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Solution conformation of wild-type E. coli Hsp70
(DnaK) chaperone complexed with ADP and substrate
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DnaK is the canonical Hsp70 molecular chaperone protein from
Escherichia coli. Like other Hsp70s, DnaK comprises two main
domains: a 44-kDa N-terminal nucleotide-binding domain (NBD)
that contains ATPase activity, and a 25-kDa substrate-binding
domain (SBD) that harbors the substrate-binding site. Here, we
report an experimental structure for wild-type, full-length Dnak,
complexed with the peptide NRLLLTG and with ADP. It was ob-
tained in aqueous solution by using NMR residual dipolar coupling
and spin labeling methods and is based on available crystal
structures for the isolated NBD and SBD. By using dynamics
methods, we determine that the NBD and SBD are loosely linked
and can move in cones of +35° with respect to each other. The
linker region between the domains is a dynamic random coil.
Nevertheless, an average structure can be defined. This structure
places the SBD in close proximity of subdomain IA of the NBD and
suggests that the SBD collides with the NBD at this area to establish
allosteric communication.
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H sp70 (heat shock 70 kDa) chaperone proteins are central to
protein folding, refolding, and trafficking in organisms ranging
from Archae to Homo sapiens, both at normal and at stressed
conditions (for a review, see ref. 1). Recently, Hsp70s have been
linked to breast and colon cancer (2) and to diseases such as
Alzheimer’s (3), Parkinson’s (4), and Huntington’s (5) diseases. In
this report, DnaK, the canonical Hsp70 molecular chaperone
protein from Escherichia coli, is studied. In the ADP state, Dnak,
like other Hsp70s, binds to exposed hydrophobic residues of
unfolded or partially misfolded proteins. Upon ATP binding, which
induces an allosteric conformational change, DnaK releases the
client protein (6). This process is tightly regulated by cochaperone
proteins (7). DnaK consists of three subdomains. The structure of
the nucleotide-binding domain (NBD, residues 1-370), was solved
by crystallography (8). It competitively binds ATP and ADP and
can slowly hydrolyze ATP (9). Structures for the 15-kDa substrate-
binding domain (SBD, residues 390—600) were solved in different
forms by crystallography (10) and NMR (11-13). It harbors the
hydrophobic substrate-binding cleft. Here, this subdomain is re-
ferred to as BETA. A subsequent 10-kDa subdomain of a-helical
structure (residues 510-638) was characterized by NMR (14) and
crystallography (15). This subdomain, referred to as the LID, plays
a key role in regulating the kinetics of substrate binding (16, 17).

Recently, structures have become available comprising both the
NBD and SBD. Our group has used NMR methods to determine
the global 3D solution structure of an NBD-SBD construct (resi-
dues 1-501) of Thermus thermophilus DnaK (18). A crystal struc-
ture of Bos taurus Hsc70 (residues 1-554 and E213A/D214A) was
reported (19). A crystal structure for Geobacillus kaustophilus
DnaK (residues 1-509) was determined (20). Furthermore, a
crystal structure of Saccharomyces cerevisiae Hsp110 (2—-659), which
is a Hsp70 homolog permanently locked in the ATP state, has been
reported (21). However, none of these structures is compatible with
any of the others. The location where the SBD docks to the NBD
differs by tens of angstroms. In one case, NBD and SBD are not
docked at all. Moreover, some of the structures are in nonnative
dimer form (G. kaustophilus DnaK and S. cerevisiae Hsp110) or
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interact with themselves in a nonnative way (B. taurus Hsc70). The
closest to wild-type (WT) DnaK is a NBD-SBD construct of the E.
coli DnaK (1-552) L542Y/L543E, which does not bind to itself and
does not dimerize. With this construct, Swain et al. (22) show with
NMR in solution that the NBD and linker are docked in the ATP
state, but not in the ADP state, where they found the linker to be
flexible. In addition, from the comparison of unassigned NMR
spectra, they suggest that NBD and SBD are relatively independent
in the ADP state, but not in the ATP state. However, no structures
were determined in that otherwise seminal work.

Here, we report the solution conformation for the full-length,
WT E. coli DnaK (1-638) and for a truncation (1-605), while
complexed to substrate peptide (NRLLLTG) and ADP, deter-
mined by using NMR techniques. In this report, we show conclu-
sively that the NBD, SBD, and linker move relatively independently
of each other in this state of the protein. However, the motion of
SBD with respect to NBD is restricted to a cone of ~70° opening
angle. By using NMR residual dipolar coupling (RDC) analysis (23)
and spin labeling, we show that within this cone there is a preferred
orientation of SBD with respect to NBD that can be defined with
a *+3° orientational and +5 A translational precision. The relative
locations of NBD and SBD in this state imply that the SBD
preferentially collides with subdomain IA of the NBD, in the
vicinity of the IA-IIA interface. Because E. coli DnaK is highly
homologous to the human Hsp70s (24), we expect that our findings
here are relevant for the human proteins as well.

Results

Dynamic Differences Between the Domains. The effective rotational
correlation times for the NBD and BETA/LID units in E. coli DnaK
ADP/NRLLLTG are 30 ns and 22 ns, respectively. The intensities
of the cross-peaks in the 3D HNCO-TROSY data are much smaller
than those of the cross-peaks of the BETA/LID domain [see
supporting information (SI) Appendix, Fig. S1]. Together, these
data show that the NBD and BETA/LID domains of E. coli DnaK
in the ADP/NRLLLTG state have different mobilities and move
relatively independently. The HNCO data also show that SBD
subdomains BETA (400-500) and LID (500-600) move together
as a single rigid unit. Large HNCO intensities are observed for the
resonances of the NBD-SBD linker residues (379-397). This
demonstrates a large amount of flexibility for these residues. The
lack of dispersion in NMR chemical shifts shows that the flexible
linker has a random coil conformation.
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Fig. 1. Hybrid NMR RDC structure of E. coli DnaK. (Upper) Hybrid NMR RDC
structure of E. coli (1-605) with ADP, orthophosphate, and the substrate
peptide NRLLLTG bound. Red, NBD IA; green, NBD IB; blue, NBD IIA; yellow,
NBD IIB; magenta, SBD BETA; cyan, SBD LID; black, NBD-SBD linker. The
orientations and experimental uncertainties of the alignment tensors are
shown in gray. (Lower) Hybrid NMR RDC structure of E. coli DnaK (1-605, blue)
and WT E. coli DnaK (1-638, yellow) superposed on NBD IA, IB, and IIA. Both
molecules have ADP, orthophosphate, and the substrate peptide NRLLLTG
bound.

Time-Averaged Structure. Despite its dynamic properties, a remark-
ably precise average structure can be defined for E. coli DnaK
ADP/NRLLLTG by using RDC analysis (23) and spin labeling. We
based our analysis on the X-ray structures of the isolated E. coli
DnaK NBD (25) and E. coli DnaK SBD (10). The hybrid solution
X-ray conformation was determined with the best precision for E.
coli DnakK, residues 1-605, in aqueous buffer with ADP, inorganic
phosphate, and substrate peptide NRLLLTG (pH 7.2), 27 °C. WT
E. coli DnaK contains another 33 residues at the C terminus. The
NMR TROSY spectrum reveals that these residues are not struc-
tured in solution (spectra not shown). A preliminary RDC analysis
of the WT data showed that the relative orientations of the SBD
and NBD were identical (within experimental error, see Fig. 1) to
those in the DnaK (1-605) construct. Hence, the 1-605 construct
is, in structural terms, a bona fide full-length Hsp70 chaperone. In
addition, the construct has ATP hydrolysis activity and Dnal
stimulation of that activity identical to that of WT DnaK (see SI
Appendix, Figs. S4 and S5). To date, no function has been ascribed
to the 33-aa C terminus of E. coli DnaK.

The following steps in the hybrid structure determination pro-
cedure can be distinguished: NMR backbone resonance assign-
ments, RDC measurements, paramagnetic relaxation enhancement
measurements, calculations and refinements. With 638 residues, E.
coli DnaK is one of the largest proteins to have its NMR backbone
resonances assigned; it was carried out by assembling assignments
of isolated domains. For RDC measurements, DnaK was diffused
into a nondenaturing, uncharged 3% cross-linked polyacrylamide
gel (26). The gel was stretched to provide an anisotropic environ-
ment allowing the measurements of RDCs. Several hundred N,
'H RDCs in the range of —15 to +20 Hz were measured. Of the
measured RDCs, 152 could be confidently assigned for the NBD,
98 for the SBD, and 22 for the LID. This number of RDCs is more
than sufficient to obtain the relative orientations of the DnaK
domains for which structures are known independently (23). A
2.8-A resolution crystal structure of E. coli DnaK NBD (residues
3-383) complexed with GrpE (25) was used as a starting point for
the structure of the NBD in DnaK (1-605). A 2.0-A crystal
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structure (10) of E. coli DnaK SBD (residues 389—607, containing
BETA and LID) complexed with the peptide NRLLLTG was taken
as a starting point for the structure of the SBD in the DnaK (1-605).
First, the relative orientations of the NBD subdomains IA, IB, ITA,
and IIB and the SBD subdomains BETA and LID were determined
from the RDC data. As Table S2 in the SI. Appendix shows, domains
IA, IB, and ITA are similarly oriented within experimental error.
The orientation of domain IIB differs from these by 20°. Individ-
ually, the BETA and LID subdomains are similarly oriented, within
experimental error. On the basis of this, it was decided to treat the
SBD BETA and LID subdomains as a single unit, and the NBD
domains IA, IB, and IIA as a single unit. The object became to
orient SBD, NBD(IA,IB,ITA), and NBD(IIB) relative to each
other. The statistics of the RDC data analysis are reported in
Table 1.

Relative Domain Position. The model of the average structure in
solution as shown in Fig. 1 was obtained as follows. Stage 1 entailed
orienting the two domains such that the principal axis system of the
alignment tensors coincide, followed by a translation of one of the
domains to a position that is in agreement with the covalent
structure; that is, the SBD has to be to the “left” of the NBD in the
representation of Fig. 1. Still, there are two possibilities: either
domain can be flipped by 180° along the long (zz) axis of the tensor.
This ambiguity was solved with a spin labeling experiment. The
mutation V210C was introduced in DnaK (1-605). The function of
DnakK, as measured by an ATP hydrolysis assay, was not affected
by this mutation (see SI Appendix, Figs. S4 and S5). (1-Oxyl-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl)Methanethiosulfonate spin label
(27) (MTSL) was covalently attached to this residue. MTSL causes
a broadening of "H NMR resonances beyond detection for protons
that are closer than 15 A (28). Fig. 2 shows that the label attached
at V210C broadened the ends of SBD B-strands 2 and 3 and the
loop in between. In addition, a hydrophobic patch on the “face” of
the SBD was broadened. The broadening data could not be
analyzed quantitatively because a control experiment using free
MTSL showed broadening to the same hydrophobic patch on the
face of the SBD. Apparently, the spin label at V210C can dynam-
ically access multiple sites; this is not surprising in light of the
dynamic nature of the DnaK molecule itself.

In fully extended side chain conformation, the nitroxide atoms of
the spin label are 9.5 A away from the Ca atom of the cysteine to
which it is attached. Hence resonances as far as 25 A from the Ca
atom of the labeled cysteine can be affected. Fig. 2 shows excellent
correspondence between the experimental broadening and resi-
dues in the range of 25 A of V210C. Certainly, the experimental
broadening pattern is not compatible at all with a NBD-SBD
structure with the SBD “up-side down.” Hence, the spin labeling
studies show that the orientation as presented in Fig. 1 must be the
correct one and that the NBD and SBD are on average not much
further apart than indicated; otherwise, no resonances of the SBD
could have been affected by spin labeling on the NBD.

Further Refinement. The stretched polyacrylamide gel used for the
RDC experiments contains elongated pores that host the protein.
An elongated protein like DnaK aligns (for ~0.2% of the time) with
its long axis parallel to the long axis of the pores. In such a case of
pure sterical alignment (as opposed to charge-induced or suscep-
tibility-induced alignment), one may use the program PALES to
predict the alignment tensor of several trial models for the full-
length protein (29). The PALES program only uses the shape of the
protein to predict the orientation of the overall alignment tensor
very precisely and is sensitive to +5-A translation in the x and y
direction perpendicular to the long (S,.) axis (see SI Appendix,
Table S4). The experimentally determined rhombicity of the align-
ment tensor was used to estimate the ratio of the long and short axis
of the protein model. The best agreement between measured and
observed tensor orientation and rhombicity is found when the
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Table 1. RDC calculation statistics

rmsd,
Subdomains PDB Nrpc® Da, HZ Dgp/Da®  «,° B, ° Y, ° Hzd Q° Sz, x10% Sy, X104 Sy, X10*% GDO, %104 n9
NBD IA-IB-IIA E. coli DnaK 108 -11.62 0.29 80.27 79.16  93.75 5.28 0.43 —-9.54 6.81 2.73 9.83 0.43
best fit 1DKG.pdb
Error self 0.63 0.07 4474 215  50.55 0.30 0.03 0.52 0.49 0.53 0.50 0.10
Error mc 0.80 0.07 40.02 1.98  38.79 0.41 0.04 0.66 0.49 0.58 0.64 0.10
NBD IIB best fit  E. coli DnaK 29 -12.09 0.22 97.98 64.16  78.93 5.32 0.43 -9.93 6.61 3.32 10.11 0.33
1DKG.pdb
Error self 1.45 0.16 47.68 3.66  13.25 0.77 0.07 1.19 1.08 1.46 1.11 0.24
Error mc 1.14 0.1 45.59 5.52 80.27 79.16 93.75 0.94 1.05 0.98 0.96 0.17
SBD BETA-LID E. coli DnaK 79 -14.38 0.31 30.54 81.86 120.07 2.67 0.19  -11.81 8.62 3.19 12.22 0.46
best fit 1DKX.pdb
Error self 0.44 0.03 3446 139  33.40 0.37 0.03 0.36 0.25 0.34 0.33 0.05
Error md 0.29 0.02 41.00 0.87 41.28 0.25 0.02 0.24 0.18 0.27 0.22 0.04

Best fits were computed using a grid-search program optimizing DA, DR/DA, and the three tensor orientation angles «, 8, and y.
3aNumber of dipolar restraints used.
bp, =[S, — (Syy + Sxx)/2]* Dyax, where Dyax is the full dipolar coupling (22 KHz).
Dr = (Sxx — Syy) * Dmax-
drmsd of RDC fit.
eQ = RMSD/[V (ZNRPC (RDC(1)exp)?)/Nrpcl.
fGDO = V23 (SZ + S, + S2).
In = (Sxx — Syy)/szz-
"Thirty fits were computed for NBD and SBD each, using on average 60% of the RDC data, randomly picked (self-validation).
iForty sets of synthetic RDC data, corresponding to the actual available RDC data for NBD IA, IB, and IIA, with a Monte Carlo random error of 15 degrees in NH
orientation and a random RDC measurement error of 2 Hz were analyzed.
iForty sets of synthetic RDC data, corresponding to the actual available RDC data for the SBD, with a random error of 5° degrees in NH orientation and a random
RDC measurement error of 2 Hz were analyzed.

coordinate center of the SBD is 0, —10, —65 A displaced from the ~ DnaK. The NBD in full-length DnaK thus senses the presence of

coordinate center of the NBD in x—z, respectively (see Fig. 1). the SBD. Hence, it is justified to conceive of the dynamic ensemble
A key element determining the validity of the PALES compu- PnaK n E’he ADP/peptide bound state as shown in Fig. 1 as a

tation is whether the two domains are each independently aligned ~  structure” aligned on the basis of its time-averaged structure. The

or whether the alignment represents the average shape of the cogrdgll{allltes for this model are deposited in the PDB (accession

molecule as a whole. We distinguish these extremes by computing code 2kho).

theoretical alignments for the different isolated domains and com-  po o0 e o Dynamic and Structural Data. Having deduced the

paring those with the experlmental data for the domains in the time-averaged conformation of DnaK in solution, we may propose
context of the full-length protein. As SI Appendix, Table S4 shows, 3 model for the interdomain dynamics. By using available equations
the predicted alignment angles of the NBD by itself deviate ~30°  describing the rotational diffusion of ellipsoids (30), we calculate an
from the experimental alignment seen for NBD in full-length  average rotational correlation time of 50 ns for a rigid molecule of

Fig.2. Results of MTSL spin labeling. (upper left) NH resonances that disappeared from the TROSY spectrum (orange spheres) when V210C (red spheres) is spin
labeled with MTSL, indicated on E. coli DnaK with the correct SBD orientation. (upper right) NH resonances that disappeared from the TROSY spectrum (orange
spheres) whenVV210C (red spheres) is spin labeled with MTSL, indicated on E. coli DnaK with the wrong SBD orientation. (lower left) NH within 25 A (greenspheres)
0f V210C (red spheres), indicated on E. coli DnaK with the correct SBD orientation. (lower right) NH within 25 A (green spheres) of V210C (red spheres), indicated
on E. coli DnaK with the wrong SBD orientation.
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Fig.3. Mutagenesis and structure. The residues in E. coli DnaK, which when
mutated affect the NBD-SBD interdomain communication, are represented as
spheres in the colors of the subdomains to which they belong. These residues
are,onthe NBD: Y145A, N147A, and D148A (48); P143G and R151A (49); K155D
and R167D (36). On the linker one has D393A (36). On the SBD they are K414l
(31) and P419 (32, 33). Residues 417 and 418 SBD that show significant line
broadening in the peptide-free form but not in the peptide bound form of the
isolated SBD (11) are shown as dot surfaces.

the shape shown in Fig. 1. Using the same equations, we calculate
correlation times of 18 and 9.5 ns for the isolated NBD and SBD,
respectively. However, as mentioned before, the experimental
rotational correlation times of for the NBD and BETA/LID in the
context of the full-length protein are 30 and 22 ns, respectively. In
the SI Appendix, we reconcile all measured and calculated corre-
lation times with a dynamic model in which NBD and SBD diffuse
in a cone of opening angle of =35° with respect to each other.

With model calculations, we show that the averaging of the RDCs
over this large amplitude of motion still results in a RDC dataset,
that is, within experimental error, compatible with a single structure
at the average position shown in Fig. 1 (see Figs. S2 and S3 and text
in the SI Appendix).

Discussion

Overall Findings. It was reported that the NMR TROSY spectrum
of E. coli DnaK (1-552) L542Y/L543E, in the ADP—peptide state
superposes well on TROSY spectra of the corresponding isolated
domains (22). These data suggested that the NBD and SBD had
little or no contact in this state. Narrow resonances for the
interdomain linker argued that this conserved polypeptide was
flexible. These authors (22) did not carry out dynamic analysis,
leaving open the question of how motionally restricted the domains
are in the ADP state and whether there are functionally important
domain—domain interactions. The present rigorous analysis of
full-length DnaK shows conclusively that the domains are indepen-
dent and mobile in the ADP—peptide state.

This was taken to suggest that NBD and SBD are independent
in this state, even though those data are also compatible with a static
structure with a small interface. The data obtained in our work
show conclusively that the domains are independent and mobile,
also for WT DnaK. Moreover, we have determined that the relative
motion of NBD and SBD is restricted in a =35° cone, and more
importantly, that the time-averaged structure places the SBD in a
position in which it is poised to contact subdomain IA of the NBD
in a well-defined orientation. In addition, we show that the LID and
BETA subdomains are docked in the ADP—peptide state and that
residues 606—638 are disordered in solution.

Comparison with Mutagenesis Data. The residues in E. coli DnaK
and other Hsp70s that, when mutated, leave the ATP hydrolysis and
substrate-binding properties of DnaK intact but that abrogate or
attenuate allosteric communication between the domains, are
shown in Fig. 3. The figure shows that all of these mutations map
in the collision interface as suggested in the current work. The
average structure suggests that the NBD samples the SBD surface
at the loop L.2,3 between B-strands 2 and 3, residues 410—420, and
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Fig. 4. Comparison of structures. Comparison of the Hsp coordinates as
obtained for E. coli DnaK (1-605) with other published structures for mul-
tidomain constructs in the Hsp70 family. The Ca positions of the corresponding
residues in the NBDs were superimposed. Dark blue, hybrid solution X-ray
conformation of E. coli DnaK in the ADP/peptide state; yellow, T. thermophi-
lus DnaK in the ADP/apo state (18); green, self-binding G. kaustophilus DnaK
dimer in the ADP state (20); red, self-binding B. taurus Hsc70 (19); cyan, S.
cerevisiae Hsp110 dimer in the ATP state (21).

16,7 between B-strands 6 and 7, residues 479-482. Several muta-
tions in the SBD that affect the allosteric function of E. coli DnaK
have been mapped to the loop L2,3 region: DnaK K414I shows an
absence of allostery (31); mutation of Pro-419 (DnaK numbering)
in Hsp70s leads to defects in function (32, 33). Residues Thr-417
and Ile-418 in the same loop display strong millisecond dynamics in
the isolated E. coli DnaK SBD/apo, but not in isolated SBD with
NRLLLTG bound (11). This shows a structural/dynamic coupling
between the substrate-binding cleft and 1.2,3. The mutagenesis and
dynamics data strongly suggest that the structural/dynamic state of
the surface of loop 12,3 is critical for signaling the presence or
absence of substrate in the SBD to the NBD. The conserved
hydrophobic linker likely plays a role in the sampling process. In the
current ensemble of E. coli DnaK describing the ADP/NRLLLTG
state, the linker is disordered. This result is not novel; it has been
demonstrated before from limited tryptic digestion (34), amide
proton exchange (35), mutagenesis (36), and NMR (22).

Comparison with Other Structural Information. One computes 39.6 A
for the radius of gyration (R,) of the structure shown in Fig. 1. This
may be compared with SAXS data obtained more than a decade
ago: the R, of E. coli DnaK in the ADP state was found to be 37-38
A (37), and the R of B. taurus Hsc70 in the ADP state is between
35 and 42 A (38), depending on analysis methods. The correspon-
dence of our structure with these data are good but likely coinci-
dental. WT E. coli DnaK contains an additional 33 dynamic and
disordered residues at its C terminus compared with DnaK (1-605).
Bovine Hsc70 is 54 residues longer than DnaK (1-605). These
extensions should tend to make the R, of WT DnaK and WT Hsc70
larger than that of DnaK (1-605). However, the samples used for
the SAXS experiments did not contain peptide substrate. Recently,
it has become apparent that the NBD and SBD of DnaK are mostly
docked in the absence of peptide, even in the presence of ADP (22).
This would tend to decrease the R, of the SAXS samples compared
with DnaK (1-605) ADP/NRLLLTG.

Several structures of two-domain Hsp70 NBD-SBD constructs
have been published in the last few years. However, none of these
structures is compatible with any of the others, as is shown in Fig.
4. In contrast, the presently reported E. coli DnaK conformation
corresponds remarkably well with the NMR-RDC solution struc-
ture of T. thermophilus DnaK (1-507), even though the latter was
lacking the complete LID domain and contained the mutations
AT428, A429E (E. coli DnaK count) (18). There is, however, an
important dynamic difference: the NBD and SBD of T. thermophi-
lus DnaK move as a single unit, and the linker is buried and
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structured (18). The 7. thermophilus data were recorded at 50 °C,
a full 25 °Clower than the physiological temperature for the species
(39). Likely, the rigidity observed in the earlier structure may be an
artifact of the low relative temperature, absence of peptide, and/or
the construct.

In character, a crystal structure for a dimer of Geobacillus
kaustophilus DnaK (1-509) (20) is closest to our result (see Fig. 4).
In that structure, the NBD and SBD are not docked ecither.
However, the reported positions of NBD and SBD are likely
artifactual: the substrate-binding cleft of the SBD of one monomer
interacts with the NBD-SBD linker of the other monomer.

A crystal structure of a mutated (E208A/D209A), truncated
(D552-610), and self-binding NBD-SBD construct (E. coli count)
of human Hsc70 (19) is not compatible with our solution data at all:
the SBD in the crystal structure is rotated by 90° and interacts not
only with subdomain IA, but also IIA (see Fig. 4). It is difficult to
rationalize these differences as being caused by intrinsic differences
between E. coli and T. thermophilus DnaK on the one hand, and
Hsc70 Homo sapiens on the other hand, because the sequence
homology is so high.

Allosteric Model. The present work shows, conclusively, that the
ADP- and peptide-bound state of E. coli DnaK E. coli ADP/
NRLLLTG is characterized by “noncommunication” between the
domains. For the domains to communicate in the allosteric cycle,
they must make contact in the ATP state. Recently, a crystal
structure for a yeast Hsp110 dimer, locked in the ATP state, was
solved (21). Hsp110 has strong Hsp70 homology, and NBD and
SBD are indeed docked in an area generally similar to the area of
close apposition for the SBD and NBD we find for E. coli and T.
thermophilus DnaK (see Fig. 4).

In Hsp110 in the ATP state, the hydrophobic NBD-SBD linker
is buried in a hydrophobic groove between subdomains IA and ITA,
close to the NBD-SBD interface. This groove is closed in other
crystal structures of Hsp70 proteins and homologs. It was suggested
that this difference is key to the allosteric mechanism. We have
recently been able to prove this hypothesis for the isolated NBD of
T. thermophilus DnaK (40). By using RDC NMR we detect major
rotations of NBD subdomains TA and IIA with respect to each
other when comparing the ADP and AMPPNP states. These
rotations result in an open groove in the ATP (AMPPNP) state and
an occluded groove in the ADP state. In the current work, we find
that the orientations of subdomains IA, IB, and IIB are indistin-
guishable from those in the DnaK crystal structure, in which the
groove is closed. We thus conclude the groove is also closed in the
solution conformation of WT DnaK ADP/NRLLLTG. This ac-
counts for the undocked state of the NBD and SBD and for the
random, mobile state of the NBD-SBD linker.

Taking together the results of several groups accumulated over
2 decades allows the following model for the allosteric communi-
cation to be proposed: the present work shows that in the ADP/
peptide state, SBD + linker collides with and samples the surface
areas of subdomains IA and ITA of the NBD and that the IA/IIA
cleftis closed. The X-ray work on Hsp110 ATP (21), the NMR work
(22) on E. coli DnaK (1-552), and the NMR work on 7. thermophi-
lus DnaK (40) strongly suggest that in the ATP state, the NBD
surface groove opens up. When this happens, we propose that the
NBD-SBD collisions become productive, which place the linker in
the groove and force loops L.2,3 and L5,6 of the SBD to dock on the
IA area. Several years ago, we showed that the structure and
dynamics of loop L.2,3 of E. coli DnaK SBD are allosterically linked
to the presence/absence of the substrate in the substrate-binding
cleft (11). Hence, in principle, the complete allosteric path from
nucleotide-binding site to substrate-binding site can now be
delineated.
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Experimental Procedures

Plasmids for T7-based expression of E. coli DnaK_g3s, DnaKi_ggs, and DnaK_3gg
were constructed by PCR subcloning into the vector pET22b using the plasmid pJK
as atemplate. Site-directed mutagenesis was accomplished by using QuikChange
(Stratagene) methodology. Expression and purification of isotopically labeled
DnaK and its variants were accomplished as described in ref. 18, in which the
protein was at all times stabilized with proteolysis inhibitors. The proteins were
denatured in 6 M guanidine hydrochloride to allow for complete protonation of
the backbone amides and were then refolded by rapid dilution.

For assignments and dynamics, we used 150-250 pM samples of isotope-
labeled DnaK in 25 mM Tris-HCI, 10 mM KCl, 5 mM MgCl; 10 mM DTT, 5 mM ADP,
10 mM potassium phosphate, 0.2% sodium azide, and 2 mM peptide NRLLLTG
(pH 7.2). Experiments were performed at 27 °C on a Varian Inova 800 equipped
with a triple-resonance cold probe. Backbone assignment was obtained by as-
sembling assignments of domains of DnaK. The isolated NDB (387 aa) was
assigned de novo by using 3D HNCA, HNCOCA, HNCO, HNCACO, HNCACB, and
HNCOCACB TROSY with 2H decoupling. The combined data collection time was
~14 days. These assignments were fully traced in HNCA and HNCOCA 3D spectra
of DnaK (1-605). Available assignments for the DnaK BETA domain in the
presence of NRLLLTG (13) and LID domain (14) were also traced in 3D spectra of
the full-length protein. The assignment process was aided at all steps by the
inclusion of information from a series of five (Asp, lle, Leu, Val, Phe) residue-
specifically labeled DnaK proteins (41).

5N autorelaxation data for DnaK (1-605) were derived from standard
["5N,"H]R4-TROSY and [">N,'H]R,-TROSY experiments at 800 MHz (42).

For RDC measurements, a 4-mm-diameter, cylindrical section of polyacryl-
amide gel (3% T, 2.5% C) was equilibrated in H,O, dehydrated to ~20% of its
original weight, and then added to a sample of refolded 'H,'3C, 2H-DnaK con-
taining ADP, potassium phosphate, and peptide as described above. The samples
were allowed to equilibrate at room temperature for ~72 h. This yielded a
homogeneous sample as was judged from stained cross-sections. The rehydrated
sample was compressed into an open-ended NMR tube using a funnel (New Era).
The top and bottom of the sample were sealed with inserts, and the sample was
allowed to equilibrate at room temperature for an additional 48 h before data
collection. The sample displayed a small solvent 2H,0 quadrupolar splitting of
~0.3 Hz. Duplicate series of J,D-modulated '5N,"H-TROSY experiments (43, 44)
were collected, with « delays of 0, 0.5, 1.0, and 1.5. The data were added, and
RDCs were extracted from the slopes of linear fits to plots of « vs. dipolar shift,
assuming a constant J-coupling constant of 91 Hz. The analysis yielded 231
assigned RDGs, listed in S/ Appendix, Table S5. A separate RDC sample was made
with full-length DnaK (1-638) ADP/NRLLLTG. Because this sample was less con-
centrated and because the spectra are dominated by TROSY resonances of the
unstructured tail, the analysis yielded only 183 assigned RDCs, listed in S/ Appen-
dix, Table S6. All spectra were processed with NMRPipe (45) and analyzed by using
SPARKY (46).

The NHRDC were fitted individually for the SBD and NBD IA, IB,IlA and NBD IIB.
The coordinates of the SBD were taken directly from the file 1DKX.pdb. The
coordinates of the NBD were taken from the file 1DKG.pdb. By using SwissModel,
the missing loops were modeled, and the structure was regularized with the
GROMOS minimizer in SwissModel. The REDCAT RDC software was initially used
(47). However, to have more control over the data fitting, error determination,
and self-validation, we used in-house written programs. The program carries out
a complete grid search of five parameters: the orientation of the alignment
tensor with respect to the protein coordinates (rotating the three Euler angles in
10° increments), the axial alignment magnitude DA (within a range after initial
tries), and the rhombicity, Dr/Da, from 0 to 1 in 0.2 increments. The program
subsequently optimizes the best grid point of these five parameters the target
function (sum of the squared differences between calculated and observed RDCs)
by using a Monte Carlo minimization. After culling outlying RDCs (identified in S/
Appendix, Tables S7 and S8) we obtain a rmsd of fit of 5 Hz for the NBD and 2 Hz
for the SBD.

Simulations (S/ Appendix, Table S3) with artificial data showed that the
obtained rmsd of fit could be simulated with a 2-Hz uncertainty on the RDCs and
a 15° uncertainty on the directions of the NH vectors for the NBD (2 Hz and 5°,
respectively, for the SBD). On this basis, we carried out 40 calculations per
subdomain in which we added a random errors in the range —2 to 2 Hz to the
experimental RDC data and =15 (NBD) and =5 (SBD) to the NH vector directions.
These error ranges are listed in Table 1 as “error mc.”

Test calculations showed that a self-validation at the 60% level of one input
dataset with a certain known error reproduces the uncertainties in the output
parameters as obtained from many input datasets with the same known error.
The internal consistency of the selected RDCs was evaluated by using a self-
valuation procedure. In this procedure, 60% of the experimentally available RDCs
for the (sub)domain under investigation were chosen at random, and an align-
ment was calculated on the basis of that information. This was repeated 30 times
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for each (sub)domain. The variations in the alignment parameters (Da, Da/Dr, and
the three Euler alignment angles) for these computations are listed in Tables 1
and S/ Appendix, Table S2 as “error self.”

Domains IA,IB,IIA were joined with IIB (residues 228-310) by minimizing the
position of IIB with respect to the original position of IIB, using translation and
rotation around the S,, axis only. By using SwissProt, the chain was linked
(227-228) and (310-311) and the geometry of the immediate environment
minimized by using 60 steps of steepest descent minimization for residues 225-
233 and 307-314, respectively.

The NBD and SBD were rotated in their experimentally determined principal
axis system. This automatically aligns the alignment tensors. Once these relative
orientations were established, we generated several models in which the SBD was
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