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ClpB/Hsp100 is an ATP-dependent disaggregase that solubilizes
and reactivates protein aggregates in cooperation with the DnaK/
Hsp70 chaperone system. The ClpB–substrate interaction is medi-
ated by conserved tyrosine residues located in flexible loops in
nucleotide-binding domain-1 that extend into the ClpB central pore.
In addition to the tyrosines, the ClpB N-terminal domain (NTD) was
suggested to provide a second substrate-binding site; however, the
manner in which the NTD recognizes and binds substrate proteins has
remained elusive. Herein, we present an NMR spectroscopy study to
structurally characterize the NTD–substrate interaction. We show that
the NTD includes a substrate-binding groove that specifically recog-
nizes exposed hydrophobic stretches in unfolded or aggregated client
proteins. Using an optimized segmental labeling technique in combi-
nation with methyl-transverse relaxation optimized spectroscopy
(TROSY) NMR, the interaction of client proteins with both the NTD
and the pore-loop tyrosines in the 580-kDa ClpB hexamer has been
characterized. Unlike contacts with the tyrosines, the NTD–substrate
interaction is independent of the ClpB nucleotide state and protein
conformational changes that result from ATP hydrolysis. The NTD in-
teraction destabilizes client proteins, priming them for subsequent
unfolding and translocation. Mutations in the NTD substrate-binding
groove are shown to have a dramatic effect on protein translocation
through the ClpB central pore, suggesting that, before their interac-
tion with substrates, the NTDs block the translocation channel. To-
gether, our findings provide both a detailed characterization of the
NTD–substrate complex and insight into the functional regulatory role
of the ClpB NTD in protein disaggregation.
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The heat shock protein ClpB (Escherichia coli) or Hsp100
(eukaryotes) is the main protein disaggregase in bacteria,

yeast, plants, and mitochondria of all eukaryotic cells, and it is
essential for cell survival during severe stress (1–4). Recovery of
functional proteins from aggregates by ClpB requires the syn-
ergistic interaction with a second molecular chaperone, DnaK
(1). Through its cochaperone, DnaJ, DnaK initially binds to the
aggregates, leading to the exposure of peptide segments that can
be recognized by ClpB (5, 6). DnaK then recruits ClpB to the site
of aggregation through direct physical interaction (7, 8), trans-
ferring the aggregate to ClpB. Using the energy derived from
ATP hydrolysis, ClpB unravels the aggregate by threading single
polypeptide chains, one at a time, through the central pore of its
hexameric ring (9). Once released from the aggregate, the un-
folded polypeptides can either refold spontaneously or fold with
the help of additional cellular chaperones.
Like other Hsp100 proteins, ClpB forms a hexameric ring, with

each protomer comprising an N-terminal domain (NTD) and two
nucleotide binding domains (NBD1 and NBD2) separated by a
unique regulatory coil–coil domain (10) essential for DnaK binding
(7, 11) (Fig. 1 A and B). Both NBDs contain Walker A and Walker
B motifs that are required for nucleotide binding and hydrolysis (12,
13), respectively, and a highly conserved tyrosine (Y243 in Thermus
thermophilus ClpB) that plays a critical role in disaggregation. Each

of the conserved tyrosines from a protomer is located in a so-called
pore loop (14) (Fig. 1C) and extends into the axial channel to in-
teract directly with positively charged and aromatic residues from
the bound substrate (9, 15). Mutating these NBD-1 pore loop ty-
rosines leads to a partial reduction of the ClpB protein disaggre-
gation activity (9, 15). When this mutation is combined with the
deletion of the NTD, the resulting double mutant is completely
inactive in substrate disaggregation (16), although each of these
ClpB variants alone can reactivate protein aggregates (9, 15). The
complete loss in activity only with the ClpB double mutant was
suggested to result from overlapping substrate-binding functions for
the NBD1 pore tyrosine residues and the ClpB NTD (16).
The ClpB NTD is a globular, 150-residue α-helical domain

connected by an unstructured 17-residue linker to NBD1 (Fig. 1
A and B) (10). Its precise function remains unclear—it is not
required for thermotolerance (17), yet it becomes important in
vivo when Hsp70 activity is compromised (18, 19). Although it
was reported that the NTD is not required for disaggregation of
many small aggregates, it is involved in the reactivation of several
strongly aggregated proteins (17, 18, 20). Here, we use NMR to
structurally characterize its interaction with substrate proteins
and to elucidate its functional role in protein disaggregation. Our
results demonstrate that the NTD contains a substrate-binding
groove that specifically recognizes hydrophobic residues exposed
in unfolded or aggregated client proteins. Unlike the case for
substrate binding involving the pore loops, the NTD–substrate
interaction is independent both of the nucleotide state and
conformational changes to ClpB that ATP hydrolysis promotes.
Notably, we show that the NTD interaction destabilizes client
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proteins, priming them for subsequent unfolding and trans-
location. Finally, mutations in the NTD substrate-binding groove
have a dramatic effect on protein translocation through the ClpB
central pore, suggesting that NTDs block the translocation
channel before interaction with substrates. Together, our find-
ings provide molecular insight into the NTD–substrate complex
as well as into the functional role of the NTD in both protein
disaggregation and in regulating ClpB activity.

Results
Substrate Interactions with the ClpB NTD. Previous studies have
shown that ClpB interacts with unstructured proteins, thermally or
chemically induced protein aggregates, and polypeptides enriched
in positively charged and aromatic residues (15, 21, 22). Our un-
derstanding of substrate recognition by the ClpB chaperone and, in
particular, the role played by its NTDs has, however, remained
limited. To address this, we first studied the interactions between
isolated NTDs and a diverse list of client proteins using solution
NMR. A series of 1H–

15N heteronuclear single-quantum coherence
(HSQC) spectra were recorded of uniformly 15N-labeled NTD, both
alone and in the presence of intrinsically disordered α-casein, soluble
aggregates of firefly luciferase (FFL) or malate dehydrogenase
(MDH), a series of globally folded proteins, or a 21-aa polypeptide
(B1 peptide) shown to bind ClpB with high affinity (15, 22). Changes
in NTD spectra were not detected upon addition of protein aggre-
gates (Fig. S1A and B), in agreement with previous observations that
ClpB does not stably bind to aggregated proteins in the absence of
the DnaK chaperone system (23, 24). Similarly, binding was not
observed for globally folded proteins (GFP and DnaK) (Fig. S1 C
and D). Large chemical shift perturbations (CSPs), however, were
noted with the addition of α-casein, but not for the B1 peptide (Fig.
2A and Fig. S1 E and F), indicating that the NTD interacts prefer-
entially with some unfolded substrates and not others.
Having established that certain clients are preferred, we fur-

ther characterized substrate–NTD interactions by performing

NMR titration experiments of 15N-labeled NTD with 10 differ-
ent globally unfolded substrates. These varied in polypeptide
chain length, net charge, amino acid composition, and in the
amount of residual structure (Table S1), so as to include a wide
range of diverse ClpB unfolded clients. Upon addition to the
ClpB NTD, spectral changes were observed for all substrates
(Fig. 2A and Fig. S1 E–N), with the exception of the B1 peptide
(Fig. S1F), with calculated binding affinities in the range of 100–
400 μM (Table S1). Interestingly, all shifting residues were in fast
exchange on the NMR chemical shift timescale and the trajec-
tories of the shifts were linear for all substrates, with the extent
of perturbation correlated with the relative binding affinity (Fig.
2A, Fig. S2, and Table S1).
The largest CSPs were observed for NTD residues M1–A17

(H1), G80–L91 (loop between H3–H4, H4), V106–V108 (loop
between H4–H5), and L111 (H5) (Fig. S1 E–O). Mapping the
CSPs onto the crystal structure of the ClpB NTD (10) revealed
that these residues form a binding groove primarily enriched in
hydrophobic amino acids (Fig. 2B). Thus, the ClpB NTD selec-
tively interacts with globally unfolded substrate proteins via a
newly identified hydrophobic groove.

ClpB NTD Specifically Binds to Hydrophobic Stretches in Client Proteins.
To better understand how the ClpB NTD “selects” its client
proteins, we monitored the binding of a series of 15N-labeled
globally unfolded substrates to unlabeled NTD by recording 1H–

15N
HSQC spectra (see example spectrum for Sic1, Fig. 2C). Those
residues with 1H and 15N chemical shift changes in excess of 1 SD
from the average change upon binding were classified as inter-
acting with the ClpB NTD. A total of 235 out of 624 residues in
the six substrates analyzed [four reduced fragments of alkaline
phosphatase (25), Sic1 (26), and c-Jun] were selected and a pri-
mary sequence analysis of the ClpB binding sites revealed that they
are highly enriched in hydrophobic amino acids (Fig. 2D), with
potential NTD binding sites likely comprised of 3- to 6-aa-long
stretches of residues. The fact that multiple binding sites are as-
sociated with a given client would explain the linear titration be-
havior observed for NTD residues with different substrates (see
above, Fig. 2A and Fig. S2). Such linearity could occur if the NTD–

substrate complex is highly dynamic, with the NTD rapidly sam-
pling different binding sites on the substrate. In this manner, the
chemical shift changes of NTD residues upon binding would
represent averages over a range of different magnetic environ-
ments that would depend only very little on the nature of the
substrate. A simple prediction, therefore, is that the CSPs of NTD
residues in an NTD–substrate complex that is not averaged would
not be on the same line as observed for the substrates considered.
With this in mind, we designed a 13-mer peptide (referred to in
what follows as p13) that, based on our NMR results, would
contain a single optimal NTD binding site and would therefore be
expected to form a stable complex. CSPs would thus reflect the
unique 13-mer sequence rather than an average over a large number
of hydrophobic sequences, as with the larger substrates. Notably, the
p13 peptide (KLDSLIVFLREEA) interacted exclusively with the
same residues of the NTD as the rest of the substrates (Fig. 2A and
Fig. S1O), but the CSPs from the p13-NTD titration did not follow
the same linear trajectory as for the other substrates (Fig. 2A and
Fig. S2), thus confirming the dynamic nature of the substrate–
NTD complexes studied in Fig. 2A.

The ClpB Chaperone Is Activated by NTD–Substrate Interactions.
Addition of substrate proteins has been widely reported to ele-
vate ClpB ATPase activity (17), with some substrates such as
α-casein stimulating ClpB in an NTD-dependent manner, while
others inducing the same degree of activation for both ClpB and
ClpBΔN (ClpB hexamers lacking the NTD). We thus wanted to
establish whether substrates that bind to monomeric NTD also
displayed an NTD-dependent activation of the hexameric ClpB

ClpB
NTD NBD1 NBD2CCD

NTD

NBD1

NBD2

CCD

Tyrosine pores 
(Y243)

A

B C

Fig. 1. Structure and domain organization of the hexameric ClpB chaperone.
Domain organization (A) and protomeric structure (B) of the ClpB chaperone
[Protein Data Bank (PDB) ID code 1QVR (10)]. The ClpB protomer consists of an
N-terminal domain (NTD; green), two nucleotide binding domains (NBD1,
NBD2; dark and light blue, respectively), and a coil–coil domain insertion (CCD;
yellow). (C) The monomers assemble into a hexamer consisting of three rings
formed by NTDs (top ring; green), NBD1-CCD (blue-yellow), and NBD2
enclosing the central pore. The Inset shows a magnified view of the central
pore loops of NBD1 with the conserved tyrosines (Y243; represented as red
sticks) extending into the axial channel. This model of ClpB hexamers is based
on cryo-electron microscopy structures of E. coli ClpB (EMD-2563) (52).
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chaperone. ATPase activity assays were measured for ClpBWT

(WT ClpB) and ClpBΔN in the absence and presence of client
proteins. Substrate proteins that showed CSPs upon addition of
the isolated NTD in our NMR experiments also enhanced ATPase
activity of ClpB by threefold to fivefold, similar to previously
reported levels of activation by α-casein (17). These same sub-
strates, however, were only able to activate ClpBΔN by 1.1- to 1.8-
fold, suggesting that the direct interaction of the ClpB NTD with
the substrate is essential for the full allosteric activation of the
ClpB ATPase domains (Fig. 3A). Thus, the weak affinity in-
teraction whereby unfolded client proteins bind to a specific grove
in the NTDs of ClpB results in enhancement of ClpB activity.
The newly identified NTD hydrophobic binding groove along

with the previously known tyrosine loops comprise two distinct
sites on ClpB for initial substrate engagement, with the tyrosine
residues favoring binding to polypeptides enriched with posi-
tively charged and aromatic amino acids, such as the B1 peptide
(15, 22), whereas the NTD preferentially recognizes and binds
large aliphatic residues present in unfolded or aggregated sub-
strates. To better understand the interplay between these two
sites, we next studied the interaction of substrates with the
hexameric ClpB chaperone using methyl-transverse relaxation
optimized spectroscopy (TROSY) NMR.

NMR Characterization of a Segmentally Labeled 580-kDa Hexameric
ClpB. Methyl-TROSY NMR (27) in concert with labeling schemes
whereby Ileδ1 and one of the two isopropyl methyl groups of Leu
and Val are 13CH3-labeled in an otherwise highly deuterated
background (referred to as ILV-protein) (28) have greatly in-
creased the size limitations that previously were imposed on NMR
studies of macromolecules (29–31). We have recently used such
methodology to study the ClpB disaggregation machinery (7).
However, due to the large size of each monomer of ClpB (97 kDa),

NMR spectra of the ILV-labeled protein were very significantly
overlapped, precluding detailed analyses of the full-length molecule
(Fig. 3B). To overcome this limitation, in the current study, we
implemented an intein-based (32) segmental isotopic labeling ap-
proach (Fig. S3), whereby only the NTD portion of ClpB is iso-
topically enriched with 13CH3-methyl groups, whereas the rest of
the molecule is fully deuterated (NMR invisible). The optimized
protocol (see Materials and Methods for details) enabled us to se-
lectively methyl label only isolated NTDs [2H, 13CH3-ILVM] and
then reassemble the full-length ClpB protein using the expressed
protein ligation protocol (33, 34). Samples produced in this manner
have allowed us to obtain very high-quality NMR spectra for the
single NTD domain in the context of the full 580-kDa hexameric
protein so that detailed studies can be undertaken (see below).
This ligation method leaves a cysteine residue at the ligation
point that could affect proper activity of the protein. Notably,
however, both the T143C mutation and the ligation proce-
dure had no effect on either the ATPase (Fig. S4A) or DnaK-
dependent disaggregation activities of the enzyme (Fig. S4B).
To establish that our segmentally labeled NMR samples were

indeed of the correct size, pulsed-field gradient diffusion experiments
(35) (Fig. S4C) were recorded on a methyl-labeled ClpB sample, a
segmentally methyl-labeled ClpB sample, and a monomeric NTD
(16 kDa). The diffusion coefficients for the WT ClpB and the seg-
mentally labeled sample were identical to within error (1.28 ± 0.11 ×
10−7 and 1.23 ± 0.06 × 10−7 cm2/s, respectively, at 25 °C), indicating
that the segmentally labeled sample also forms hexamers. By com-
parison, the 16-kDa NTD diffused much more rapidly (5.7 ± 0.1 ×
10−7 cm2/s, 25 °C), as expected for a smaller protein.

The 1H–
13C heteronuclear multiple-quantum coherence

(HMQC) correlation map of segmentally labeled hexameric
ClpB was of excellent quality (Fig. 3C), and all 39 ILVM residues
were resolved and could be assigned (Materials and Methods).
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Fig. 2. Interaction of client proteins with the isolated NTD of ClpB. (A) Overlay of 1H–15N HSQC spectra of ClpB NTD alone (in black) and in the presence of
twofold excess of PhoA1-121 (red), PhoA119-243 (yellow), PhoA244-349 (purple), PhoA349-471 (green), α-casein (maroon), or p13 (cyan). Datasets were recorded at
11.7 T, 55 °C (500-MHz 1H frequency). (B, Top) ClpB NTD surface representation (PDB ID code 1QVR) (10) with NTD residues found by NMR to interact with the
unstructured substrates from (A) colored orange. (B, Bottom) ClpB NTD structure colored by residue hydrophobicity (53) (white to red gradient) showing that
the NTD substrate binding site is enriched in hydrophobic residues. (C) 1H–15N HSQC spectrum of an unstructured substrate protein, Sic1, alone (black) and
upon interaction with ClpB NTD (red), 18 °C. Sic1 assignments (26) are indicated. (D) Percentage values of ClpB-client protein amino acids that show CSPs in the
presence of NTD (shifts greater than 1 SD from the average). Values are normalized against the total number of each amino acid in the substrate sequences.
From the data, NTD preferably binds to hydrophobic residues in its client proteins. Assignments of cross-peaks are as indicated in A and C.
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Assignments were facilitated by the close similarity of chemical
shifts in spectra of the hexamer and the monomer, with the ex-
ception of residues located in the linker connecting the NTD to
NBD1 in the hexamer (Fig. 3D). Additionally, no significant
changes in spectra of the NTDs were observed between ATP-
and ADP-bound ClpB (Fig. S4D), despite the fact that the
hexamer undergoes large conformational changes upon nucleo-
tide hydrolysis (10). Preliminary spectra establish, therefore, that
the structure of the NTD does not change significantly upon
ClpB hexamerization or nucleotide hydrolysis. Moreover, the
strong correlation between the slow components of the methyl
1H relaxation rates, R2S (36), measured for ATP- and ADP-bound
ClpB (Fig. 4A), strongly suggests that the rapid side-chain dynamics
of the NTD are likewise independent of nucleotide state.
To characterize the overall dynamics of the NTD within the

hexamer, we next estimated the rotational correlation time of the
domain from the buildup of “forbidden” methyl 1H triple-quantum
(3Q) coherences (37) (Fig. 4B). Interestingly, the measured corre-
lation times for both ADP- and ATP-bound states, (87 ± 26 ns and
82 ± 17 ns, respectively, at 55 °C, where the error denotes the

distribution of residue specific correlation times) was more than two
times smaller than the expected value for a 580-kDa protein
(∼180 ns) and an order of magnitude larger than that of the isolated
NTD (8.1 ± 0.1 ns at 55 °C). Therefore, the NTD rotates more
rapidly in solution than the rest of the hexameric ClpB protein and
appears to be only partially docked to NBD1 in both ATP- and ADP-
bound states (Fig. 4B, green and blue, respectively). The measured
correlation times, consistent with only partial restricted motion, are
in keeping with previous studies establishing that the NTD does
not maintain direct physical contact with the rest of ClpB (10), no
doubt because of the intervening unstructured 17-residue linker.

Client Interactions with the Two Substrate-Engagement Sites in
Hexameric ClpB. As described above, previous studies have shown
that ClpB can engage substrates via its NTDs and tyrosine pores
that line the axial channel into which substrates are directed. The
high-quality 1H–

13C correlation spectra that can be recorded on
ClpB samples with segmentally labeled NTD provides an avenue
for characterizing and quantifying the interactions of substrates
with the ClpB hexamer. Initially, an NMR titration of unlabeled
α-casein with segmentally labeled ClpB in the ATP-bound state
(NTD-[2H, 13CH3-ILVM], ΔN-[2H, 12C], where ΔN refers to the
NBD1-CCD-NBD2 domains of a protomer) was carried out and
compared with the corresponding results from a similar titration
involving the monomeric NTD (2H, 13CH3-ILVM). To simplify the
analysis, the conserved tyrosine (Y243) of the tyrosine loops in
ClpB was mutated so that the interactions of substrates with ClpB
would be limited only to the NTD. In addition, samples were
prepared with a ClpBΔN E271A/E668A variant that does not hy-
drolyze ATP (Materials and Methods). Fig. 5 A and B show the
measured CSPs of monomeric NTD and of the hexameric ClpB
Y243Amutant (ClpBY243A), respectively, upon addition of α-casein.
Both the isolated NTD and the hexameric ClpBY243A show
changes to the same methyl residues in the NTD hydrophobic
binding groove upon addition of α-casein, and these changes are
similar in both magnitude and direction. As might be expected, the
titration data of the monomeric NTD is consistent with a simple
1:1 binding model and a KD value of 98 ± 23 μM is obtained at
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Fig. 3. Hexameric ClpB activation and segmental labeling. (A) Steady-state
ATPase activity of ClpBWT and ClpBΔN measured alone and in the presence of
PhoA1-121 (P1), PhoA119-243 (P2), PhoA244-349 (P3), PhoA350-471 (P4), α-casein
(Cas), or 13-mer peptide (p13) substrates. The average values from three
separate experiments are reported with their SD. Substrate activation of
ClpB is shown to be highly dependent on the presence of the NTD. (B and C)
Selected regions of 1H–13C HMQC methyl-TROSY spectra of the 580-kDa
hexameric ClpB enzyme (B) uniformly [2H, 13CH3-Ile,Leu,Val]-labeled and
(C) segmentally labeled at the NTD ([2H, 13CH3-Ile,Leu,Val]-ClpB

NTD ligated to
[2H,12C]-ClpBΔN). Datasets were recorded at 18.0 T (800-MHz 1H frequency),
55 °C. (D) Overlay of 1H–13C HMQC spectra of hexameric, segmentally la-
beled, ClpB (blue) and the isolated NTD (red). The high degree of overlap
between the two spectra suggests that the structure of NTD does not change
significantly upon ClpB hexamerization. Small changes between the two
spectra, corresponding to residues in the linker region connecting NTD and
NBD1 domains, are highlighted by an asterisk (*).
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Fig. 4. NMR characterization of hexameric ClpB. (A) Linear correlation plot of
the slow component of methyl 1H transverse relaxation rates (R2s) (36) mea-
sured on ATP- and ADP-bound ClpB samples (55 °C) that are segmentally
methyl labeled in the NTD domain. The high degree of correlation between
the two nucleotide-bound states establishes that the fast timescale dynamics of
the NTD residues do not change upon ClpB nucleotide hydrolysis. (B) Build-up
curves of experimental intensity ratios (jIforb/Iallowj) from methyl 1H triple-
quantum experiments plotted against relaxation delay for selected NTD resi-
dues. Iforb is the intensity of the triple-quantum methyl 1H signal that can only
be excited from differential transverse relaxation between 1H transitions,
whereas Iallow is the intensity of the corresponding single quantum signal
(37). Plotted are curves for hexameric ClpB in ATP-bound (green) and ADP-
bound (blue) states (55 °C), as well as profiles for the isolated NTD, 25 °C
(red). Fits to Eq. S1 (SI Materials and Methods) are represented by solid lines.
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55 °C (Fig. 5C). By contrast, the titration data for the hexamer
could not be well fit to a model in which each of the six NTDs of
the complex binds an α-casein molecule or where two NTDs are
required for binding a single α-casein (Fig. S5; n = 6, 3). Fits were
of similarly good quality when three or six NTDs were assumed to
bind a single α-casein (Fig. S5; n = 2, 1, corresponding to either
two or one substrate molecule per NTD), in agreement with a
previously reported study where multiple protomers of ClpB
where shown to interact with one substrate (22), with extracted KD
values ranging from 13 ± 3 μM (three NTDs per casein) to 29 ±
4 μM (six NTDs per casein; Fig. 5D), 55 °C. Binding of one
α-casein molecule to multiple NTDs simultaneously is consistent
with both the size of α-casein and the large number of potential
NTD binding sites in the molecule (see above). Notably, compa-
rable affinities were obtained for binding to the monomer and
hexamer from a similar titration using the p13 peptide that con-
tains a single, well-defined NTD binding site, assuming a 1:1
binding model (one peptide per NTD) in both cases (Table S2).
This result supports the notion that the microscopic affinity of
substrate for a given NTD does not increase in the hexamer, but
rather that larger substrates can simultaneously bind several NTDs
in ClpB, thereby increasing the overall affinity via an avidity effect.
To establish whether substrate interactions with the ClpB

NTD are affected by the nucleotide state of the hexamer, we
performed a second set of experiments by titrating α-casein into
ADP-bound ClpBY243A. As with the ATP-ClpBY243A titration
experiments, fits were only satisfactory for models where either
one or two α-casein molecules bind to the hexamer, with a fitted
KD value of 43 ± 6 μM for a 1:1 α-casein to hexamer ratio, 55 °C,
that is similar to the value obtained with the ATP-bound hex-

amer (Fig. S5 and Table S2). Thus, the interactions of substrates
with ClpB NTD are not nucleotide dependent.
Having shown that ClpB NTDs engage substrates in a similar

manner as the isolated NTD (Fig. 5 A and B), we next studied
substrate interactions with ClpBWT, which contains, in addition
to the newly characterized NTD binding site, conserved tyrosine
pores that play a role in substrate binding (15, 16). Upon titra-
tion of α-casein into segmentally labeled ClpBWT, a CSP pattern
very similar to that for ClpBY243A was observed, with the ex-
ception of additional large CSPs for methyl groups from L132,
L135, and V141 (compare Fig. 5 B and E, green), located on the
linker connecting the NTD to NBD1 and the preceding helix, in
close proximity to the tyrosine pores. The location of L132, L135,
and V141 and the absence of the associated CSPs in the case of
the ClpBY243A mutant, suggests that these residues serve as re-
porters of substrate interactions with the tyrosine pores. It thus
becomes possible to separate substrate binding to the NTDs
from binding to the tyrosine pore loops and to obtain in-
dependent thermodynamic parameters in the context of the WT
hexamer. This is achieved by fitting the titration data to a model
in which binding to at least one NTD precedes interactions with
the tyrosine loops in the pore (see below), as illustrated in Fig. S6
and described in Materials and Methods. Fig. 5F shows the ti-
tration isotherms corresponding to binding to the tyrosine pores
(green) and NTDs (blue) of ClpBWT in the ATP state. Clear
differences are apparent in casein binding affinities to NTD
(KD = 46 ± 5 μM) and the tyrosine pores (KD < 90 nM, 85%
confidence limit), although a precise value for binding to the
tyrosine pores is difficult to obtain because of the very high af-
finity (Table S2 and Fig. S7). Notably, NTD isotherms do not fit
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C

F

G

D

Fig. 5. Substrate binding to hexameric ClpB. (A and B) Chemical shift perturbations induced by α-casein binding to (A) [2H, 13CH3-ILVM]-labeled isolated NTD

and (B) segmentally [2H, 13CH3-ILVM]-ClpBNTD,[2H, 12C]-ClpBΔN labeled ClpBY243A. CSPs are defined by the relation Δδ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔδH=αÞ2 + ðΔδC=βÞ2

q
, where ΔδH and

ΔδC are methyl 1H and 13C chemical-shift changes between apo and bound forms of the protein and α (β) is 1 SD of the methyl 1H (13C) chemical shifts
deposited in the Biological Magnetic Resonance Data Bank [α is 0.29 (I), 0.28 (L), 0.27 (V), and 0.41 (M), whereas β is 1.65 (I), 1.6 (L), 1.4 (V), and 1.54 (M)]. (C and
D) Titration curves for NTD (C) and segmentally labeled ClpBY243A (D), 55 °C. Either 1H or 13C chemical-shift changes, Δδ (in parts per million), are plotted as a
function of α-casein concentration, from which KD values for the NTD–casein (C) and ClpBY243A

–casein (D) interactions were obtained as described in the text.
(E) CSPs for segmentally ILVM-labeled ClpBWT at the endpoint of the titration with α-casein, 55 °C. Residues in the NTD-NBD1 linker showing measurable CSPs
for ClpBWT, but not for ClpBY243A, are colored in green. Inset shows cartoon representation highlighting the NTD and NBD1 domains of ClpB, with stick
representations of NTD substrate-binding methyl residues (blue) and linker methyl residues (green). (F and G) Titration of α-casein into (F) ATP-bound and (G)
ADP-bound hexameric ClpB with segmentally methyl-labeled NTD. Δδ as a function of α-casein concentration for residues L132, L135, and V141 (reporting on
binding to the tyrosine loops) are shown in green. The corresponding curves for binding of α-casein to the NTDs of the hexamer are shown in blue. All fits
(solid lines) in F and G correspond to the case of three α-casein molecules bound per hexamer that produced the best fits (Fig. S6). Calculated dissociation
constants for the α-casein interaction with hexameric ClpB are reported in Table S2.
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well to a model involving only a single casein per hexamer, but
rather one in which three substrates interact (i.e., one casein binds
two NTDs). The fact that more than a single casein is required to
saturate binding may reflect the fact that this particular substrate
is not sufficiently long to bind all six NTDs and the pore loops
simultaneously, thereby allowing additional molecules to engage
the hexamer. α-Casein titrations were then repeated for ADP-
bound, segmentally labeled ClpBWT, and KD values of 4 ± 0.4 μM
(Fig. 5G, green) and 85 ± 12 μM (Fig. 5G, blue) were measured
for binding to the tyrosine loop pores and NTDs, respectively. Once
again, the binding data were best fit to a model where three casein
substrates bind to the hexamer (Fig. S6). The affinities of substrates
for the NTDs in both ADP- and ATP-bound ClpBWT are compa-
rable (Fig. S7), as expected from studies on ClpBY243A described
above. Moreover, the substantially lower substrate affinity for the
tyrosine pores in the ADP state (Fig. S7) is consistent with previous
studies showing that the affinity of the pore loops for client proteins
is significantly reduced upon nucleotide hydrolysis (14).
In summary, the conserved tyrosine pores, known to be re-

quired for protein translocation through the ClpB central
channel (9, 15), interact in a high-affinity manner with α-casein
in the ATP-bound state. The significant affinity decrease upon
ATP hydrolysis is thought to provide the driving force for substrate
translocation (15). The NTD, in contrast, is bound to α-casein with
an affinity that is not dependent on the nucleotide state of the ClpB
chaperone. Finally, it is worth emphasizing the unique strength of
the NMR approach, whereby it is possible to distinguish the two
substrate engagement sites within ClpB, as well as to estimate the
affinity of substrate for each. This is possible despite the large dif-
ference in binding affinities, which would have masked the weaker
interaction using most other techniques.

Binding of Client Proteins to ClpB NTD Stabilizes Their Unfolded
Conformation. We have shown that the ClpB–NTD interactions
with client proteins are dynamic, involving hydrophobic residues
on both partners. It is of interest to examine how the confor-
mations of substrates are affected by binding to NTDs, which are
the initial substrate engagement sites before protein unfolding
and translocation by ClpB. To address how the thermodynamics
of protein folding change upon NTD binding and hence what
conformations might be stabilized, we measured temperature
titration profiles of the Pin1WW domain, which contains a po-
tential NTD binding site (V26-F29), in the absence and presence
of the isolated NTD. The Pin1WW domain folds on the micro-
second timescale (38) and its folding transition can be monitored
by NMR, with peak positions given by population-weighted av-
erages of chemical shifts of corresponding probes in the unfolded
and folded states (Fig. 6A). 1H–

13C HMQC spectra were ac-
quired over a temperature range of 15–80 °C (Fig. 6 A and B,
without and with NTD, respectively), from which the melting
profiles in Fig. 6C were generated. The free Pin1WW domain
folds in solution by means of a two-state mechanism, with Ile,
Leu, Val, and Met probes reporting a melting temperature (TM)
of 60.1 ± 0.4 °C (Fig. 6C, blue curves). Upon addition of NTD,
the stability of Pin1WW was reduced (compare red vs. blue
melting profiles in Fig. 6C), with the TM value decreasing by
10 °C to 50.7 ± 0.8 °C. This result suggests that a substrate’s
unfolded state is stabilized by engagement with the NTDs of
ClpB, potentially priming it for subsequent translocation.

The Hydrophobic Groove in the NTD Can Play a Critical Role in
Substrate-Dependent Activation of ClpB. Fig. 3A shows that the
NTD plays an important role in engagement of substrates by
ClpB, leading to enhanced ATPase activity relative ClpBΔN. To
better understand the functional role of the NTD interaction
with client proteins, in particular focusing on the hydrophobic
binding groove, we generated a ClpB variant (ClpBNTD-4A) con-
taining four mutations in the NTD (W6A, L14A, L91A, L111A),

which disrupt the hydrophobic substrate-binding site. As expected,
the isolated NTD-4A showed no CSPs upon the addition of p13
peptide (Fig. S8A), confirming that these mutations do indeed
abolish NTD–substrate binding. Biochemical experiments performed
on full-length ClpBNTD-4A showed that it is hexameric with WT
level ATPase activity and activation by the DnaK chaper-
one (Fig. S8B). We then compared the substrate-dependent
enhancement of ATPase activity for ClpBWT, ClpBNTD-4A,
ClpBY243A, ClpBΔN, and ClpBΔNY243A. Three substrates were
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Fig. 6. The ClpB NTD blocks the translocation channel in the substrate-
unbound state and stabilizes the unfolded form of bound client proteins.
(A and B) Selected regions from 1H–13C HMQC correlation maps showing the
temperature dependence of cross-peak positions from methyl groups of L7
of the PinWW domain (A) alone and (B) in the presence of the isolated NTD
domain. (C) Representative melting curves for L7δ1 and M15e of free (blue)
and NTD-bound (red) Pin1WW fitted to standard equations for two-state
unfolding (54) (solid lines; SI Materials and Methods). The TM value of
the substrate is reduced by ∼10 °C upon NTD binding (60.1 ± 0.4 °C, free vs.
50.7 ± 0.8 °C, bound). The NTD remains stable over the course of the entire
temperature titration (TM = 105.4 ± 0.02 °C). (D) Steady-state ATPase activity
of ClpB variants measured in the absence (red) and presence of α-casein
(green), p13 (yellow), or peptide B1 (blue). Notably, binding of α-casein to
ClpBΔN showed partial activation of ATP hydrolysis, in contrast to ClpBNTD-4A

for which enhanced activity was not observed. (E) Threading activities of
ClpB variants. α-Casein was incubated with ClpP and either BAP, BAPY243A,
BAPΔN, BAPNTD-4A, or BAPΔN/Y243A, and hydrolysis of α-casein measured at the
indicated time points (0, 15, 40, 60, 90, or 120 min). Significantly slower
hydrolysis rates were observed for the NTD mutated ClpB variant (BAPNTD-4A)
compared with variants of ClpB lacking the NTD (BAPΔN). Reactivation of
α-glucosidase (F) or firefly luciferase (G) aggregates monitored in the pres-
ence of indicated ClpB mutants and the DnaK/DnaJ/GrpE chaperone system.
Reactivation after 120 min is shown as a fraction of WT ClpB disaggregation,
and SEs of three independent assays are displayed.
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chosen for this experiment: (i) α-casein, which can interact with
both the NTD and NBD1 tyrosine pores; (ii) p13 peptide, which
binds specifically to the NTD; and (iii) B1 peptide (15), which
interacts with the tyrosine pores with high affinity (22). Notably,
the ATPase activity of ClpBNTD-4A was not enhanced upon ad-
dition of p13 or α-casein (Fig. 6D). The ClpBWT ATPase activity
was enhanced by fourfold to sixfold upon addition of any one of
the three substrates, whereas ClpBΔN/Y243A, which does not
contain either of the two initial engagement sites, showed no
activation (Fig. 6D). Mutating the conserved tyrosine pores
(ClpBY243A) had no effect on activation by the p13 peptide,
which interacts only with the NTD, but did, however, abolish B1-
dependent activation, as the tyrosine pores act as the B1 binding
site (Fig. 6D). Both the ClpBNTD-4A and ClpBΔN variants were,
as expected, still activated fivefold by the B1 peptide, but not by
p13 (Fig. 6D). Interestingly, mutating the substrate-binding site
in the NTD had a somewhat different effect on α-casein–
dependent activation than was the case when this domain was
deleted entirely. Although ClpBNTD-4A showed essentially no
enhancement in ATP hydrolysis by α-casein, ClpBΔN showed
partial activation (Fig. 6D), suggesting that the NTD blocks the
entrance to the ClpB central channel before substrate engage-
ment (see below) and hence in the case of ClpBNTD-4A, where
client binding is not possible, significantly limits α-casein en-
gagement by the tyrosine loops.

NTD Blocks the Entrance to the ClpB Central Channel Before Substrate
Engagement. As a follow-up on the observed differences in
ATPase activities of ClpBNTD-4A and ClpBΔN, described
above, we directly tested for potential defects in substrate trans-
location by introducing the NTDmutations described above into the
BAP ClpP system. BAP is a ClpB variant that physically interacts
and cooperates with a second chaperone, ClpP, in the degradation of
substrates (9). BAP transfers model peptides and α-casein into the
proteolytic chamber of the associated ClpP for degradation, so that
the translocation activity of ClpB variants can be established by
monitoring the efficacy of substrate degradation over time. NTD-4A,
Y234A, and ΔN mutations were introduced into the BAP back-
ground and substrate translocation efficiencies compared as shown
in Fig. 6E. Although α-casein was efficiently degraded in a control
assay containing BAPWT/ClpP, close to 50% of the starting substrate
remained upon mutating the tyrosine pores (BAPY234A), and ∼30%
with the deletion of the NTD (BAPΔN) (Fig. 6E). Consistent with
the earlier ATP hydrolysis experiments, introduction of NTD-4A
into BAP led to a near-complete reduction of α-casein hydrolysis.
The appreciable difference in α-casein degradation rates between
BAP chaperones with a mutated NTD (BAPNTD-4A, little α-casein
hydrolysis) and those lacking the NTD (BAPΔN; Fig. 6E) provides
further evidence that the role of the NTD is to block the channel
entrance in the absence of substrate engagement.
As a next step, we tested the impact of the NTD–substrate

interaction on ClpB disaggregation, a reaction that requires
additional chaperones (1). Reactivation rates of aggregated
α-glucosidase and firefly luciferase were measured for ClpB,
ClpBΔN, and ClpBNTD-4A in the presence of the DnaK chaper-
one system. WT ClpB, in collaboration with DnaK/DnaJ, was
able to reactivate ∼70% of aggregated FFL and ∼45% of
α-glucosidase. Deletion of the NTD reduced the disaggregation
activity by ∼40% for α-glucosidase (Fig. 6F) and by ∼25% for
FFL (Fig. 6G), indicating that the two aggregates have somewhat
different dependencies on the NTD for disaggregation. In-
troduction of the 4A mutation into the ClpB NTD, however, had
a much more significant effect, with reduced reactivation rates
for both substrates of ∼70% compared with WT ClpB (Fig. 6 F
and G). This suggests that, even in the presence of the DnaK
chaperone system, the NTD at least partially blocks the channel
before interaction with substrates.

Discussion
This study provides important insights into both the ClpB NTD–

substrate interaction and the function of the NTD in the ag-
gregate reactivation reaction. Using NMR spectroscopy, we have
identified a substrate-binding site within the ClpB NTD that
specifically interacts with stretches of hydrophobic residues in
client proteins. In this context, it is noteworthy that protein ag-
gregates, unlike degradation targets (39), are not tagged by any
known mechanism, but do contain specific surface motifs such
as hydrophobic stretches that do not typically occur on the
surface of folded proteins. It is, therefore, interesting to
speculate that the specificity of this binding site for clusters of
hydrophobic amino acids may well be an important factor in
how ClpB distinguishes between aggregates and properly
folded proteins.
It has long been known that the rate of hydrolysis of nucleo-

tides by ClpB can be enhanced through interactions with sub-
strates (17). Here, we show that this enhancement is initially due
to client protein binding to the NTD and later with the tyrosine
pores. This sequential ordering of binding is suggested by
ATPase activity assays (Fig. 6D), where α-casein is not able to
stimulate ATP hydrolysis in ClpBNTD-4A because it cannot bind
to the mutated NTD, although the tyrosine pores are intact in
this construct and hence available for binding in a WT manner.
Further evidence for sequential binding can be found in the
ClpP-coupled α-casein degradation assays and DnaK-dependent
protein disaggregation. Here too, mutations in the NTD sub-
strate-binding groove have a dramatic effect on ClpB chaperone
activation, whereas deletion of the entire NTD only modestly
decreased the efficacy of coupled substrate translocation/degra-
dation or disaggregation. This can be seen both in assays with the
BAP/ClpP system (Fig. 6E) and in DnaK-dependent protein
disaggregation reactions (Fig. 6 F and G). Thus, our results
strongly suggest that for efficient ClpB function substrate contact
with the NTDs precedes binding to the tyrosine pores.
Our work has also established that substrate interactions with

the ClpB NTD hydrophobic groove stabilize the unfolded state
of the client protein. Thus, the NTD may not only identify
substrates, but also prime them for subsequent unfolding and
translocation by the ClpB tyrosine pores. We also show that
the NTD–substrate interaction is nucleotide independent so that
the initial substrate engagement platform remains unaffected
by the conformational changes in the ClpB machine during the
unfolding and translocation process. This may be important for
preventing premature substrate release.
Taken together, the NMR and biochemical results presented

here imply that the ClpB NTD plays an important regulatory role
through its interaction with substrates. Before establishing con-
tact with clients, the NTD blocks the translocation channel in a
way that significantly hinders substrate proteins from entering.
This regulatory effect may ensure that partially unfolded or in-
trinsically disordered regions of properly folded, functional
proteins are not mistakenly identified by the tyrosine loops and
unfolded by ClpB. Once substrates bind to the hydrophobic
groove of the NTD, the inhibitory effect is released, ClpB
ATPase activity is stimulated, and interaction with the NTD
stabilizes the unfolded state of the client protein. Thus, although
the ClpB NTD may be dispensable for thermotolerance, it nev-
ertheless plays an important role both in substrate recognition
and in ClpB regulation throughout the disaggregation reaction.

Materials and Methods
Construct Preparation for Segmental Labeling of ClpB. The DNA fragment
encoding Thermus thermophilus ClpBΔN (amino acids 143–854) was generated
by PCR using Thermus thermophilus ClpB (7) as a template and subsequently
cloned into amodified pET28b vector, with the thrombin cleavage site replaced by
a six-histidine tag followed by a tobacco etch virus (TEV) protease cleavage site.
The NTD domain of ClpB (amino acids 1–142) was prepared by a ligation-free
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cloning method (40, 41) with residues 1–142 of ClpB PCR amplified with appro-
priate primers from a full-length ClpB vector and inserted into a pTWIN1 vector
(NEB) immediately in front of the Mxe GyrA intein (an entire chitin binding do-
main, Ssp DnaB intein, and the MCS cassette was replaced by residues 1–142 of
ClpB). An uncleavable hexahistidine tag was added at the N terminus of the
construct by ligation of a duplex oligonucleotide containing five his codons
(flanked by NdeI overhangs on both sides) into a NdeI-cleaved NTD plasmid.
Mutations to all constructs, including those used in intein studies, were introduced
using the QuikChange (Stratagene) approach and verified by DNA sequencing.

Protein Purification. ClpB WT and mutants (7), NTD (amino acids 1–141) (7),
ClpBΔN (amino acids 143–854) (7) and associated mutants, DnaK (7), DnaJ
(42), GrpE (43), firefly luciferase (44), GFP (45), PhoA fragments (25), Sic1 (26),
BAP (7), and ClpP (46) were prepared as described.

Purification of Segmentally Methyl-Labeled Hexameric ClpB Samples. Plasmids
encoding the NTD-intein or a ClpBΔN E271A/E668A/T143C variant that does
not hydrolyze ATP (referred to as WT in the text) were transformed into
E. coli BL21-CodonPlus (DE3) cells. Cells were grown at 37 °C in M9 D2O
media supplemented with 14NH4Cl and [2H,12C]-glucose as the sole nitrogen
and carbon sources, respectively. In the case of the NTD, methyl labeling of
the Ile-δ1-[13CH3], Leu/Val-[

13CH3,
12CD3] variety (referred to as ILV-protein)

was achieved following the procedure of Tugarinov et al. (28). Cells were
grown to OD600 ∼ 0.8 and expression was induced by addition of 1 mM
isopropyl β-D-1-thiogalactopyranoside and allowed to proceed overnight at
25 °C. Following expression, bacteria were harvested and proteins were
purified on Ni-NTA resin (GE Healthcare). The NTD was cleaved from the intein
fusion by incubating the protein overnight in a solution of 50 mMHepes, pH 8.0,
300 mM NaCl, and 200 mM sodium mercaptoethane sulfonate (MESNA). The
cleaved protein was further purified on a Ni-NTA column to remove the intein
tag. All buffers used in this purification were supplemented with 20 mMMESNA
to slow down the hydrolysis of the C-terminal α-thioester.

The ClpBΔN N-terminal 6His-tag was cleaved by TEV protease, followed by
further purification on a Ni-NTA column. Cleaved products (NTD with a
C-terminal α-thioester and ClpBΔN with a free N-terminal Cys) were partially
unfolded in 2 M GnHCl and concentrated to the millimolar range. Ligation
reactions were set up by mixing the products (NTD with a C-terminal
α-thioester and ClpBΔN with a free N-terminal Cys) at a 3:1 ratio in 20 mM
Hepes, pH 8.0, 300 mM NaCl, 2 M GnHCl, 2 mM tris(2-carboxyethyl)phos-
phine (TCEP), and 1 mM EDTA for 3–5 d. Ligation efficiency was 50–70%.

To separate the ligation products from the mixture, we introduced an
uncleavable six-histidine tag at the N terminus of the NTD construct. The
ligated product was separated from ClpBΔN lacking the six-histidine tag by
purification over a Ni-NTA column under denaturing conditions (6 M GuHCl).
Ligated ClpB was then refolded on the Ni-NTA column by gradually reducing
the concentration of denaturing agent in the wash buffer (from 6 to 0 M
GuHCl). The unligated NTD fragment was removed by further purification of
the mixture over a HiPrep DEAE FF 16/10 column. All purifications were done
under reducing conditions by supplementing the buffers with 2 mM TCEP.

Pure ligation product was assembled into hexameric ClpB by incubating
the monomers for 1 h in 50 mM Hepes, pH 8.0, 20 mM KCl, 10 mM MgCl2,
2 mM TCEP, and 2 mM ATP. The hexameric protein was then purified on a
HiLoad 16/60 Superdex 200-pg gel filtration column (GE Healthcare) and
equilibrated with 50 mM Hepes, 20 mM KCl, pH 8.0, 2 mM ATP/ADP, and
0.03% NaN3. Purity and composition of the ligation product were confirmed
by SDS/PAGE and electrospray ionization–MS.

NMR Spectroscopy. All NMR experiments were carried on Varian INOVA spec-
trometers of 11.7 T (500MHz), 14.1 T (600MHz), or 18.8 T (800MHz). The600-MHz
spectrometer was equippedwith a cryogenically cooled probe. NMRPipe (47) and
Sparky (48) were used to process and visualize NMR spectra, respectively.

NMR Chemical Shift Perturbations. The interaction of the isolated ClpB NTD
with client proteins was monitored by 2D 1H–15N TROSY HSQC experiments
(49), 11.7 T, 55 °C. U-[1H,15N] NTD samples (200 μM concentration) were ti-
trated with unlabeled, twofold excess (400 μM) α-casein, PhoA1-122, PhoA119-243,
PhoA244-349, PhoA349-471, PhoA425-471, Sic1, κ-casein, c-Jun, UD, GFP, DnaK,
heat-denatured MDH, chemically denatured FFL, peptide B1, and 13-mer
peptide (p13). Additional binding studies were performed by recording
spectra of U-[2H,15N] PhoA1-122, PhoA119-243, PhoA234-349, PhoA349-471,
PhoA425-471, Sic1, or c-Jun samples each at a concentration of 300 μM in the
presence of unlabeled NTD (600 μM), 18.8 T, 18 °C.

CSPs were calculated from the following relation:

Δδ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔδHÞ2 +

�
ΔδN
5

�2
s

, [1]

with Δδ the corresponding amide 1H (ΔδH) or 15N (ΔδN) chemical shift change
between free and bound NTD forms. CSPs between free NTD and NTD–substrate
mixtures that were greater than 1 SD from the mean were considered significant.

To monitor the interaction of hexameric ClpB with substrates, NMR ti-
trations were carried out using 2D 1H–13C HMQC experiments, 18.8 T, 55 °C.
Unlabeled α-casein or p13 (600 μM) was added to segmentally labeled
ClpBWT and ClpBY243A [NTD-2H, 13CH3-ILVM, ΔN-2H, 12C] samples (200 μM
monomer concentration). CSPs were calculated from the following relation:

Δδ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ΔδH
α

�2

+
�
ΔδC
β

�2
s

, [2]

where ΔδH(C) is the shift change between methyl group 1H (13C) nuclei in apo
and fully saturated forms of the protein, α (β) is 1 SD of the methyl 1H (13C)
chemical shifts [separate values of α (β) are used for different methyl groups],
as tabulated in the Biological Magnetic Resonance Data Bank (www.bmrb.wisc.
edu). CSPs greater than 1 SD from the mean were considered significant.

NMR Titrations. To estimate dissociation constants for the interaction of the
isolated ClpB NTD with a number of unstructured proteins, U-[1H,15N] NTD
samples (200 μM) were titrated with increasing amounts of unlabeled
α-casein, PhoA1-122, PhoA119-243, PhoA234-349, PhoA349-471, PhoA425-471, Sic1,
c-Jun, Src11-85, and p13 (net concentrations of 20, 40, 60, 80, 100, 150, 200,
250, 300, 400, 500, 600, and 800 μM) and the positions of cross-peaks
monitored by recording 2D 1H–15N TROSY-HSQC spectra, 11.7 T, 55 °C. Ad-
ditional titrations were carried out with [2H,13CH3-ILVM]-samples of NTD
(200 μM) and α-casein or p13 (10, 20, 30, 40, 50, 75, 100, 150, 200, 300, and
400 μM) using 2D 1H–13C HMQC experiments.

For all of the above titrations Kd values were calculated by a nonlinear
least-squares analysis using the following equation:

Δδ′=ΔδMAX′
½L�T + ½P�T +KD −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�½L�T + ½P�T +KD
�2 − 4½P�T½L�T

q
2½P�T

, [3]

where [P]T and [L]T are the total protein (NMR labeled) and ligand (un-
labeled) concentrations at each aliquot, Δδ′ is the difference in peak position
after each aliquot, and Δδ′MAX is the change in shifts between apo and fully
bound states of the protein. Binding isotherms were quantified separately
for 1H, 15N, or 13C chemical shifts.

An NMR titration of ClpBY243A with p13 was carried out by recording a
series of 2D 1H–13C-HMQC experiments where to a segmentally labeled
[NTD-2H, 13CH3-ILVM, ΔN-2H, 12C] sample (200 μM) was added increasing
amounts of unlabeled p13 (20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 500,
and 600 μM), 18.8 T, 55 °C. NMR titrations of ClpBWT or ClpBY243A with
α-casein were performed at 55 °C, 18.8 T in a similar manner. Segmentally
labeled ClpBWT (200 μM) or ClpBY243A (300 μM) [NTD-2H, 13CH3-ILVM, ΔN-2H,
12C] samples were titrated with increasing amounts of unlabeled α-casein
(10, 20, 40, 60, 80, 100, 150, 200, 300, and 550 μM).

The CSPs from the titrations of ClpBY243A, for which there are only NTD
binding sites, were fitted with the model of Eq. 4, which assumes that each
microscopic binding event is energetically equivalent (multiplicative factors
of KD take into account the number of ways that binding events can occur):

P + L⇄

KD

n
PL1 + L⇄

2KD

n‐1
PL2 + L⇄

3KD

n‐2
PL3 + L⇄

4KD

n‐3
. . .⇄

n ·KD
PLn. [4]

It was assumed that onemolecule of p13 binds to each NTD site on ClpB (i.e., 6
sites per ClpB) so that n = 6. This is reasonable because p13 is a small peptide
(13 residues). By contrast, titration profiles for α-casein were fit for different
values of n and RMSDs between experimental and calculated chemical shifts
used to establish the best fit (best value of n). The isotherms were fitted to

CSP=CSPMAX
Pn

i=1i½PLi �
n½PT�

!
, [5]

where CSPMAX is the chemical shift change at the completion of the titration
and [PT] is the total protein concentration.

In the case of ClpBWT, where α-casein can bind to both NTD and tyrosine
loop sites, isotherms were fitted with the model in Eq. 6:
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Details of this model are given in the legend to Fig. S6. As with the simpler
model of Eq. 4, each binding event is assumed to have the same intrinsic
affinity (i.e., same microscopic dissociation constant), whereas the multiplica-
tive factors associated with each K take into account the multiplicity of ways
that a ligand can bind to a particular state (50). Each isotherm was fitted as-
suming different values of n in the range from 1 to 6 (i.e., between one and six
ligand binding sites on the ClpB hexamer). During the course of the fits, the
concentrations of each state in Eq. 6 were obtained by numerically solving the
resultant equations relating concentration to dissociation constants, including
mass-conservation for all components of the reaction (ClpBWT and α-casein).

Concentrations were converted to CSPs for low (NTD, CSPL) and high (tyrosine
pore, CSPH) affinity binding sites, using the following equations:

CSPL =CSPMAX
L

0
@Pn

i=1i½PLi �
n½PT� +

Pn−1
i=0 ði+1Þ½PHLi �

n½PT�

1
A, [7.1]

CSPH =CSPMAX
H

0
@Pn−1

i=0 ½PHLi �
½PT�

1
A, [7.2]

where PHL0 = PH. All isotherms were fit together to extract global parameters
KD and KR and residue-specific CSPMAX values. Distributions of fitted parame-
ters were obtained by running 200 bootstrap simulations (51).

Fits of all titration data and bootstrap analyses were performed using in-
house written programs (Python 2.7), exploiting the optimization function
leastsq from the SciPy 9.0 library.
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