relatively slow ex-
changing systems (50–400 s−1) that is therefore complementary to
the corresponding methods for fast interconversion. Such PREs
provide distances between an unpaired electron, typically a nitro-
xide spin label attached to an intrinsic Cys or one introduced at a

Fig. 4. Comparisons of long-range interactions within DnaK-bound hTRF1,
uw-hTRF1, and uu-hTRF1. (A) PRE values in the DnaK-bound (blue), uw-
(green), and uu- (black) states of hTRF1. (B) Secondary structural propensities
(58) of DnaK-bound (blue) and uu- (black) hTRF1. In both panels, the sec-
ondary structure of hTRF1 is indicated above the plots with the DnaK-
binding site denoted in magenta.
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specific position in the protein, and a proton nucleus. The dis-
tances so obtained, typically up to ∼25–30 Å, can serve as valuable
restraints for biomolecular structure calculations or for docking
molecules in a complex. Because CEST experiments that exploit
1H longitudinal magnetization are subject to complications
from the generation of NOE dips that cannot be separated from
those arising from chemical exchange, we developed an experi-
ment based on longitudinal order that is less sensitive to such ef-
fects. For the exchange parameters germane to the system
considered here, we established, through experiment and simula-
tion, that reliable estimates of ground and excited state R2 rates
can be obtained, provided that major and minor CEST dips are
sufficiently separated (on the order of ∼0.3 ppm). Because decay
rates of longitudinal order can be relatively fast in a protonated
protein, typically on the order of the selective 1H R1 rates (52),
recording experiments using samples that are deuterated at non-
exchangeable proton positions is recommended. In addition to
reducing cross-relaxation with external protons and hence de-
creasing relaxation rates so that slower exchange processes can be
studied, deuteration also increases the signal-to-noise in experi-
ments per unit measurement time. Moreover, by limiting the
number of external proton spins, deuteration leads to a decrease in
potential errors that are introduced using a model for data analysis
that neglects interactions between multiple proton spins (SI Text).
In this regard, it is noteworthy that simulations establish that placing
an external proton 2.75 Å from the amide in question does not lead
to errors in parameters extracted using a simplified model that does
not take into account the additional spin (SI Text).
Here we address whether DnaK binding to a substrate can

disrupt transient long-range interactions that would otherwise be
present in the unbound protein. A new 1H-based CEST ex-
periment is developed to measure PREs in the sparsely popu-
lated water unfolded state of hTRF1 and the resultant PREs
are compared with those obtained for DnaK-bound hTRF1. We
have previously shown that hTRF1 binds DnaK in a globally
unfolded conformation, possessing local residual secondary
structure at a level comparable to that present in uw-hTRF1
(13). On the basis of the PRE data reported here we find that
there are native-like helix 1–helix 3 and potentially nonnative
helix 2–helix 3 interactions in uw-hTRF1 (Fig. 3B) which are
broken or considerably weakened upon DnaK binding (Fig. 4A).
The magnitude of PREs in urea-unfolded and DnaK-bound
hTRF1 states are similar, suggesting that the DnaK-bound client
protein is extended in a similar way to a urea-unfolded protein
chain (Fig. 4A).

Our results demonstrate that DnaK binding disrupts long-
range interactions while concomitantly allowing local structure
to form in the associated client protein (Fig. 5A). In this manner
DnaK generates an unfolded state that resembles a water un-
folded ensemble as far as secondary structure is concerned, but
appearing more like a urea-unfolded ensemble from the stand-
point of a lack of long-range transient tertiary interactions. Be-
cause the client protein released from DnaK begins folding from
an initial conformation that structurally resembles the DnaK-
bound state, our observations show that DnaK can strongly bias
the starting conformation of substrates and thereby potentially
influence the folding pathways adopted by client proteins en
route to their native states (Fig. 5A).
On average, proteins contain approximately one DnaK bind-

ing site for every 40 amino acids of primary sequence (5), so that
a 30-kDa protein (median size of proteins in E. coli) (53) is
expected to have approximately seven DnaK binding sites. Thus,
multiple DnaK molecules might bind a single client protein.
Indeed, single molecule FRET data have been interpreted to
suggest that five to six DnaK molecules bind denatured rhoda-
nese (33 kDa) (12) before it folds to its native state. Because
DnaK permits the formation of local secondary structure but not
long-range tertiary contacts, at least in the context of hTRF1, the

presence of regularly spaced DnaK molecules along the unfolded
polypeptide suggests that DnaK may be able to alter the folding
mechanism of clients in general to favor the formation of local
structure before the establishment of long-range interactions
(Fig. 5B). Moreover, because the bound DnaK molecules would
be released stochastically and asynchronously, rather than all at
once, formation of medium-range interactions between neigh-
boring secondary structural elements would occur before the
development of contacts between distal parts of the protein se-
quence that are separated by bound DnaK molecules (Fig. 5B).
Taken together, our results indicate that the DnaK chaperone
enables a protein chain to fold by establishing interactions in a
distance dependent manner, via a process that can be likened to
a framework-based diffusion collision mechanism rather than
one in which collapse precedes acquisition of secondary structure
through a nucleation-condensation model. These experimental
results are similar to those obtained in a recent computational

Fig. 5. Amodel for DnaK-dependent folding and disaggregation. (A) DnaK-
bound hTRF1 has local secondary structure but lacks long-range tertiary in-
teractions, unlike uw-hTRF1, which has contacts between helix 3 and helices
1 and 2. Consequently, folding pathways of client proteins from the DnaK-
bound state in vivo may be different from in vitro refolding of the unfolded
state present in water, as DnaK binding biases the energy landscape of the
bound substrate. (B) The presence of multiple DnaK molecules on the client
protein and their asynchronous release from the client allows local second-
ary and tertiary structure to develop before the establishment of long-range
contacts. DnaK binding thus appears to favor a framework model for client
folding, rather than a collapse-dependent nucleation-condensation mecha-
nism. (C) The ability of DnaK to disrupt long-range contacts in the client
substrate is of potential importance in the role that it plays in refolding, by
converting misfolded substrates into a folding-competent conformation,
and in disaggregation where DnaK unfolds the substrates and presents them
to Hsp104/ClpB.
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study in which the effect of the chaperonin GroEL/ES on protein
folding was studied (54).
The ability of DnaK to disrupt transient long-range interac-

tions may also be of relevance to the role played by Hsp70s in the
refolding and disaggregation of client proteins. In contrast to
native proteins, misfolded chains are generally not rigidly and stably
packed but rather loosely structured with transient and often nonnative
long-range contacts. Our data suggest that DnaK-binding can break
long-range interactions in these misfolded ensembles and convert
them into a globally unfolded state with only local secondary
structure, thereby generating a conformation poised for folding
to the native state on release from DnaK (Fig. 5C).

Materials and Methods
Sample Preparation. Labeling of hTRF1 with a nitroxide spin label was
achieved by introducing a single Cys mutation at position 52 (K52C). 2H/15N
K52C hTRF1 was overexpressed and purified using the same protocol as for
WT hTRF1 (13) and stored in 5 mM DTT. Before labeling, pure K52C hTRF1
was buffer exchanged into degassed NMR buffer (50 mM Mes, pH 6.0,
50 mM KCl, 1 mM EDTA, 0.03% NaN3), and concentrated to 1 mL. TEMPO-
Mal spin label (Toronto Research Chemicals) was subsequently added in
twofold molar excess and the labeling reaction allowed to occur at 4 °C
overnight. The reaction was terminated by exchange into NMR buffer. All
samples were submitted to MS analysis to ensure proper labeling. Reduced
samples were generated through the direct addition of 100 mM ascorbic
acid without or with 10 mM TCEP followed by buffer exchange into the NMR
buffer. DnaK was overexpressed and purified as reported earlier (13). Urea-
unfolded samples of K52C-tempol hTRF1 were prepared by unfolding native
protein in NMR buffer containing 3.5 M urea for at least 30 min before
data collection.

NMR Spectroscopy. NMR spectra were acquired at 35 °C on one of two 14.1 T
(600 MHz) spectrometers, one of which was equipped with a cryogenically
cooled probe. All experiments were carried out on the cold probe unless
specified otherwise. Datasets were analyzed with NMRPipe (55) and visual-
ized using NMRDraw (55) or Sparky (56).

CEST. CEST experiments were carried out using the pulse sequence shown in
Fig. 2A and processed, analyzed, and fit as described in detail in SI Text.

1H R2. Amide proton transverse relaxation (1H R2) measurements were carried
out using a previously described pulse sequence (35) on native K52C-tempol
hTRF1, DnaK-bound K52C-tempol hTRF1, and urea-unfolded K52C-tempol
hTRF1, with the spin labels in each case in either the oxidized or the reduced
form. The native and urea-unfolded samples were prepared at K52C-tempol
hTRF1 concentrations of 800 and 670 μM, respectively. The DnaK-bound
sample contained 150 μM K52C-tempol hTRF1 and 300 μM DnaK, as well as
5 mM MgCl2 and 5 mM ADP. Eight to 9 values of relaxation delays ranging
between 6.7 and 25 ms were used for the DnaK-bound sample, 11 values
between 6.7 and 40 ms were used for measuring 1H R2 rates of hTRF1 in
water, and 10 delays from 6.7 to 35 ms were used for the urea-unfolded
sample. 1H R2 experiments on K52C-tempol hTRF1 were carried out on a
room temperature probe.

Peak intensities (I) as a function of relaxation delay (t) were determined
by fitting individual lineshapes in 2D 1H-15N datasets using FuDA (pound.
med.utoronto.ca/∼flemming/fuda/) for native and urea-unfolded K52C-
tempol hTRF1 or by determining the intensity at the peak center using
Sparky for the DnaK-bound sample. In the latter case, peak centers were
determined from the plane with the largest intensity and kept fixed for
subsequent planes of the same dataset. Delay-dependent intensities were fit
to a single exponential function of the form I = I0exp(−R2t) to extract 1H
transverse relaxation rates (R2). Errors in

1H R2 values were determined from
the covariance matrix of the fit for native K52C-tempol hTRF1 and from
three independent repeat experiments for DnaK-bound and urea-unfolded
samples. PREs (Γ2HN) were calculated as the difference between 1H R2 values
in the oxidized and reduced samples and errors in the PREs were estimated
by propagating the errors in the R2 measurements. Errors are reported as ±1
SD about the mean.
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