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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 domairEschetiehia

coli Hsp70, DnakK, 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 andRenuclear 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.

Keywords: DnaK; molecular chaperone; NMR®N relaxation

Molecular chaperones of the Hsp70 class are expressed in resporisacterial growth at most temperaturéBukau & Walker, 1990;
to a wide variety of cellular stresses, and are involved in a numbe6Georgopoulos et al., 1994Binding and release of unfolded pro-
of cellular processes under both stress and nonstress conditiorigins or peptides by DnaK and other Hsp70s are tightly regulated
These functions include protein translocation, assembly and dishy the cycle of ATP hydrolysigRidiger et al., 1997 In the ATP
assembly of multiprotein complexes, and degradat®ething & bound state, the exchange of model peptide substrates is relatively
Sambrook, 1992; Georgopoulos et al., 1994; Stuart et al.,)1894 fast. Hydrolysis of ATP to ADP leads to a dramatic decrease in this
addition, Hsp70s are thought to cooperate with members of thexchange rate. Peptide release and rebinding are then facilitated by
Hsp60 and Hsp10 classes of molecular chaperones to promote aedchange of ADP for ATP. The intrinsic rate of ATP hydrolysis in
regulate protein folding in vivdHendrick & Hartl, 1993. The DnakK is relatively slowturnover of~0.02 min ') (Russell et al.,
chaperone activity of Hsp70s stems from their ability to bind and1998, but can be accelerated by interactions with the protein
release unfolded, aggregation-prone proteins in a highly regulatedofactors DnaJ and GrpE. These cofactors regulate different stages
manner(Rudiger et al., 1997 of the ATPase cycle: DnaJ accelerates the hydrolysis of ATP, whereas
DnakK, the majorEscherichia coliHsp70 family member, is GrpE stimulates nucleotide exchange. Together, DnaJ and GrpE
required for bacteriophage lambda replication and is essential fotan stimulate the ATPase activity of DnaK up to 50-foldberek
et al., 1991. Numerous DnaJ homologs and a mitochondrial GrpE
Reprint requests to: Frederick W. Dahlquist, Institute of Molecular Bi- homolog have bee_n found in eL.jkaryOtIC systems, SqueStmg a
ology, University of Oregon, Eugene, Oregon 97403; e-mail: fwd@ conserved mechanism of regulation of Hsp70 chaperone function
nmr.uoregon.edu. (Caplan et al., 1993; Silver & Way, 1993; Bolliger et al., 1994
Abbreviations:2D, two-dimensional; 3D, three-dimensional; CD, circu-  Protease digestion patterns and functional analyses suggest that

lar dichroism; DSS, sodium 2,2-dimethyl-2-silapentane-5-sulfonate; HPLC Hsp70s share the same basic domain strudfig 1) (Chap-
high performance liquid chromatography; HSMQC, heteronuclear single . . .
multiple quantum coherence; NOE, nuclear Overhauser effect; NOESYpell etal., 1987; Kassenbrock & Kelly, 1989; Wang et al., 1993; Ha

NOE spectroscopy; PCR, polymerase chain reaction: RMSD, root-mearf McKay, 1994; Buchberger et al., 1995A highly conserved
square deviation. 44 kDa N-terminal domairiresidues 1 to 385 in DnaKkcontains
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ATPase domain peptide-binding C-terminal unclear. To determine whether the C-terminal region is an inde-
domain domain pendent structural domain, and as a first step in understanding how
N 7 C the C-terminal domain might regulate Hsp70 function, we have
1 385 537 638 begun NMR analyses of the structure and dynamics of the C-terminal
trypsinT domain (residues 518-638 We report here that the isolated
518 C-terminal domain is stable and adopts a mostly helical structure

) ) ) _in solution. In addition, the last 33 amino acids constitute a highly
Fig. 1. Diagram of the general Hsp70 domain structure. The numberingqeinia subdomain of the molecule. This flexible region appears to
scheme is given for DnaK. The_bo_undary between the peptlde-blndln% . . )
domain and the C-terminal domain is based on the crystal struZime e a conserved feature of Hsp70 architecture, and may be impor
et al., 1996. The arrow represents the trypsin cleavage site giving rise totant to the regulatory function of the C-terminal domain. In the
the C-terminal fragmentDnaKssg_s39 used in this study. process of analyzing théN 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

the ATP binding site. The peptide binding doméiesidues 386 to  coordinates, are in good agreement with the crystal structure, sug-

541 in DnaK) is ~17 kDa in size and is located immediately gesting this method may have general applications.

adjacent to the ATPase domain. Whereas the structures of both of

these domains in isolation have been sol(Eldherty et al., 1990;

Morshauser et al., 1995; Zhu et al., 1996; Harrison et al., 1997Results

Wang et al., 1998 the mechanism of coupling of the ATPase

activity to peptide binding and release remains unknown. TheTrypsin digestion

C-terminal 10 kDa regioriapproximately residues 542 to 638 in . . . .
DnaK) is less well conserved, and its function is unclear. ThePN@Ks1s-ssgwas identified as a protease-resistant fragment in tryp-

C-terminal region has often been considered a part of the peptiddn digests(Fig. 1. Specifically, a C-terminal fragment of DnaK
binding domain. However, the observation that this region is not[€Sidues 386—63&ontaining the peptide binding domain and the
necessary for peptide bindirgVang et al., 1998suggested an C-terminal region was found to be re5|stant to digestion by trypsin
independent function for this region. The sequence divergence iff'0t Shown. This result agrees with that of Buchberger et al.
this region led to the proposal of a regulatory function, perhaps irf1994, who found that a similar fragment of Dnaonaksgs-e3d

providing specificity for interactions with cofactors or in modula- IS protease resistant relative to the full-length protein, and is also
tion of the ATPase or peptide binding activitiéFsai & Wang consistent with the prediction that this fragment represents the
1994, " conformation of the peptide binding domain in the ADP-bound

Several studies have provided clues to the function of theotate of the full-length proteitBuchberger et al., 1995; Zhu et al.,
C-terminal region. Tsai and Wangl994 concluded that the 1999. On the other hand, we found that a fragment truncated
C-terminal region is essential for clathrin uncoating activity in rat Within the peptide binding domaitDnaKso;-ezd is rapidly pro-
Hsc70, even though the ATPase and peptide binding activitie§essed to a 10 kDa fragment that is resistant to further proteolysis.

seem to be unaffected by deletion of this domain. On the othed '€ Peptide binding domain of Dnalf_e3s does not appear to
hand, studies by Freeman et 41995 found that mutation or achieve a stable fold and binds peptides at least two orders of
deletion of the C-terminal four residues of human Hsp70 affected@gnitude more weakly than either full-length Dnak or De@Kess

both the ATPase and peptide binding activities. In addition, thes¢dat@ not shown N-terminal amino acid sequencing and mass

mutations appear to alter the interaction of Hsp70 with the humarsPectrometry revealed that the protease resistant fragment begins

DnaJ homolog, HDJ-1. This result is consistent with the observa@! residué D518 and ends at residue K638, the normal C-terminus

tion that deletion of the C-terminal region in Dnak weakens itsOf the full-length protein. The trypsin cleavage site in this context

interaction with DnadWawrzynow & Zylicz, 1995. ATP-induced is identical to a nucleotide-sensitive trypsin site observed in digests
conformational changes in DnaK, however, appear to be largel

)Qf full-length DnaK(Buchberger et al., 1995Characterization by
unaffected by deletion of the C-terminal regitBuchberger et al., CD indicates a mostly helical domain with a melting temperature

1995, of approximately 65C (data not shown Therefore, the C-terminal

The crystal structure of a 27 kDa fragment of Dnak containing"€9ion of DnaK appears to be a stable, independent domain of the

the peptide binding domain and most of the C-terminal region hagholecule.
been solved Zhu et al., 19958 In this structure, the C-terminal
region is described as a helical domain positioned over the peptid,
binding pocket. With the C-terminal domain in this position, bound
peptide appears to be blocked from exchange. In an alternate cry$he 'H, °N correlation spectrum of Dnal{g_gsgis shown in
tal form, the C-terminal domain is slightly rotated away from the Figure 2. Sequential backbone resonance assignments were ob-
peptide binding site. The authors proposed a model for the reguained primarily through analysis of the connectivities observed in
lation of peptide binding and release by the C-terminal domain inthe HNCACB, and CBCACO)NH experiments, and from sequen-
which the helix bridging the peptide binding pocket melts out intial NOEs provided by the 30H, ®N NOESY-HSMQC. Data
the ATP-bound form. This disruption would allow the C-terminal from the 3D GCO)NH and HCCO)NH, which provide informa-
domain to move away from the peptide binding site, leading to artion about amino acid type, were used to resolve ambiguity in
increased peptide exchange rate. cases where there was significant chemical shift degeneracy in the
In summary, the C-terminal region appears to be an importanC, and G; resonances. This approach resulted in nearly complete
regulatory region, although its precise role in Hsp70 function isassignments for the backbone N, NH, angd @nd G; resonances.

gequential resonance assignments



NMR analysis of the C-terminal domain of DnaK

345
A ©G578
O G613 ®
@ o——————O
©G539 -110.0
V594
L PPN, L a—
Sg—r—-C0
-2 o)
E579 T574
Hb544 59
D560 T563g@aseé?mﬁ Q59§S > -115.0
© ®@S545 3567 - & H541 ©K577
603
L576 0K587 Q0% 599 Qa9 1584
bo @ LroKss oL598
K597 @@ o O Q534> ©L591
E520 | 8 Q604 1601 K548
OE560 ey | by | %o om560 1200~
8% ol. (] %%589 D580 © ©L557 =
® S E551
F5T8 y550 | 850 o]\ Q538.V626 D561 o
OR536 S oéé 1572 ©A5S3 [}
@M588 ® by ©Q59% ~—
o olsey  OL943 o2 [k Z
D540 D555 |08 |asm ©A564 Q
0 o , eases -125.0
' ABT5
©A559 0A612
OK638 ® G554+
o K581
] T T T T
9.0 8.5 8.0 7.5 7.0
D623 ABS2 K637
C A586@ ‘
Ve ™ @ 1542
&ST535 E633 @ R527
A602
- A607,4614
A A525
A592
vsss  ear|-120.0 A523 [ 124.0
E524,0526 D628 %
K52 636 @ O ©A621,V627
Q609 A553 A521 @ A629
Q610 o R547 K635 € A618
O mre © ~a616 Y
! T
8.1 8.1
H (ppm)

Fig. 2. *3C-decoupled'H, 5N correlation spectrum

of uniformly®N/*3C-labeled Dnals 33 The spectrum was collected at

600 MHz and 25C. 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 residast&%is aliased

in the >N dimension.

Residues 518, 530, 531, 622, 624, and 625 were not identified itermination relies more heavily upon the chemical shift index
the *H, °N correlation spectrum due to spectral overlap or to (Wishart & Sykes, 199% 3.\, coupling constants, and patterns of
line-broadening caused by conformational exchange. 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.
Figure 3 contains a summary of the data used to determine the sec- Two distinct classes of peaks can be distinguished in'tie
ondary structure. We found relatively few unambiguous medium™N correlation spectrun{Fig. 2); a set of lower amplitude,
range NOEs due to spectral overlap in the backbone amide and dioader peaks that are from the structured regiifed peak

pha protons. Because of this overlap, the secondary structure déenters and a set of intense, narrow pealapen peak centers

Secondary structure
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Fig. 3. Amino acid sequence and secondary structure determination. The striped bars reptesd@al segments determined by this

analysis. Residues protected from hydrogen exchange by a factdrG3frelative to random coil values are depicted by closed circles.

The chemical shift index represents the consensus for {h€4 and carbonyl carbon indices. Residues withelix, coil, or 3-sheet

values for the ¢ 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 assigingrisupling 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.

The intense resonances were assigned to the amino-terminal aBackbone dynamics

proximately 15 residues and the carboxy-terminal 33 amino acids

of DnaKs1g_g3g. The intensity and lack of chemical shift disper- To further characterize the dynamic behavior of DpaKsss

sion in the proton dimension for these peaks indicate a randorwve measured backbone amiéfN relaxation parameter§;, T,

coil conformation for these residues. However, the chemical shifand >N{*H} NOE. Although theT; and T, values are roughly

index and3J,y, coupling constants suggest some helical struc-uniform in the helical regions, there are large differences be-

ture for residues 524-529 in the amino-terminal redibig. 3). tween the helical regions and the turn regions. These differences

There are also a few intra- and inter-residual NOEs apparent fodo not seem to come entirely from increased mobilities in the

these amino acids. This region is helical in the crystal structurgurns. This together with the relatively shoft values for a

and makes interdomain contacts to the peptide binding domainoughly 10 kDa protein suggests that a large degree of aniso-

(Zhu et al., 1998 The helical propensity of this region is there- tropic motion may be present. To reveal this effect and to obtain

fore evident in the C-terminal domain fragment even in the ab-reliable values for internal motion parameters, we collecfd

sence of stabilizing contacts to the peptide binding domain. Irrelaxation data at three field strengths and analyzed the data

contrast to the amino terminal region, the chemical shift indexusing several models.

and 3y, coupling constants support a random coil conforma- Analysis of the dynamics data assuming isotropic tumbling

tion for the 33 amino acid C-terminal “tail” region. This region yielded a poor fit ofT;/T, values for residues 533-603, givirmg,

is not observed in the crystal structure. approximately 10.2 ns and an average error of the fit of 44%
Stable helical structure, as indicated by the presence of stronf{E;/N}¥?2, whereN is the number of residues included in the.fit

sequential NOEs, appears to begin at the first residiE32) The fit was greatly improved when the same set of data were

observed to contribute core packing interactions to the helicahnalyzed using the axially symmetric anisotropic mad&uation

domain in the crystal structur€Zhu et al., 1998 The high  2), yielding an average error of 8.2%. The rotational correlation

degree of protection from hydrogen exchange in helices 1, 2times about the symmetry axis and the perpendicular axesnd

and 3 indicates that the core is well packed and supports the, are approximately 4.8 0.5 ns and 13.4 0.7 ns, respectively.

conclusion that the isolated fragment is a stable, independerifio significant improvement was gained in the fit by using the

domain of the protein. general anisotropic model.
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The large ratio oD, :D, and the 25-fold reduction i&; (Equa-  of anglesa extracted from the dynamics data. This axis points
tion 3) when the anisotropic model was used instead of the isoroughly along the helix bundle axis. The C-terminal helix bends
tropic model indicate that the molecule undergoes significantaround residues 593-595, forming an angle of approximately 50
anisotropic rotational diffusion, which is likely caused by a highly with the N-terminal helix bundle. The pairwise RMSD between the
elongated shape of the molecule. The fit of heT, ratios using  two sets of angles is approximately 7.5(Fig. 4). This consis-
the axially symmetric diffusion moddEquation 3 also yielded tency between the crystal structure and rotational diffusion in so-
the anglega) between the amide bond vectors and the symmetridution suggests that the structure in solution is similar to the crystal
rotational diffusion axigFig. 4). These angles are similar for the structure, and demonstrates tHaK relaxation data can provide
residues in the first three helices and are mostly in the 20—35useful global structural information.
range, but large differences are seen between these residues and/alues for the parameters, and S?, which describe internal
those in the turns and the last helix. These results indicate that thmotions for each residue, were extracted using the axially sym-
rigid regions of the molecule form a helix bundle-like structure in metric diffusion model, Equations 4 and (¥ig. 6). The struc-
solution, with the helical axes nearly parallel or antiparallel to eachture of residues 532—604 is rigid based on the rather high values
other, and that the last helix points slightly away from the helixfor S? (>0.85 for most residues. Interestingl? values are
bundle. slightly lower andr. values are slightly higher than average in

The relative amide-bond vector orientations obtained from thethe fourth helix, suggesting a higher degree of internal motion
dynamics data were compared with those estimated from the knowim this region. The disruption of continuous helical structure be-
crystal structuréFigs. 4, 5. The crystal structure of Dnal{g_g3s  tween the third and fourth helices is accompanied by a small
shows a molecule with an elongated shape, with the symmetry axidrop in S? around residues 593-594. These results, combined
roughly pointing along the helical axes. We performed a grid searchvith reduced protection from hydrogen exchange, suggest that
to obtain a unique, symmetric rotational axis, which best fit the sethe 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 decreases?. The other turn region,

100 residues 577-580, only exhibits slightly reducgtl relative to
LA . the helical regions.
80 [ : In contrast to the apparent rigidity of residues 532—-604, the
I . N-terminus and the C-terminal 33 amino acids are highly mobile with
- : R substantially londl, values. These regions also show significantly
e 60 reduced or negative®’N{*H} NOEs, and correlate well with those
§ I . residues that have random coil chemical shift indices and medium
g 40 r K . . 3Jhne coupling constant@pproxmatgly 6—.7 Hz TheT,/T, ratios
I R correspond to an effective correlation time of 4 to 6 ns for the
20 ‘.r R I N-terminal region, and 2 to 3 ns for the C-terminal region. The or-
r . der parameter is around 0.6. However, for a highly flexible region,
0 I L a quel that assumes a single correlation time or separable overa}II
520 540 560 580 600 620 and internal r_notlons cannot be_ safely used to describe the compli-
residue cated dynamics, and the meaning of an order parameter is not clear.
The spectral density analydiBig. 6) provides a more reliable de-
scription of the dynamics although it does not provide a clear phys-
100 ical picture of the dynamic process. If we assume Jit@} contains
L B . all modes of motions and can be describedy) = 3; a; 7;/[1 +
80 [ ° (wT;)?] (Lipari & Szabo, 1982, J(0) = 3; a 7; can then be con-
H . sidered as a weighted, average correlation time of all modes of mo-
- [ . ° tions, andJ(wy) andJ(wy) are the contributions of motions on a
; 60 B time scale of 1wy and Ywy, respectively. Thé(0) values are mostly
z . Ca e .. between 8 and 13 ns for residues 532—604, and mostly within 0.5
; 40 [ e o to 2 ns for the C-terminal region. The N-terminal region has slightly
I L e ',.'*; o largerJ(0) values(2 to 5 ng than the C-terminal region, supporting
20l = 3.:-‘2" 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-
L companied by an increaselfwy) andJ(wy), with J(wy) increased
L — by a factor of 4. These results indicate that the motions in the N-
0 20 40 60 80 100 . . . s .
o (x-ray) and C-terminal regions are shifted significantly toward high-

frequency modes, indicative of high flexibility across a wide dynamic

Fig. 4. Correlation of the angle from the dynamics data with the crystal range from ps to ns.

structure. The angle was converted from sfite) and was folded into the

0-90 range; that is, afl80 — «) angle is indistinguishable froma by this

method of analysisA: The anglex obtained from fitting théT;/T,) values ~ Characterization of full-length DnaK

(Equation 3 for each residueB: The NMR-derived anglex obtained . o . . .
plotted against the corresponding angle from the crystal structure with th¥Ve considered the possibility that the C-terminal mobile region is
symmetrical diffusion axis as defined in Figure 5. involved in interdomain contacts in the context of the full-length
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Fig. 5. The symmetrical diffusion axis of Dnajfs_g3saligned with the crystal structure of residues 529—607. The axis, pointing in the
direction of (9, ®) = (59, 277) (polar coordinatesin 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 aglebtained from the dynamics analysis. The axis was drawn
to pass through the geometrical center of residues 533—-603 in the crystal structure.

protein. In particular, it seemed reasonable that this region mightemains highly mobile. Interestingly, this pattern does not change
represent an intramolecular substrate for the peptide binding siteipon the addition of ATPnot shown. Therefore, it appears that the
To test this possibility, we characterized the NMR spectrum ofmobile region is not involved in a stable interaction with the re-
full-length DnaK. The resonances observed in thk 1N spec-  mainder of the protein in this context, regardless of the nucleotide
trum of full-length DnaK are identical in position to the peaks state. This result, however, does not rule out the possibility of a tran-
assigned to the C-terminal mobile region in Dnaess  Sientinteraction on a time scale that does not cause significant line
(Fig. 7A,B). We confirmed that these peaks arise from the samédroadening. Indeed, substantial biochemical evidence suggests that
residues by collecting two additional spectra: First, a sample othe mobile region modulates the affinity of peptide binding, pos-
full-length DnaK having only the alanines labeled shows the cor-sibly through a direct interaction with the peptide binding 6ieB.
rect number and position of resonances expected for the C-termin8lertelsen, P.R. Tsurada, F.W. Dahlquist, & G.C. Flynn, unpubl)obs.
mobile region(Fig. 7C). Second, the spectrum of a deletion mutant  The resonances from the N-terminal disordered re@iesidues
of DnaK (DnaKj_ggs) in which the C-terminal 33 amino acids are 518-53), which are intense in the spectrum of the fragment, are
removed completely lacks the peaks correlated with the C-terminatot present in the spectrum of the full-length protein. This region,
mobile region that are observed in the spectrum of full-lengththerefore, appears to be structured and tumbling with the bulk of
DnaK (Fig. 7D). the molecule in the full-length protein, as expected based on its
DnaK has a molecular weight of approximately 69 kDa andcontacts to the peptide binding domain in the crystal struc@ine
forms dimers and higher order oligomers under some conditiongt al., 1996.
(Palleros et al., 1993; Schonfeld et al., 1299MR resonances are These data also address a model that has been proposed to
generally weak or unobservable for most of the residues in a molaccount for the increased rate of peptide exchange of DnaK in the
ecule of this size due to the slow tumbling rate and correspondpresence of ATRZhu et al., 1995 In this model, the interaction
ingly fast relaxation rates. However, flexible regions tumbling of the C-terminal domain with the peptide binding domain is dis-
independently of the bulk of the molecule are often observable irrupted in the ATP bound form by a melting of structure in the first
the spectra of large proteili®r example, Gettins & Cunningham, helix. If the C-terminal domain simply loses its interdomain con-
1986 and references therein; Landry et al., 1983he C-terminal  tacts and the melted linker region is substantially flexible in the
mobile region of the C-terminal domain of DnaK is ordered in a ATP-bound state of DnaK, we might expect to observe the reso-
stable interdomain contact in the full-length protein, it would tum- nances from that domain in the NMR spectrum, since independent
ble with the bulk of the molecule and its NMR resonances woulddomains can be observed in the spectra of even very large modular
be unobservable. If, on the other hand, it remains mobile in theroteins(McEvoy et al., 199Y. The spectra of full-length DnakK
context of the full-length protein, those resonances would remairsuggest that the structured part of the C-terminal domain interacts
observable in the spectrum. with the other domains of the protein in both the ATP and ADP
Our result with full-length DnaK is consistent with a model in bound states, or the linker region remains fairly rigid even when it
which the structured part of the C-terminal domain associates witlis released from the peptide binding site. This result is consistent
the other domains of the molecule while the C-terminal tail regionwith a more subtle conformational change, or a switching of in-
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teractions from the peptide binding domain to the ATPase domairo play a role in hinge bending to promote the open conformation
in the ATP bound state. upon ATP binding, although dynamics measurements do not indi-
cate an unusually high mobility in this region.

Discussion
Using dynamics measurements to obtain global
Structure of the C-terminal domain structural information

DnaKs,5_g3gappears to contain two subdomains having distinct mo-Although a large degree of rotational anisotropy poses some dif-
tional properties. The helical portignesidues 531-605s stably  ficulties in the analysis of protein dynamics data, it can be used to
folded and quite rigid, while the C-terminal 33 amino acioksi- distinguish differences in bond vector directions for dipolar-
dues 606—638are highly mobile in solution. The secondary struc- coupled spin pairs. This information helps us understand, for ex-
tural elements in solution for residues 531-605 are identical to thosample, how several segments of the protein with known secondary
observed in the recent crystal structure of a larger fragment of Dnalétructure are packed together. In the case of Daglszg the rel-
containing this domaifzZhu et al., 1998 In addition, the results of ative orientations of the amide bond vectors extracted from the
our dynamics analysis support a similar three-dimensional fold fordynamics data correlate fairly well with the crystal structure. Sev-
the molecule in solution and in the crystal. Overall, our results sugeral large differences are seen that may be partially due to the
gest that the global conformation of the C-terminal domain is in-uncertainties in the dynamics data, or perhaps indicate true differ-
dependent of its contacts to the peptide binding domain, and suppoences in the bond vector directions between the solution structure
the idea that the C-terminal domain can act as a more or less rigidnd X-ray structure. Most of these differences were seen in the turn
“lid” on the peptide binding domain. However, a high-resolution regions where the structure is relatively flexible and X-ray data
structure of the isolated C-terminal domain will be necessary to meacontains high thermal factofZhu et al., 1995

sure the extent of conformational change in this domain upon in- Our dynamics analysis differs from the methods used in many other
teraction with the peptide binding domain. Interestingly, there is astudies(Bruschweiler et al., 1995; Tjandra et al., 199%that we

lack of protection from hydrogen exchange in the region proposeextracted the dynamics parameters without reference to the crystal
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Fig. 7. Comparison of théH, >N correlation spectra of Dnajfs_gssand full-length DnaK. A portion of the full spectruffFig. 2)
containing the majority of the residues in the mobile region is shatvnUniformly *>N-labeled Dnal§g_g3s B: Uniformly °N-
labeled full-length DnaKC: **N-alanine labeled full-length DnakD: Uniformly **N-labeled DnaK_gos Specific peak assignments
for A are shown in Figure 2.

structure. The extracted correlation timegsapproximately 4.7 ns  however, require$N relaxation data collected at different fields or
andr, approximately 13.4 nshowever, are similar to the ones that other independent measurements to provide a reliable fit, and is lim-
were found when the target function to be minimized is the differ-ited only to proteins with significant rotational anisotropy.

ence between the angles from the dynamics data and those from theT; /T, ratios have also been used to aid in structural refinement
crystal coordinateér, approximately 5.3 ns angd, approximately  (Tjandraetal., 1997; Clore & Gronenborn, 1998 addition, aT;/T,

13.4 ng, although at the latter values the errors inTh£T, fitswere  ratio histogram method has been developed for evaluating aniso-
slightly higher than when th&, /T, ratios were directly fit. The ex-  tropic motion(Clore et al., 1998 This approach requires that the
tracted symmetric diffusion axes from the two methods are paralletlistribution of N-H bond vectors be approximately random with re-
within a few degrees. This consistency between different methodspect to one another, and seems poorly suited to our system since
of data analysis demonstrates a degree of reliability in extracting théhe orientation of the-helices in the structured part of Dngf§_gas
angles independent of the molecular coordinates. This approachesults in a highly nonrandom distribution of N-H bond vectors.
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In cases where the protein is globular, rotational anisotropy caisp70, this motif appears to be involved in peptide binding, AT-
be artificially enhanced by putting the protein in a liquid-crystalline Pase activity, and interactions with the human DnaJ homolog,
medium, as shown by Tjandra and B&k997. In this study, HDJ1(Freeman et al., 1995DnaK contains the motif EEV near
instead of spin relaxation parameters, direction-dependent dipolao the C-terminugFig. 3). Although we have no data addressing a
splittings due to a small degree of alignment of the molecule withfunctional role of this motif in Dnak, it is interesting to speculate
the magnetic field were measured to obtain global structurathat a general feature of Hsp70 architecture is to place an important
information. 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
Primary sequence alignments of different Hsp70 family memberdor the separation of the ER retention signal in BKDEL) from
have suggested structural similarities in the C-terminal domainsthe remainder of the molecule.

Although these regions have low sequence homology, many resi- The structuring of a mobile region of a molecular chaperone in
dues considered important in structural design are fairly well cona protein—protein interaction may have important thermodynamic
served(Zhu et al., 1998 Moreover, preliminary data on various consequencef.andry et al., 1996; Pellecchia et al., 1996n-
Hsp70 family members are consistent with a conserved threestructured domains can act to increase the rate of complex forma-
dimensional fold for the C-terminal domain. For example, mam-tion (Pontius, 1998 Alternatively, the entropically favorable
malian BiP and bacterial DnaK generate a similar protease resistafiexibility attained upon release may prevent the interaction from
C-terminal fragments from both full-length and N-terminally de- being too tight. This switching between structure and flexibility
leted proteins. Both of these fragments are thermally stahle> may provide a layer of regulation for the energetics of the inter-
65°C) and highly helical(approximately 65% alpha he)ixnot action. Indeed, if the mobile region is involved in making contacts
shown. In addition, the BiP fragment appears to possess a mobil¢o the peptide binding site, as is the case with DnaJ, it may provide
region as shown here for the DnaK C-terminal domeinR.P.  the chaperone with the ability to fine-tune the energetics of peptide
Zuiderweg, pers. comm.Whether the overall three-dimensional binding and release, preventing peptide interactions that are too
folds of the C-terminal domains of BiP and DnaK are identical tight or stimulating the exchange of peptides between molecular
remains to be determined. chaperones of different classes.

Conservation of structure

Role of the mobile region Materials and methods

In contrast to the apparently rigid structure of the helical portion of

the molecule, the carboxy-terminal 33 residues are highly flexible plasmid construction

In the structural analysis by Zhu et #1996, residues 608—638 . o )
were removed, presumably because these residues interfered wigi@Smid PDnako_esgwas constructed by PCR amplification using

crystallization. We have shown that these residues constitute §'€ Plasmid pKIGragerov et al., 1992as the template. Primers
highly mobile subdomain of the protein and that this feature is"/e® designed to introduce BamHI and Hindlll restriction sites at

conserved in the context of the full-length protein. Is this mobility the 5 and 3 ends Qf the amP“fIEd product, r_espectlvc_ely_. The PCR
a conserved feature of Hsp70 family members, and if so, what arf@gments were digested with the appropriate restriction endonu-
the possible functions of this region? clease_s and ligated mto_the ple_lsmld pQERMgen. The resulting
Many Hsp70 family members contain a region of highFG plasmlo_l expresses amino acids 401-638 of DnaK fused to _the
content near the extreme C-termin@oorstein et al., 1994 We  N-terminal sequence MRGHHHHHHGSIEGR. The plasmid
have shown that the homologous region of DnaK, while relativelyPPnaK(AJd), which expresses full-length DnakK, was constructed
low in G/P content, is highly mobile in solution. Our results with by deleting a Stul-Smal fragment containing most of the coding

DnaK, combined with the observation that these residues have £gion of DnaJ from pKJ.
high propensity to be flexibléCreighton, 1998 suggest that this
region is highly mobile in other Hsp70 family members as well. NMR sample preparation
The mobility of this subdomain therefore appears to be a con-
served feature of Hsp70 structure. Interestingly, other moleculat>N-labeled and'>N/*3C-labeled samples of the C-terminal do-
chaperones also contain flexible regions. For example, DnaJ comnain of DnaK (residues 518—638were prepared by trypsin di-
tains a conserved [B-rich region, which has been shown to be gestion of a larger C-terminal fragment of DnakK as follo&scoli
mobile in solution(Szyperski et al., 1994; Pellecchia et al., 1296 (XL-1 Blue) harboring the plasmid pDnajs;_gssWere grown to
This flexible region of DnaJ appears to mediate the interactiormid-log stage in the appropriate minimal mediufuchmore
between DnaJ and DnaK by binding to the peptide binding site okt al., 1989. DnaK,o1_g37€Xpression was induced by the addition
DnaK (Wall et al., 1995; Karzai & McMacken, 19%96Likewise, of 1 mM IPTG and overnight shaking at 3Z. Cells were har-
GroES(the E. coli Hsp1Q contains a flexible loop that becomes vested by centrifugation, resuspended in buff€s@mM Tris-HCI,
immobilized upon interaction with the. coli Hsp60, GroEL(Lan- 200 mM NaCl, pH 7.5 and lysed in a french pressure cell. Ex-
dry et al., 1993, 1996 In addition, the mammalian Hsc70 regu- tracts were clarified by centrifugation at 40Xg for 40 min, and
lator, Hip, contains an Hsp70-like/B-rich region(Hohfeld et al.,  the protein was purified on Ni*/NTA agarose(Qiager) accord-
1995. It remains to be seen whether these flexible regions havéng to the manufacturer’s suggestions. Fractions from the*Ni
similar or divergent roles in the functions of molecular chaperonesNTA column (in buffer A plus 200 mM imidazolewere combined
The motif EEVD appears at the extreme C-terminus of manyand subjected to trypsin digestion by adding 1:100Qv) trypsin:
Hsp70s(Boorstein et al., 1994; Freeman et al., 1298 human DnaK and incubating at 3T for 45-60 min. The reaction was
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quenched by addition of PMSF to 1 mM and freezing in liquid N exchange intdH,O were protected at least 1@elative to a ran-
Aliquots were then thawed and diluted1D with buffer B(50mM dom coil peptidgBai et al., 1993

Tris-HCI, pH 7.2 and applied to either MonoQ or Q Sepharose Full-length DnaK was characterized by collectitig, *°N cor-

Fast Flow(Pharmacia, Uppsala, Swederolumns. The column relation spectra at 600 MHz. To test the effect of the nucleotide
was washed with buffer B, then eluted with an NaCl gradientstate on the spectrum, ATP was added to a concentration of 1 mM
(50-350 mM in buffer B. Peak fractions were combined, supple- and a 75 min spectrum was acquired immediately. We estimated
mented with 1 mM PMSF, and dialyzed against 50 mM sodiumthat complete hydrolysis of ATP would require at least 130 min,
phosphate, pH 7,400 mM NaCl. Purity was confirmed by reverse- based on a turnover number of 0.05 minBecause conversion of
phase HPLC analysis. Prior to NMR analysis, protein was conATP to ADP is rate-limiting under these conditioicCarty
centrated to approximately 1 mM. The buffer was then exchangeét al., 1995, we expect the resulting spectrum to represent the
to NMR buffer(100 mM sodium phosphate, 100 mM NacCl, 0.01% ATP-bound conformation.

sodium azide, 10%H,0, pH 6.) either by dialysis or by spinning
through Sephadex G-25 resin.

Full-length DnaK was prepared by purification on ATP-agarose
essentially as describ¢t¥lensa-Wilmot et al., 1989Briefly, DnaK  Two-dimensional2D) inverse-detection techniques were used to
was expressed in the appropriate medium for specific or uniformmeasuré>N longitudinal(T;) and transversérl) relaxation times,
5N-labeling(Muchmore et al., 1989 Clarified cell extract§pre-  and the heteronucled?N{'H} NOE (Kay et al., 1989; Clore et al.,
pared as described abgvie DnaK buffer (25 mM Tris-HCI, pH ~ 1990; Barbato et al., 1992; Farrow et al., 198 DnaKsis ¢35 Ty
7.0, 35 mM KCI, 10 mM MgC}) were applied to a 12 mL ATP  and T, values were extracted from data collected at proton fre-
agarose(Sigma A2767 column pre-equilibrated with the same quencies of 500, 600, and 750 MH¥N{!H} NOEs were mea-
buffer. The column was washed with DnaK buffer and eluted withsured at 600 and 750 MHz. Overlapped or extremely weak peaks
DnaK buffer containing 3 mM ATP. Peak fractions were pooled, were excluded from analysis. THe/T, ratios at the three fields
diluted 10-fold with 50 mM Tris, pH 7.5, and applied to a Q were fit simultaneously using a model for isotropic motion, axially
Sepharose Fast Flo(Pharmaciacolumn. Protein was eluted with  symmetric anisotropic motion, or general anisotropic motion to
a 0-350 mM gradient of NaCl in Tris buffer. Peak fractions were extract parameters describing overall motion of the molecule and
pooled, dialyzed against DnaK buffer, and concentrated to approxthe angles related to the amide bond vector directions. The best
imately 0.15 mM. model obtained was then used to simultaneously fit the dynamics
observablegT;, T,, and NOB at the three fields to extract pa-
rameters describing internal motions.

Under the condition that internal motion is much faster than
NMR spectra were recorded at 25 and referenced externally to overall motion, the spectral density for an isotropic motion is
sodium 2,2-dimethyl-2-silapentane-5-sulfon&@SS. Lawrence related to a single overall correlation tinge,) and an order pa-
Mclintosh (University of British Columbia kindly collected the  rameter(S?) by the following equatior(Lipari & Szabo, 1982
HNCACB and CBCACO)NH spectra on a Varian Unity-plus
500 MHz spectrometer. The remainder of the data sets were col- S,
lected on either a Varian Inova 600 MHz spectrométer triple J(w) = T+ (@n)?]"
resonance experimentsr a GE Omega 500 MHz spectrometer m
(for double resonance experiments addition, a complete back-
bone dynamics data set was obtained on a Varian Unity-plus 75 o
MHz spectrometer. The Varian spectrometers are equipped witﬁhape’ .the spectral density is given by the equatidoessner,
triple-resonance, pulsed-field gradient probes. 1962; Tjandra et al.,, 1995

The following data sets were acquired for sequential resonance
assignments and secondary structure analysis: Sequential resonancg ) — Sz{ Aim AT AzT3 }
assignments via scalar couplings for thg @d G carbons were 1+ (nw)?] 1+ (nw)?] [+ (rmw)?]
obtained from the sensitivity enhanced HNCAC®/ittekind &

Mueller, 1993; Muhandiram & Kay, 1994nd CBCACO)NH (Grze- 2)

siek & Bax, 1992; Muhandiram & Kay, 1994xperiments. Side-

chain carbon and proton resonance assignments were obtained fromith A; = (1.5co€a — 0.52, A, = 3sirfacoa, and Az =
C(CO)NH and HCCO)NH experiment$Grzesiek etal., 1993; Grze- 0.75 sirf o, wherea is the angle between the amide bond vector
siek & Bax, 1993, respectively. Assignments for carbonyl carbons and the axis of symmetrical rotational diffusion. The time con-
were obtained from the sensitivity enhanced HNCO experiificant stants are related to the two diffusion constdnts(=D,=D,) and
etal., 1990, 1994 Sequential NOEs were obtained from a 3B, D, (=D,) about the principal diffusion axes by = 1/(6D,), 7, =

15N NOESY-HSMQC spectrurtMarion et al., 1989; Zuiderweg & 1/(D, + 5D,) andrs = 1/(4D, + 2D,).

Fesik, 1989 recorded at 500 MHz with a mixing time of 100 ms.  Extension of the axially symmetrical diffusion model to a gen-
Backbone dihedral angle estimates were obtained by measuring eral diffusion model for an arbitrarily shaped molecule requires the
the coupling constant¥,yy, from a series of J-modulatedd, 15N introduction of a total of six global parameters. These include three
COSY spectrdBilleter et al., 1992 Residues protected from hy- independent correlation times around the three principal rotational
drogen exchange were identified in a series of HSMQC spectrdiffusion axes and three angles defining the orientations of these
(Zuiderweg, 199Dcollected immediately after exchanging a sam- axes(Woessner, 1962; Tjandra et al., 1995

ple into 2H,0 buffer using a G-25 Sephadex spin column. It was An initial estimate ofS? by fitting T;/T, using Equation 1
estimated that residues still present in the first spectrum followingndicated that residues 16—-8633—-603 form a rigid structure

15N relaxation

NMR spectroscopy

@

51 the anisotropic model for molecules with an axially symmetric
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(S? > 0.9 and the N- and C-terminal regions are flexible Supplementary material in Electronic Appendix
(S? < 0.6). The exchange effects to tig values were estimated
from the differences between the spectral density telf@smea-
sured at 600 and 750 MHz since exchange broadening woul
shortenT, and cause a strong field dependencel(@) (Farrow

et al., 1997. The J(0) values were extracted analytically frof,

T,, and NOE values along with(wy) and J(wy) under the ap-

prOXImatlonJ(_wH.) = J_(wH + on) ~ J(wn — wy) (Farrow et al., We thank Fred Hughson and Erik Zuiderweg for sharing data, and Megan
1995. The pairwise differences between th@) values from the  y\cyoy for helpful discussions. Lawrence Mcintosh kindly collected some

data sets at the two fields are less than 8%, indicating no signifiof the NMR data and Logan Donaldson provided useful Felix macros. This
cant exchange contributions 1o values for most of the residues. work was supported by NIH grants to F.W.D. and E.B.B. was the recipient

Table 1 contains chemical shift values for backbdié-H, 15N,
«, CB, and carbonyl carbon resonances. Table 2 contains values
or the dynamics parameteTs, T,, and 1>N{*H} NOE.
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