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Abstract

Hsp70 molecular chaperones contain three distinct structural domains, a 44 kDa N-terminal ATPase domain, a 17 kDa
peptide-binding domain, and a 10 kDa C-terminal domain. The ATPase and peptide binding domains are conserved in
sequence and are functionally well characterized. The function of the 10 kDa variable C-terminal domain is less well
understood. We have characterized the secondary structure and dynamics of the C-terminal domain from theEscherichia
coli Hsp70, DnaK, in solution by high-resolution NMR. The domain was shown to be comprised of a rigid structure
consisting of four helices and a flexible C-terminal subdomain of approximately 33 amino acids. The mobility of the
flexible region is maintained in the context of the full-length protein and does not appear to be modulated by the
nucleotide state. The flexibility of this region appears to be a conserved feature of Hsp70 architecture and may have
important functional implications. We also developed a method to analyze15N nuclear spin relaxation data, which
allows us to extract amide bond vector directions relative to a unique diffusion axis. The extracted angles and rotational
correlation times indicate that the helices form an elongated, bundle-like structure in solution.
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Molecular chaperones of the Hsp70 class are expressed in response
to a wide variety of cellular stresses, and are involved in a number
of cellular processes under both stress and nonstress conditions.
These functions include protein translocation, assembly and dis-
assembly of multiprotein complexes, and degradation~Gething &
Sambrook, 1992; Georgopoulos et al., 1994; Stuart et al., 1994!. In
addition, Hsp70s are thought to cooperate with members of the
Hsp60 and Hsp10 classes of molecular chaperones to promote and
regulate protein folding in vivo~Hendrick & Hartl, 1995!. The
chaperone activity of Hsp70s stems from their ability to bind and
release unfolded, aggregation-prone proteins in a highly regulated
manner~Rüdiger et al., 1997!.

DnaK, the majorEscherichia coliHsp70 family member, is
required for bacteriophage lambda replication and is essential for

bacterial growth at most temperatures~Bukau & Walker, 1990;
Georgopoulos et al., 1994!. Binding and release of unfolded pro-
teins or peptides by DnaK and other Hsp70s are tightly regulated
by the cycle of ATP hydrolysis~Rüdiger et al., 1997!. In the ATP
bound state, the exchange of model peptide substrates is relatively
fast. Hydrolysis of ATP to ADP leads to a dramatic decrease in this
exchange rate. Peptide release and rebinding are then facilitated by
exchange of ADP for ATP. The intrinsic rate of ATP hydrolysis in
DnaK is relatively slow~turnover of;0.02 min21! ~Russell et al.,
1998!, but can be accelerated by interactions with the protein
cofactors DnaJ and GrpE. These cofactors regulate different stages
of the ATPase cycle: DnaJ accelerates the hydrolysis of ATP, whereas
GrpE stimulates nucleotide exchange. Together, DnaJ and GrpE
can stimulate the ATPase activity of DnaK up to 50-fold~Liberek
et al., 1991!. Numerous DnaJ homologs and a mitochondrial GrpE
homolog have been found in eukaryotic systems, suggesting a
conserved mechanism of regulation of Hsp70 chaperone function
~Caplan et al., 1993; Silver & Way, 1993; Bolliger et al., 1994!.

Protease digestion patterns and functional analyses suggest that
all Hsp70s share the same basic domain structure~Fig. 1! ~Chap-
pell et al., 1987; Kassenbrock & Kelly, 1989; Wang et al., 1993; Ha
& McKay, 1994; Buchberger et al., 1995!. A highly conserved
44 kDa N-terminal domain~residues 1 to 385 in DnaK! contains
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the ATP binding site. The peptide binding domain~residues 386 to
541 in DnaK! is ;17 kDa in size and is located immediately
adjacent to the ATPase domain. Whereas the structures of both of
these domains in isolation have been solved~Flaherty et al., 1990;
Morshauser et al., 1995; Zhu et al., 1996; Harrison et al., 1997;
Wang et al., 1998!, the mechanism of coupling of the ATPase
activity to peptide binding and release remains unknown. The
C-terminal 10 kDa region~approximately residues 542 to 638 in
DnaK! is less well conserved, and its function is unclear. The
C-terminal region has often been considered a part of the peptide
binding domain. However, the observation that this region is not
necessary for peptide binding~Wang et al., 1993! suggested an
independent function for this region. The sequence divergence in
this region led to the proposal of a regulatory function, perhaps in
providing specificity for interactions with cofactors or in modula-
tion of the ATPase or peptide binding activities~Tsai & Wang,
1994!.

Several studies have provided clues to the function of the
C-terminal region. Tsai and Wang~1994! concluded that the
C-terminal region is essential for clathrin uncoating activity in rat
Hsc70, even though the ATPase and peptide binding activities
seem to be unaffected by deletion of this domain. On the other
hand, studies by Freeman et al.~1995! found that mutation or
deletion of the C-terminal four residues of human Hsp70 affected
both the ATPase and peptide binding activities. In addition, these
mutations appear to alter the interaction of Hsp70 with the human
DnaJ homolog, HDJ-1. This result is consistent with the observa-
tion that deletion of the C-terminal region in DnaK weakens its
interaction with DnaJ~Wawrzynow & Zylicz, 1995!. ATP-induced
conformational changes in DnaK, however, appear to be largely
unaffected by deletion of the C-terminal region~Buchberger et al.,
1995!.

The crystal structure of a 27 kDa fragment of DnaK containing
the peptide binding domain and most of the C-terminal region has
been solved~Zhu et al., 1996!. In this structure, the C-terminal
region is described as a helical domain positioned over the peptide
binding pocket. With the C-terminal domain in this position, bound
peptide appears to be blocked from exchange. In an alternate crys-
tal form, the C-terminal domain is slightly rotated away from the
peptide binding site. The authors proposed a model for the regu-
lation of peptide binding and release by the C-terminal domain in
which the helix bridging the peptide binding pocket melts out in
the ATP-bound form. This disruption would allow the C-terminal
domain to move away from the peptide binding site, leading to an
increased peptide exchange rate.

In summary, the C-terminal region appears to be an important
regulatory region, although its precise role in Hsp70 function is

unclear. To determine whether the C-terminal region is an inde-
pendent structural domain, and as a first step in understanding how
the C-terminal domain might regulate Hsp70 function, we have
begun NMR analyses of the structure and dynamics of the C-terminal
domain ~residues 518–638!. We report here that the isolated
C-terminal domain is stable and adopts a mostly helical structure
in solution. In addition, the last 33 amino acids constitute a highly
flexible subdomain of the molecule. This flexible region appears to
be a conserved feature of Hsp70 architecture, and may be impor-
tant to the regulatory function of the C-terminal domain. In the
process of analyzing the15N relaxation data, we developed a method
to obtain the amide bond vector directions relative to a unique,
symmetrical diffusion axis from data collected at several field
strengths. These angles, extracted without the use of the crystal
coordinates, are in good agreement with the crystal structure, sug-
gesting this method may have general applications.

Results

Trypsin digestion

DnaK518–638was identified as a protease-resistant fragment in tryp-
sin digests~Fig. 1!. Specifically, a C-terminal fragment of DnaK
~residues 386–638! containing the peptide binding domain and the
C-terminal region was found to be resistant to digestion by trypsin
~not shown!. This result agrees with that of Buchberger et al.
~1994!, who found that a similar fragment of DnaK~DnaK385–638!
is protease resistant relative to the full-length protein, and is also
consistent with the prediction that this fragment represents the
conformation of the peptide binding domain in the ADP-bound
state of the full-length protein~Buchberger et al., 1995; Zhu et al.,
1996!. On the other hand, we found that a fragment truncated
within the peptide binding domain~DnaK401–638! is rapidly pro-
cessed to a 10 kDa fragment that is resistant to further proteolysis.
The peptide binding domain of DnaK401–638 does not appear to
achieve a stable fold and binds peptides at least two orders of
magnitude more weakly than either full-length DnaK or DnaK385–638

~data not shown!. N-terminal amino acid sequencing and mass
spectrometry revealed that the protease resistant fragment begins
at residue D518 and ends at residue K638, the normal C-terminus
of the full-length protein. The trypsin cleavage site in this context
is identical to a nucleotide-sensitive trypsin site observed in digests
of full-length DnaK~Buchberger et al., 1995!. Characterization by
CD indicates a mostly helical domain with a melting temperature
of approximately 658C ~data not shown!. Therefore, the C-terminal
region of DnaK appears to be a stable, independent domain of the
molecule.

Sequential resonance assignments

The 1H, 15N correlation spectrum of DnaK518–638 is shown in
Figure 2. Sequential backbone resonance assignments were ob-
tained primarily through analysis of the connectivities observed in
the HNCACB, and CBCA~CO!NH experiments, and from sequen-
tial NOEs provided by the 3D1H, 15N NOESY-HSMQC. Data
from the 3D C~CO!NH and H~CCO!NH, which provide informa-
tion about amino acid type, were used to resolve ambiguity in
cases where there was significant chemical shift degeneracy in the
Ca and Cb resonances. This approach resulted in nearly complete
assignments for the backbone N, NH, and Ca, and Cb resonances.

Fig. 1. Diagram of the general Hsp70 domain structure. The numbering
scheme is given for DnaK. The boundary between the peptide-binding
domain and the C-terminal domain is based on the crystal structure~Zhu
et al., 1996!. The arrow represents the trypsin cleavage site giving rise to
the C-terminal fragment~DnaK518–638! used in this study.
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Residues 518, 530, 531, 622, 624, and 625 were not identified in
the 1H, 15N correlation spectrum due to spectral overlap or to
line-broadening caused by conformational exchange.

Secondary structure

Figure 3 contains a summary of the data used to determine the sec-
ondary structure. We found relatively few unambiguous medium
range NOEs due to spectral overlap in the backbone amide and al-
pha protons. Because of this overlap, the secondary structure de-

termination relies more heavily upon the chemical shift index
~Wishart & Sykes, 1994!, 3JHNa coupling constants, and patterns of
sequential NOEs. The domain consists of four helices spanning res-
idues 532–553, 559–576, 581–593, and 596–605. Loops connect he-
lix 1 to helix 2 and helix 2 to helix 3, but there is only a two-residue
disruption in the helical structure between helix 3 and helix 4.

Two distinct classes of peaks can be distinguished in the1H,
15N correlation spectrum~Fig. 2!; a set of lower amplitude,
broader peaks that are from the structured region~filled peak
centers! and a set of intense, narrow peaks~open peak centers!.

Fig. 2. 13C-decoupled1H, 15N correlation spectrum of uniformly15N013C-labeled DnaK518–638. The spectrum was collected at
600 MHz and 258C. The protein concentration is approximately 1 mM in 50 mM sodium phosphate, 100 mM NaCl, pH 6.1. Backbone
assignments are labeled according to the residue positions in full-length DnaK. The resonance from residue G554~asterisk! is aliased
in the 15N dimension.
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The intense resonances were assigned to the amino-terminal ap-
proximately 15 residues and the carboxy-terminal 33 amino acids
of DnaK518–638.The intensity and lack of chemical shift disper-
sion in the proton dimension for these peaks indicate a random
coil conformation for these residues. However, the chemical shift
index and3JHNa coupling constants suggest some helical struc-
ture for residues 524–529 in the amino-terminal region~Fig. 3!.
There are also a few intra- and inter-residual NOEs apparent for
these amino acids. This region is helical in the crystal structure
and makes interdomain contacts to the peptide binding domain
~Zhu et al., 1996!. The helical propensity of this region is there-
fore evident in the C-terminal domain fragment even in the ab-
sence of stabilizing contacts to the peptide binding domain. In
contrast to the amino terminal region, the chemical shift index
and 3JHNa coupling constants support a random coil conforma-
tion for the 33 amino acid C-terminal “tail” region. This region
is not observed in the crystal structure.

Stable helical structure, as indicated by the presence of strong
sequential NOEs, appears to begin at the first residue~L532!
observed to contribute core packing interactions to the helical
domain in the crystal structure~Zhu et al., 1996!. The high
degree of protection from hydrogen exchange in helices 1, 2,
and 3 indicates that the core is well packed and supports the
conclusion that the isolated fragment is a stable, independent
domain of the protein.

Backbone dynamics

To further characterize the dynamic behavior of DnaK518–638,
we measured backbone amide15N relaxation parametersT1, T2,
and 15N$1H% NOE. Although theT1 and T2 values are roughly
uniform in the helical regions, there are large differences be-
tween the helical regions and the turn regions. These differences
do not seem to come entirely from increased mobilities in the
turns. This together with the relatively shortT2 values for a
roughly 10 kDa protein suggests that a large degree of aniso-
tropic motion may be present. To reveal this effect and to obtain
reliable values for internal motion parameters, we collected15N
relaxation data at three field strengths and analyzed the data
using several models.

Analysis of the dynamics data assuming isotropic tumbling
yielded a poor fit ofT10T2 values for residues 533–603, givingtm

approximately 10.2 ns and an average error of the fit of 44%
~$E10N%102, whereN is the number of residues included in the fit!.
The fit was greatly improved when the same set of data were
analyzed using the axially symmetric anisotropic model~Equation
2!, yielding an average error of 8.2%. The rotational correlation
times about the symmetry axis and the perpendicular axis,t5 and
t', are approximately 4.86 0.5 ns and 13.46 0.7 ns, respectively.
No significant improvement was gained in the fit by using the
general anisotropic model.

Fig. 3. Amino acid sequence and secondary structure determination. The striped bars representa-helical segments determined by this
analysis. Residues protected from hydrogen exchange by a factor of.103 relative to random coil values are depicted by closed circles.
The chemical shift index represents the consensus for the Ca, Cb, and carbonyl carbon indices. Residues witha-helix, coil, orb-sheet
values for the Ca chemical shift index are depicted by solid, shaded, and open circles, respectively. The shift index is omitted for
residues in which the consensus could not be determined due to one or more missing assignments.3JHNa coupling constants are
represented by solid circles for values less than 6 Hz, shaded circles for values between 6 and 8 Hz, and open circles for values greater
than 8 Hz. Sequential and medium-range NOEs are represented by lines between the participating residues. The thickness of each line
represents the relative intensity of the observed crosspeak.
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The large ratio ofD4:D5 and the 25-fold reduction inE1 ~Equa-
tion 3! when the anisotropic model was used instead of the iso-
tropic model indicate that the molecule undergoes significant
anisotropic rotational diffusion, which is likely caused by a highly
elongated shape of the molecule. The fit of theT10T2 ratios using
the axially symmetric diffusion model~Equation 3! also yielded
the angles~a! between the amide bond vectors and the symmetric
rotational diffusion axis~Fig. 4!. These angles are similar for the
residues in the first three helices and are mostly in the 20–358
range, but large differences are seen between these residues and
those in the turns and the last helix. These results indicate that the
rigid regions of the molecule form a helix bundle-like structure in
solution, with the helical axes nearly parallel or antiparallel to each
other, and that the last helix points slightly away from the helix
bundle.

The relative amide-bond vector orientations obtained from the
dynamics data were compared with those estimated from the known
crystal structure~Figs. 4, 5!. The crystal structure of DnaK518–638

shows a molecule with an elongated shape, with the symmetry axis
roughly pointing along the helical axes. We performed a grid search
to obtain a unique, symmetric rotational axis, which best fit the set

of anglesa extracted from the dynamics data. This axis points
roughly along the helix bundle axis. The C-terminal helix bends
around residues 593–595, forming an angle of approximately 508
with the N-terminal helix bundle. The pairwise RMSD between the
two sets of anglesa is approximately 7.58 ~Fig. 4!. This consis-
tency between the crystal structure and rotational diffusion in so-
lution suggests that the structure in solution is similar to the crystal
structure, and demonstrates that15N relaxation data can provide
useful global structural information.

Values for the parameterste and S2, which describe internal
motions for each residue, were extracted using the axially sym-
metric diffusion model, Equations 4 and 5~Fig. 6!. The struc-
ture of residues 532–604 is rigid based on the rather high values
for S2 ~.0.85! for most residues. Interestingly,S2 values are
slightly lower andte values are slightly higher than average in
the fourth helix, suggesting a higher degree of internal motion
in this region. The disruption of continuous helical structure be-
tween the third and fourth helices is accompanied by a small
drop in S2 around residues 593–594. These results, combined
with reduced protection from hydrogen exchange, suggest that
the fourth helix may be unstable relative to other helices. This
helix packs on one side against the turn region formed by resi-
dues 554–557, which also show a relatively high degree of flex-
ibility as evidenced by decreasedS2. The other turn region,
residues 577–580, only exhibits slightly reducedS2 relative to
the helical regions.

In contrast to the apparent rigidity of residues 532–604, the
N-terminus and the C-terminal 33 amino acids are highly mobile with
substantially longT2 values. These regions also show significantly
reduced or negative15N$1H% NOEs, and correlate well with those
residues that have random coil chemical shift indices and medium
3JHNa coupling constants~approximately 6–7 Hz!. TheT10T2 ratios
correspond to an effective correlation time of 4 to 6 ns for the
N-terminal region, and 2 to 3 ns for the C-terminal region. The or-
der parameter is around 0.6. However, for a highly flexible region,
a model that assumes a single correlation time or separable overall
and internal motions cannot be safely used to describe the compli-
cated dynamics, and the meaning of an order parameter is not clear.
The spectral density analysis~Fig. 6! provides a more reliable de-
scription of the dynamics although it does not provide a clear phys-
ical picture of the dynamic process. If we assume thatJ~v! contains
all modes of motions and can be described byJ~v! 5 Si ai ti0@11
~vti!

2# ~Lipari & Szabo, 1982!, J~0! 5 Si ai ti can then be con-
sidered as a weighted, average correlation time of all modes of mo-
tions, andJ~vN! andJ~vH! are the contributions of motions on a
time scale of 10vN and 10vH, respectively. TheJ~0! values are mostly
between 8 and 13 ns for residues 532–604, and mostly within 0.5
to 2 ns for the C-terminal region. The N-terminal region has slightly
largerJ~0! values~2 to 5 ns! than the C-terminal region, supporting
the view that there is some residual structure in this region. The drop
in J~0! in the flexible regions relative to the structured region is ac-
companied by an increase inJ~vH! andJ~vN!, with J~vH! increased
by a factor of 4. These results indicate that the motions in the N-
and C-terminal regions are shifted significantly toward high-
frequency modes, indicative of high flexibility across a wide dynamic
range from ps to ns.

Characterization of full-length DnaK

We considered the possibility that the C-terminal mobile region is
involved in interdomain contacts in the context of the full-length

A

B

Fig. 4. Correlation of the anglea from the dynamics data with the crystal
structure. The anglea was converted from sin2~a! and was folded into the
0–908 range; that is, an~1802 a! angle is indistinguishable froma by this
method of analysis.A: The anglea obtained from fitting the~T10T2! values
~Equation 3! for each residue.B: The NMR-derived anglea obtained
plotted against the corresponding angle from the crystal structure with the
symmetrical diffusion axis as defined in Figure 5.

NMR analysis of the C-terminal domain of DnaK 347



protein. In particular, it seemed reasonable that this region might
represent an intramolecular substrate for the peptide binding site.
To test this possibility, we characterized the NMR spectrum of
full-length DnaK. The resonances observed in the1H, 15N spec-
trum of full-length DnaK are identical in position to the peaks
assigned to the C-terminal mobile region in DnaK518–638

~Fig. 7A,B!. We confirmed that these peaks arise from the same
residues by collecting two additional spectra: First, a sample of
full-length DnaK having only the alanines labeled shows the cor-
rect number and position of resonances expected for the C-terminal
mobile region~Fig. 7C!. Second, the spectrum of a deletion mutant
of DnaK ~DnaK1–605! in which the C-terminal 33 amino acids are
removed completely lacks the peaks correlated with the C-terminal
mobile region that are observed in the spectrum of full-length
DnaK ~Fig. 7D!.

DnaK has a molecular weight of approximately 69 kDa and
forms dimers and higher order oligomers under some conditions
~Palleros et al., 1993; Schönfeld et al., 1995!. NMR resonances are
generally weak or unobservable for most of the residues in a mol-
ecule of this size due to the slow tumbling rate and correspond-
ingly fast relaxation rates. However, flexible regions tumbling
independently of the bulk of the molecule are often observable in
the spectra of large proteins~for example, Gettins & Cunningham,
1986 and references therein; Landry et al., 1993!. If the C-terminal
mobile region of the C-terminal domain of DnaK is ordered in a
stable interdomain contact in the full-length protein, it would tum-
ble with the bulk of the molecule and its NMR resonances would
be unobservable. If, on the other hand, it remains mobile in the
context of the full-length protein, those resonances would remain
observable in the spectrum.

Our result with full-length DnaK is consistent with a model in
which the structured part of the C-terminal domain associates with
the other domains of the molecule while the C-terminal tail region

remains highly mobile. Interestingly, this pattern does not change
upon the addition of ATP~not shown!. Therefore, it appears that the
mobile region is not involved in a stable interaction with the re-
mainder of the protein in this context, regardless of the nucleotide
state. This result, however, does not rule out the possibility of a tran-
sient interaction on a time scale that does not cause significant line
broadening. Indeed, substantial biochemical evidence suggests that
the mobile region modulates the affinity of peptide binding, pos-
sibly through a direct interaction with the peptide binding site~E.B.
Bertelsen, P.R. Tsurada, F.W. Dahlquist, & G.C. Flynn, unpubl. obs.!.

The resonances from the N-terminal disordered region~residues
518–531!, which are intense in the spectrum of the fragment, are
not present in the spectrum of the full-length protein. This region,
therefore, appears to be structured and tumbling with the bulk of
the molecule in the full-length protein, as expected based on its
contacts to the peptide binding domain in the crystal structure~Zhu
et al., 1996!.

These data also address a model that has been proposed to
account for the increased rate of peptide exchange of DnaK in the
presence of ATP~Zhu et al., 1996!. In this model, the interaction
of the C-terminal domain with the peptide binding domain is dis-
rupted in the ATP bound form by a melting of structure in the first
helix. If the C-terminal domain simply loses its interdomain con-
tacts and the melted linker region is substantially flexible in the
ATP-bound state of DnaK, we might expect to observe the reso-
nances from that domain in the NMR spectrum, since independent
domains can be observed in the spectra of even very large modular
proteins~McEvoy et al., 1997!. The spectra of full-length DnaK
suggest that the structured part of the C-terminal domain interacts
with the other domains of the protein in both the ATP and ADP
bound states, or the linker region remains fairly rigid even when it
is released from the peptide binding site. This result is consistent
with a more subtle conformational change, or a switching of in-

Fig. 5. The symmetrical diffusion axis of DnaK518–638aligned with the crystal structure of residues 529–607. The axis, pointing in the
direction of~u, F! 5 ~598, 2778! ~polar coordinates! in the coordinate frame of the crystal structure, was found by a grid search of the
axis vector direction in the structure which best matches the set of angles~a! obtained from the dynamics analysis. The axis was drawn
to pass through the geometrical center of residues 533–603 in the crystal structure.
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teractions from the peptide binding domain to the ATPase domain
in the ATP bound state.

Discussion

Structure of the C-terminal domain

DnaK518–638appears to contain two subdomains having distinct mo-
tional properties. The helical portion~residues 531–605! is stably
folded and quite rigid, while the C-terminal 33 amino acids~resi-
dues 606–638! are highly mobile in solution. The secondary struc-
tural elements in solution for residues 531–605 are identical to those
observed in the recent crystal structure of a larger fragment of DnaK
containing this domain~Zhu et al., 1996!. In addition, the results of
our dynamics analysis support a similar three-dimensional fold for
the molecule in solution and in the crystal. Overall, our results sug-
gest that the global conformation of the C-terminal domain is in-
dependent of its contacts to the peptide binding domain, and support
the idea that the C-terminal domain can act as a more or less rigid
“lid” on the peptide binding domain. However, a high-resolution
structure of the isolated C-terminal domain will be necessary to mea-
sure the extent of conformational change in this domain upon in-
teraction with the peptide binding domain. Interestingly, there is a
lack of protection from hydrogen exchange in the region proposed

to play a role in hinge bending to promote the open conformation
upon ATP binding, although dynamics measurements do not indi-
cate an unusually high mobility in this region.

Using dynamics measurements to obtain global
structural information

Although a large degree of rotational anisotropy poses some dif-
ficulties in the analysis of protein dynamics data, it can be used to
distinguish differences in bond vector directions for dipolar-
coupled spin pairs. This information helps us understand, for ex-
ample, how several segments of the protein with known secondary
structure are packed together. In the case of DnaK518–638, the rel-
ative orientations of the amide bond vectors extracted from the
dynamics data correlate fairly well with the crystal structure. Sev-
eral large differences are seen that may be partially due to the
uncertainties in the dynamics data, or perhaps indicate true differ-
ences in the bond vector directions between the solution structure
and X-ray structure. Most of these differences were seen in the turn
regions where the structure is relatively flexible and X-ray data
contains high thermal factors~Zhu et al., 1996!.

Our dynamics analysis differs from the methods used in many other
studies~Bruschweiler et al., 1995; Tjandra et al., 1995! in that we
extracted the dynamics parameters without reference to the crystal

Fig. 6. Representative backbone dynamics.A: J~0! at 600 MHz.B: S2 plotted as a function of amino acid sequence.
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structure. The extracted correlation times~t5 approximately 4.7 ns
andt4 approximately 13.4 ns!, however, are similar to the ones that
were found when the target function to be minimized is the differ-
ence between the angles from the dynamics data and those from the
crystal coordinates~t5 approximately 5.3 ns andt4 approximately
13.4 ns!, although at the latter values the errors in theT10T2 fits were
slightly higher than when theT10T2 ratios were directly fit. The ex-
tracted symmetric diffusion axes from the two methods are parallel
within a few degrees. This consistency between different methods
of data analysis demonstrates a degree of reliability in extracting the
angles independent of the molecular coordinates. This approach,

however, requires15N relaxation data collected at different fields or
other independent measurements to provide a reliable fit, and is lim-
ited only to proteins with significant rotational anisotropy.

T10T2 ratios have also been used to aid in structural refinement
~Tjandra et al., 1997; Clore & Gronenborn, 1998!. In addition, aT10T2

ratio histogram method has been developed for evaluating aniso-
tropic motion~Clore et al., 1998!. This approach requires that the
distribution of N-H bond vectors be approximately random with re-
spect to one another, and seems poorly suited to our system since
the orientation of thea-helices in the structured part of DnaK518–638

results in a highly nonrandom distribution of N-H bond vectors.

C D

BA

Fig. 7. Comparison of the1H, 15N correlation spectra of DnaK518–638and full-length DnaK. A portion of the full spectrum~Fig. 2!
containing the majority of the residues in the mobile region is shown.A: Uniformly 15N-labeled DnaK518–638. B: Uniformly 15N-
labeled full-length DnaK.C: 15N-alanine labeled full-length DnaK.D: Uniformly 15N-labeled DnaK1–605. Specific peak assignments
for A are shown in Figure 2.
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In cases where the protein is globular, rotational anisotropy can
be artificially enhanced by putting the protein in a liquid-crystalline
medium, as shown by Tjandra and Bax~1997!. In this study,
instead of spin relaxation parameters, direction-dependent dipolar
splittings due to a small degree of alignment of the molecule with
the magnetic field were measured to obtain global structural
information.

Conservation of structure

Primary sequence alignments of different Hsp70 family members
have suggested structural similarities in the C-terminal domains.
Although these regions have low sequence homology, many resi-
dues considered important in structural design are fairly well con-
served~Zhu et al., 1996!. Moreover, preliminary data on various
Hsp70 family members are consistent with a conserved three-
dimensional fold for the C-terminal domain. For example, mam-
malian BiP and bacterial DnaK generate a similar protease resistant
C-terminal fragments from both full-length and N-terminally de-
leted proteins. Both of these fragments are thermally stable~Tm .
658C! and highly helical~approximately 65% alpha helix! ~not
shown!. In addition, the BiP fragment appears to possess a mobile
region as shown here for the DnaK C-terminal domain~E.R.P.
Zuiderweg, pers. comm.!. Whether the overall three-dimensional
folds of the C-terminal domains of BiP and DnaK are identical
remains to be determined.

Role of the mobile region

In contrast to the apparently rigid structure of the helical portion of
the molecule, the carboxy-terminal 33 residues are highly flexible.
In the structural analysis by Zhu et al.~1996!, residues 608–638
were removed, presumably because these residues interfered with
crystallization. We have shown that these residues constitute a
highly mobile subdomain of the protein and that this feature is
conserved in the context of the full-length protein. Is this mobility
a conserved feature of Hsp70 family members, and if so, what are
the possible functions of this region?

Many Hsp70 family members contain a region of high G0P
content near the extreme C-terminus~Boorstein et al., 1994!. We
have shown that the homologous region of DnaK, while relatively
low in G0P content, is highly mobile in solution. Our results with
DnaK, combined with the observation that these residues have a
high propensity to be flexible~Creighton, 1993!, suggest that this
region is highly mobile in other Hsp70 family members as well.
The mobility of this subdomain therefore appears to be a con-
served feature of Hsp70 structure. Interestingly, other molecular
chaperones also contain flexible regions. For example, DnaJ con-
tains a conserved G0P-rich region, which has been shown to be
mobile in solution~Szyperski et al., 1994; Pellecchia et al., 1996!.
This flexible region of DnaJ appears to mediate the interaction
between DnaJ and DnaK by binding to the peptide binding site of
DnaK ~Wall et al., 1995; Karzai & McMacken, 1996!. Likewise,
GroES~the E. coli Hsp10! contains a flexible loop that becomes
immobilized upon interaction with theE. coli Hsp60, GroEL~Lan-
dry et al., 1993, 1996!. In addition, the mammalian Hsc70 regu-
lator, Hip, contains an Hsp70-like G0P-rich region~Höhfeld et al.,
1995!. It remains to be seen whether these flexible regions have
similar or divergent roles in the functions of molecular chaperones.

The motif EEVD appears at the extreme C-terminus of many
Hsp70s~Boorstein et al., 1994; Freeman et al., 1995!. In human

Hsp70, this motif appears to be involved in peptide binding, AT-
Pase activity, and interactions with the human DnaJ homolog,
HDJ1 ~Freeman et al., 1995!. DnaK contains the motif EEV near
to the C-terminus~Fig. 3!. Although we have no data addressing a
functional role of this motif in DnaK, it is interesting to speculate
that a general feature of Hsp70 architecture is to place an important
motif at the end of a flexible linker of varying length. This motif
and possibly the entire mobile region may become structured dur-
ing an interaction with a protein cofactor such as DnaJ or its
homologs. It is also possible that this flexible region is important
for the separation of the ER retention signal in BiP~KDEL! from
the remainder of the molecule.

The structuring of a mobile region of a molecular chaperone in
a protein–protein interaction may have important thermodynamic
consequences~Landry et al., 1996; Pellecchia et al., 1996!. Un-
structured domains can act to increase the rate of complex forma-
tion ~Pontius, 1993!. Alternatively, the entropically favorable
flexibility attained upon release may prevent the interaction from
being too tight. This switching between structure and flexibility
may provide a layer of regulation for the energetics of the inter-
action. Indeed, if the mobile region is involved in making contacts
to the peptide binding site, as is the case with DnaJ, it may provide
the chaperone with the ability to fine-tune the energetics of peptide
binding and release, preventing peptide interactions that are too
tight or stimulating the exchange of peptides between molecular
chaperones of different classes.

Materials and methods

Plasmid construction

Plasmid pDnaK401–638was constructed by PCR amplification using
the plasmid pKJ~Gragerov et al., 1992! as the template. Primers
were designed to introduce BamHI and HindIII restriction sites at
the 59 and 39 ends of the amplified product, respectively. The PCR
fragments were digested with the appropriate restriction endonu-
cleases and ligated into the plasmid pQE30~Qiagen!. The resulting
plasmid expresses amino acids 401–638 of DnaK fused to the
N-terminal sequence MRGHHHHHHGSIEGR. The plasmid
pDnaK~DJ!, which expresses full-length DnaK, was constructed
by deleting a StuI–SmaI fragment containing most of the coding
region of DnaJ from pKJ.

NMR sample preparation

15N-labeled and15N013C-labeled samples of the C-terminal do-
main of DnaK ~residues 518–638! were prepared by trypsin di-
gestion of a larger C-terminal fragment of DnaK as follows:E. coli
~XL-1 Blue! harboring the plasmid pDnaK401–638were grown to
mid-log stage in the appropriate minimal medium~Muchmore
et al., 1989!. DnaK401–637expression was induced by the addition
of 1 mM IPTG and overnight shaking at 378C. Cells were har-
vested by centrifugation, resuspended in buffer A~50 mM Tris{HCl,
200 mM NaCl, pH 7.5!, and lysed in a french pressure cell. Ex-
tracts were clarified by centrifugation at 40 K3 g for 40 min, and
the protein was purified on Ni110NTA agarose~Qiagen! accord-
ing to the manufacturer’s suggestions. Fractions from the Ni110
NTA column~in buffer A plus 200 mM imidazole! were combined
and subjected to trypsin digestion by adding 1:1000~w:w! trypsin:
DnaK and incubating at 378C for 45–60 min. The reaction was
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quenched by addition of PMSF to 1 mM and freezing in liquid N2.
Aliquots were then thawed and diluted 1010 with buffer B~50mM
Tris{HCl, pH 7.2! and applied to either MonoQ or Q Sepharose
Fast Flow~Pharmacia, Uppsala, Sweden! columns. The column
was washed with buffer B, then eluted with an NaCl gradient
~50–350 mM in buffer B!. Peak fractions were combined, supple-
mented with 1 mM PMSF, and dialyzed against 50 mM sodium
phosphate, pH 7.00100 mM NaCl. Purity was confirmed by reverse-
phase HPLC analysis. Prior to NMR analysis, protein was con-
centrated to approximately 1 mM. The buffer was then exchanged
to NMR buffer~100 mM sodium phosphate, 100 mM NaCl, 0.01%
sodium azide, 10%2H2O, pH 6.1! either by dialysis or by spinning
through Sephadex G-25 resin.

Full-length DnaK was prepared by purification on ATP-agarose
essentially as described~Mensa-Wilmot et al., 1989!. Briefly, DnaK
was expressed in the appropriate medium for specific or uniform
15N-labeling~Muchmore et al., 1989!. Clarified cell extracts~pre-
pared as described above! in DnaK buffer ~25 mM Tris{HCl, pH
7.0, 35 mM KCl, 10 mM MgCl2! were applied to a 12 mL ATP
agarose~Sigma A2767! column pre-equilibrated with the same
buffer. The column was washed with DnaK buffer and eluted with
DnaK buffer containing 3 mM ATP. Peak fractions were pooled,
diluted 10-fold with 50 mM Tris, pH 7.5, and applied to a Q
Sepharose Fast Flow~Pharmacia! column. Protein was eluted with
a 0–350 mM gradient of NaCl in Tris buffer. Peak fractions were
pooled, dialyzed against DnaK buffer, and concentrated to approx-
imately 0.15 mM.

NMR spectroscopy

NMR spectra were recorded at 258C and referenced externally to
sodium 2,2-dimethyl-2-silapentane-5-sulfonate~DSS!. Lawrence
McIntosh ~University of British Columbia! kindly collected the
HNCACB and CBCA~CO!NH spectra on a Varian Unity-plus
500 MHz spectrometer. The remainder of the data sets were col-
lected on either a Varian Inova 600 MHz spectrometer~for triple
resonance experiments! or a GE Omega 500 MHz spectrometer
~for double resonance experiments!. In addition, a complete back-
bone dynamics data set was obtained on a Varian Unity-plus 750
MHz spectrometer. The Varian spectrometers are equipped with
triple-resonance, pulsed-field gradient probes.

The following data sets were acquired for sequential resonance
assignments and secondary structure analysis: Sequential resonance
assignments via scalar couplings for the Ca and Cb carbons were
obtained from the sensitivity enhanced HNCACB~Wittekind &
Mueller, 1993;Muhandiram&Kay,1994!andCBCA~CO!NH ~Grze-
siek & Bax, 1992; Muhandiram & Kay, 1994! experiments. Side-
chain carbon and proton resonance assignments were obtained from
C~CO!NH and H~CCO!NH experiments~Grzesiek et al., 1993; Grze-
siek & Bax, 1993!, respectively. Assignments for carbonyl carbons
were obtained from the sensitivity enhanced HNCO experiment~Kay
et al., 1990, 1994!. Sequential NOEs were obtained from a 3D,1H,
15N NOESY-HSMQC spectrum~Marion et al., 1989; Zuiderweg &
Fesik, 1989! recorded at 500 MHz with a mixing time of 100 ms.
Backbone dihedral angleF estimates were obtained by measuring
the coupling constants3JHNa from a series of J-modulated1H, 15N
COSY spectra~Billeter et al., 1992!. Residues protected from hy-
drogen exchange were identified in a series of HSMQC spectra
~Zuiderweg, 1990! collected immediately after exchanging a sam-
ple into 2H2O buffer using a G-25 Sephadex spin column. It was
estimated that residues still present in the first spectrum following

exchange into2H2O were protected at least 103 relative to a ran-
dom coil peptide~Bai et al., 1993!.

Full-length DnaK was characterized by collecting1H, 15N cor-
relation spectra at 600 MHz. To test the effect of the nucleotide
state on the spectrum, ATP was added to a concentration of 1 mM
and a 75 min spectrum was acquired immediately. We estimated
that complete hydrolysis of ATP would require at least 130 min,
based on a turnover number of 0.05 min21. Because conversion of
ATP to ADP is rate-limiting under these conditions~McCarty
et al., 1995!, we expect the resulting spectrum to represent the
ATP-bound conformation.

15N relaxation

Two-dimensional~2D! inverse-detection techniques were used to
measure15N longitudinal~T1! and transverse~T2! relaxation times,
and the heteronuclear15N$1H% NOE ~Kay et al., 1989; Clore et al.,
1990; Barbato et al., 1992; Farrow et al., 1994! for DnaK518–638. T1

and T2 values were extracted from data collected at proton fre-
quencies of 500, 600, and 750 MHz;15N$1H% NOEs were mea-
sured at 600 and 750 MHz. Overlapped or extremely weak peaks
were excluded from analysis. TheT10T2 ratios at the three fields
were fit simultaneously using a model for isotropic motion, axially
symmetric anisotropic motion, or general anisotropic motion to
extract parameters describing overall motion of the molecule and
the angles related to the amide bond vector directions. The best
model obtained was then used to simultaneously fit the dynamics
observables~T1, T2, and NOE! at the three fields to extract pa-
rameters describing internal motions.

Under the condition that internal motion is much faster than
overall motion, the spectral density for an isotropic motion is
related to a single overall correlation time~tm! and an order pa-
rameter~S2! by the following equation~Lipari & Szabo, 1982!:

J~v! 5
S2tm

@11 ~vtm!2 #
. ~1!

In the anisotropic model for molecules with an axially symmetric
shape, the spectral density is given by the equation~Woessner,
1962; Tjandra et al., 1995!:

J~v! 5 S2H A1t1

@11 ~t1v!2 #
1

A2t2

@1 1 ~t2v!2 #
1

A3t3

@11 ~t3v!2 # J
~2!

with A1 5 ~1.5 cos2 a 2 0.5!2, A2 5 3 sin2 a cos2 a, and A3 5
0.75 sin4 a, wherea is the angle between the amide bond vector
and the axis of symmetrical rotational diffusion. The time con-
stants are related to the two diffusion constantsD' ~5Dx5Dy! and
D4~5Dz! about the principal diffusion axes byt1 5 10~6D4!, t2 5
10~D5 1 5D4! andt3 5 10~4D5 1 2D4!.

Extension of the axially symmetrical diffusion model to a gen-
eral diffusion model for an arbitrarily shaped molecule requires the
introduction of a total of six global parameters. These include three
independent correlation times around the three principal rotational
diffusion axes and three angles defining the orientations of these
axes~Woessner, 1962; Tjandra et al., 1995!.

An initial estimate ofS2 by fitting T10T2 using Equation 1
indicated that residues 16–86~533–603! form a rigid structure
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~S2 . 0.8! and the N- and C-terminal regions are flexible
~S2 , 0.6!. The exchange effects to theT2 values were estimated
from the differences between the spectral density termsJ~0! mea-
sured at 600 and 750 MHz since exchange broadening would
shortenT2 and cause a strong field dependence inJ~0! ~Farrow
et al., 1997!. TheJ~0! values were extracted analytically fromT1,
T2, and NOE values along withJ~vN! and J~vH! under the ap-
proximationJ~vH! ' J~vH 1 vN! ' J~vH 2 vN! ~Farrow et al.,
1995!. The pairwise differences between theJ~0! values from the
data sets at the two fields are less than 8%, indicating no signifi-
cant exchange contributions toT2 values for most of the residues.
Three residues~567, 571, and 577! exhibit large differences~more
than twice the standard deviation! and were excluded from the
extraction of overall correlation time~s!. Therefore, the region con-
taining residues 533–603, except for the residues excluded as in-
dicated above, were used to evaluate the parameters for the overall
motion of the rigid structure. This was done by minimizing the
total, fractional differences between experimentalT10T2 and cal-
culatedT10T2 values:

E1 5 S i,500,600,750 MHzF ~T1,cal0T2,cal 2 T1,exp0T2,exp!
2

~T1,exp0T2,exp!
2 G ~3!

where the sum is taken over all selected residues at the three fields.
In the axially symmetric diffusion model~Equation 2!, the mini-
mization of E1 was done by a grid search in the two diffusion
constantsD4 and D5 ~or the corresponding rotational correlation
times,t45 10~6D4! andt55 10~6D5!! and by Powell’s method in
the set of anglesa. Uncertainties in the extracted correlation times
were estimated using the bootstrap method of Monte Carlo simu-
lation ~Press et al., 1992!. During the simulation, approximately
37% randomly selected data points were replaced by synthesized
data, which contain random noise with Gaussian distributions and
standard deviations of 5 and 10% of the experimentalT1 and T2

values, respectively. These uncertainty ranges were set to be larger
than the values~,3% for T1, ,5% for T2, and,8% for T10T2!
estimated from the noise levels and duplicated data sets at 600
MHz to include additional potential uncertainties.

Internal motion parametersS2 and te were extracted for each
residue after the parameters for overall motion were determined. In
the axially symmetric model, internal motions were included in the
following definition of the spectral density~Tjandra et al., 1995!:

J~v! 5 S2H A1t1

@11 ~t1v!2 #
1

A2t2

@11 ~t2v!2 #
1

A3t3

@11 ~t3v!2 # J
1

~12 S2 !t

@11 ~tv!2 #
~4!

where t21 5 6D 1 te
21, with D 5 ~Dx 1 Dy 1 Dz!03. The

following function was minimized to extractS2, te, and the angle
a for each residue whilet1, t2, andt3 were fixed at the best values
obtained:

E2 5 S i,500,600,750 MHzHF ~T1,cal 2 T1,exp!

T1,exp
G2

1 F ~T2,cal 2 T2,exp!
2

T2,exp
G2J

1 S i,600,750 MHzF ~NOEcal 2 NOEexp!

NOEexp
G2

. ~5!

Supplementary material in Electronic Appendix

Table 1 contains chemical shift values for backbone15N-H, 15N,
Ca, Cb, and carbonyl carbon resonances. Table 2 contains values
for the dynamics parametersT1, T2, and 15N$1H% NOE.
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