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ABSTRACT  DnaJ from Escherichia coli is a 376-amino
acid protein that functions in conjunction with DnaK and GrpE
as a chaperone machine. The N-terminal fragment of residues
2-108, DnaJ-(2-108), retains many of the activities of the
full-length protein and contains a structural motif, the J domain
of residues 2-72, which is highly conserved in a superfamily of
proteins. In this paper, NMR spectroscopy was used to deter-
mine the secondary structure and the three-dimensional poly-
peptide backbone fold of DnaJ-(2-108). By using 3C/*N
doubly labeled DnaJ-(2-108), nearly complete sequence-specific
assignments were obtained for 'H, N, *C®, and 3CP, and
about 40% of the peripheral aliphatic carbon resonances were
also . Four a-helices in polypeptide segments of residues
6-11, 18-31, 41-55, and 61-68 in the J domain were identified
by sequential and medium-range nuclear Overhauser effects.
For the J domain, the three-dimensional structure was calcu-
lated with the program DIANA from an input of 536 nuclear
Overhauser effect upper-distance constraints and 52 spin-spin
coupling constants. The polypeptide backbone fold is charac-
terized by the formation of an antiparallel bundile of two long
helices, residues 18-31 and 41-55, which is stabilized by a
hydrophobic core of side chains that are highly conserved in
homologous J domain sequences. The Gly/Phe-rich region from
residues 77 to 108 is flexibly disordered in solution.

The Escherichia coli dnaJ, dnaK, and grpE heat shock genes
encode a molecular chaperone machine that participates in a
variety of biological processes. For example, they function in
protein folding and transport, survival at high temperatures,
negative autoregulation of the heat shock response, modu-
lation of in vivo proteolysis rates, and the replication of
bacteriophage A and certain plasmids (for reviews, see refs.
1 and 2). The J domain, which is the N-terminal 71 residues
of DnaJ (3, 4), is an evolutionarily highly conserved motif
found in a superfamily of proteins that includes >50 members
from prokaryotic and eukaryotic organisms (refs. 3-6; W.
Kelley, personal communication). Likewise, DnaK is a mem-
ber of the large family of highly conserved HSP70 proteins.
Recently, a eukaryotic homologue of the GrpE protein has
been identified in yeast as well (7).

Structure-function studies of DnaJ and its interactions
with DnaK have demonstrated that the N-terminal region of
amino acids 2-108, which includes the Gly/Phe-rich region
(residues 77-108) in addition to the J domain, is necessary and
sufficient to stimulate the ATPase activity of DnakK, regulate
the conformational state of DnaK in the presence of ATP,
activate DnaK to bind the heat shock protein ¢°2 in the
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presence of ATP, and elicit proper, albeit limited, chaperone
function from DnaK for A DNA replication (ref. 8; K.
Liberek, D.W., and C.G., unpublished data). Thus, Dnal-
(2-108) possesses many of the properties of full-length DnaJ.
To obtain further insights into the structural basis of DnaJ
functions and, in particular, the DnaJ-DnaK interactions, we
have started NMR structure determinations in solution. This
paper reports sequence-specific resonance assignments and
determination of the secondary structure and of the global
polypeptide backbone fold of DnaJ-(2-108).

MATERIALS AND METHODS

Preparation of 3C/'5N Doubly Labeled DnaJ-(2-108).
DnaJ-(2-108) was purified to >95% purity from a strain
carrying the expression vector pDW19dnaJ(2-108) as de-
scribed (8). To doubly label DnaJ-(2-108), a 100-ml culture
grown in Isogro medium (Isotec, Miamisburg, OH) was used
to inoculate 7 liters of M9 minimal medium (9) supplemented
with ampicillin (100 ug/ml), thiamine (2 ug/ml), MgSO4 (1
mM), MgCl, (3 mM), CaCl, (0.1 mM), FeCl; (0.3 uM),
[13C¢}-D-glucose (0.3%, Isotec), and SNH,CI (1 g/liter, Iso-
tec). The culture was induced with isopropyl B-D-thio-
galactopyranoside (1 mM) at an Asgs of 0.7 for 4 h before
harvest. Protein sequence analysis revealed that Ala-2 rep-
resents the N-terminal residue.

NMR Spectroscopy. All NMR spectra were recorded on a
Bruker AMX 600 spectrometer equipped with four channels,
using a single sample of 1SN /13C doubly labeled DnaJ-(2-108).
The protein concentration was =1 mM in 90% H,0/10%
2H,0 at pH 6.2 and 28°C. The spectra that were recorded to
obtain sequence-specific resonance assignments are in Re-
sults. For data processing and analysis, we used the programs
PROSA (10) and XEASY (C. Bartels, T. H. Xia, M. Billeter, P.
Giintert, and K.W., unpublished data). To collect the input
for the structure calculations using the program DIANA (11),
upper limit distance constraints were derived from three-
dimensional (3D) *N-resolved ['H,'H]-nuclear Overhauser
enhancement spectroscopy (NOESY) [ref. 12; mixing time 7,
= 100 ms; data size, 180 * 38 * 512 complex points, with #; max
(*H) = 31.3 ms, £z max (°N) = 27.4 ms, 13 max (‘H) = 74.8 ms;
digital resolution after zero-filling 11 Hz along w;, 22 Hz along
@y, 5.7 Hz along w3] and 3D C-resolved ['H, H}-NOESY
[ref. 13; 7 = 70 ms; N-decoupling during 7,; data size 160

Abbreviations: NOE, nuclear Overhauser effect; 2D and 3D, two and
three dimensional, respectively; NOESY, NOE spectroscopy;
COSY, correlated spectroscopy; TOCSY, total correlation spectros-
copy; 3D CBCA NHN, spectrum correlating 13C= and 13CP chemical
shifts with intraresidual and sequential amide proton and amide 1’N
chemical shifts; 3D H*/BC*/A(CO)NHN, spectrum correlating 1H/8
and 13C2/B chemical shifts with sequential amide proton and amide
15N chemical shifts.
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* 30 * 512 complex points, with #; max (H) = 27.8 ms, £3 max
(13C) = 9.6 ms, t3,max (\H) = 74.8 ms; digital resolution after
zero-filling 11 Hz along w;, 48 Hz along ;, 5.7 Hz along ws].
The vicinal scalar coupling constants 3Jyn, Were extracted by
inverse Fourier transformation of in-phase multiplets (14)
from the two-dimensional (2D) [N ,'H]-correlated spectros-
copy (COSY) spectrum [3C=0 and 13C* decoupling during
t;; data size 170 * 1024 complex points, with #; nax (5N) =
122.4 ms, t,max (*H) = 131.1 ms; digital resolution after
zero-filling 2.7 Hz along w;, 1.9 Hz along «;]. Rapidly
exchanging amide protons were identified in a 2D Mexico
experiment (15) recorded with a mixing time of 300 ms.

RESULTS

For a general characterization of DnaJ-(2-108), the thermal
denaturation was monitored by CD at 222 nm. A melting point
of =75°C was obtained, demonstrating that DnaJ-(2-108) is
thermally quite stable. Although full-length DnaJ is dimeric
(16), ultracentrifugation experiments suggest that DnaJ-(2-
108) is monomeric in dilute aqueous solution (50 uM protein/
0.7 M K;HPO,, pH 7.0; L. Gonzalez and T. Alber, personal
communication). Furthermore, the NMR linewidths are con-
sistent with a monomeric species. Thus, the possibility that a
homodimer might be formed was not further considered in the
present NMR investigation.

Fig. 1 shows a 2D [*’N,!H]-COSY spectrum of uniformly
I5N/13C doubly labeled DnaJ-(2-108) recorded with decou-
pling of 3C* and 3C=O0 during ;. The chemical shift
dispersion in the H dimension is rather limited, but the
dispersion in the N dimension is sufficient to resolve most
of the cross-peaks. All of the aliphatic proton resonances are
located between 0.2 ppm and 4.9 ppm, so that it would be
virtually impossible to derive a high-quality NMR solution
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Fic. 1. Contour plot of a 2D [N,'H]-COSY spectrum (17) of
DnaJ-(2-108) uniformly labeled with 13C and 1N that was recorded
with decoupling of 13C>and 13C=0 during #; (H frequency, 600 MHz;
protein concentration, 1 mM in 90% H,0/10% 2H,0, pH 6.2, 28°C).
The 'H chemical shifts are relative to the water resonance at 4,72 ppm
from [2,2,3,3-2H4)-trimethylsilylpropionate and the N chemical
shifts are referenced indirectly to external liquid NH; (18). The
cross-peaks are marked with the sequence positions of the corre-
sponding amino acid residues and the peaks that belong to one or
several of the unassigned Gly residues in the polyglycine segments are
marked with asterisks. The cross-peaks identified with primed and
doubly primed numbers correspond to the pairs of side-chain amide
protons of Asn and GIn. The cross-peak of Asp-35 is outside of the
spectral region shown and has, therefore, been added as an insert. The
cross-peaks belonging to Thr-15 and Thr-58 are folded along w;.
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structure of DnaJ-(2-108) on the basis of 1’N-resolved and
homonuclear 'H NMR experiments alone. We therefore used
15N/13C doubly labeled DnaJ-(2-108) for the present project.
Fig. 1 also shows that a homogeneous protein preparation
was used for the NMR studies.

Sequence-Specific Resonance Assignments and Identifica-
tion of Medium-Range Nuclear Overhauser Enhancements
(NOESs). Fig. 2 presents an overview of the sequential and
medium-range connectivities identified for DnaJ-(2-108). Se-
quence-specific polypeptide backbone assignments were ob-
tained for the 101 residues 3-80, 83-85, 87-103, and 106-108
from 3D N-resolved ['H,'H]-NOESY (12) and 3D N-
resolved ['H,'H]-TOCSY (total COSY) (12) or from 3D
H*/PC*/B(CO)NHN (spectrum correlating 1H*/8 and 13C«/#
chemical shifts with sequential amide proton and amide N
chemical shifts) (19) and 3D CBCANHN (spectrum corre-
lating 1*C* and 1>C# chemical shifts with intraresidual and
sequential amide proton and amide SN chemical shifts) (20);
at least one sequential connectivity was found for all pairs of
assigned neighboring residues. While the chemical shifts of
Ce/E and H*/B of Lys-3 could be obtained from the 3D
H*/BC2/B(CO)NHN experiment, the resonances of the back-
bone amide moiety of Lys-3 were not detected in the 1N-
resolved spectra. In addition, Asp-35 appears to be affected
by a slow conformational exchange process on the millisec-
ond time scale, since only a very weak signal was observed
in the N-resolved spectra (Fig. 1). For Pro-34, the obser-
vation of a strong d,;s NOE indicates that it is present in the
trans conformation (Fig. 2). Five Gly residues at positions 81,
82, 86, 104, and 105, which are located within the polyglycine
segments in the Gly/Phe-rich region (Fig. 2), could not be
sequentially assigned (Fig. 1).

nt of the Aliphatic Side-Chain Resonances and
Identification of Long-Range NOE:s. It is a special advantage
of the 3D H*/AC*/A(CO)NHN experiment that it provides the
chemical shifts of H*, H, C#, and CPin a single measurement
in conjunction with the sequential connectivities to 1N and
HN of the following residue (19). The 13C*/# and 'H*/#
chemical shifts thus obtained were used as the starting point
for the !H assignments of the long aliphatic side chains in the
3D [HCCH]-TOCSY (21) and 3D [HCCH]-COSY (22) spec-
tra. Overall, with the exception of the five aforementioned
Gly residues, we obtained resonance assignments for all
protons and for 77% (228 of 296) of the carbon positions in the
aliphatic side chains. To identify medium-range dap(i,i +3)
NOE:s (Fig. 2) and long-range NOE connectivities involving
side-chain protons, the peak positions from the 3D [HCCH]-
COSY and 3D [HCCH]}-TOCSY spectra were transferred to
the 3D 3C-resolved ['H,'H]-NOESY spectrum.

Assignment of the Aromatic Spin Systems. The seven Tyr
rings at positions 6, 7, 25, 32, 54, 66, and 69 of the J domain
exhibit sufficiently large chemical shift dispersion to enable
unambiguous identification of the NOE connectivities from
the &-protons to the a- and/or B-protons in 2D 13C(wp)-half-
filtered [*H,'H]-NOESY (23) and 3D 13C-resolved [*H,'H]-
NOESY. The complete 'H assignments of the Tyr rings
subsequently yielded numerous long-range NOE constraints
within the J domain. Similarly, Phe-47 was assigned. For the
Phe residues in the Gly/Phe-rich region (residues 77-108), the
3D 13C-resolved ['H,'H]-NOESY spectrum enabled us to
obtain sequence-specific resonance assignments for the
&-protons of the Phe rings, which have nearly identical
chemical shifts. Since no intraresidual NOE connectivities
were observed between the —aCH-BCH-fragment and the
ring protons of the His residues 33 and 71, these rings
remained unassigned.

Secondary Structure of DnaJ-(2-108). The sequential and
medium-range connectivities identified in the 3D ’N- and
BBC.resolved ['H,'H]-NOESY spectra, the 3/yn. coupling
constants, and the chemical shifts of the 13C resonances
(Fig. 2) resulted in the determination of four helices, by using
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the following criteria for the identification of helical residues:
() 3Juna < 6.0 Hz (24); (ii) strong sequential dyy NOEs (25);
(iii) slow amide proton exchange rates from the fourth helical
residue to the end of the helix (26); (iv) downfield chemical
shifts of the 13C nuclei relative to their random coil values
(27) of AS(*3C2) > 1.5 ppm (28); and (v) presence of dn(i,i +
3) and d.g(i,i + 3) NOE connectivities characteristic of
a-helices (29). The thus identified helices I-IV are residues
6-11, 18-31, 41-55, and 61-68, respectively, and all are
located in the J domain (residues 2-72; Fig. 2).

The Gly/Phe-rich region of residues 77-108 appears to be
flexibly disordered in solution. Although spectral overlap in
the 2D [N, H]-COSY spectrum (Fig. 1) prevented measure-
ments of the 3Jun, scalar coupling constants for most of the
non-Gly residues in this region, this view is nonetheless
supported by multiple independent observations (Fig. 2): (i)
all backbone amide protons exchange rapidly; (ii) all 13C*
chemical shifts deviate from the random coil shifts by <1.6
ppm; (iii) all N chemical shifts coincide to within 3 ppm with
the sequence-corrected random coil values (30); and (iv) no
medium-range or long-range NOE connectivities were de-
tected that would be characteristic of regular secondary
structure elements.

Calculation of the 3D Structure. For a preliminary calcu-
lation of the complete 3D structure of Dna-(2-108), we used
an input of 620 NOE upper-distance constraints (279 in-
traresidual, 91 sequential, 31 medium-range and long-range
backbone-backbone, and 219 interresidual constraints with
side-chain protons) that were derived from the 3D !N-
resolved and 3D 3C-resolved [*H,'H]}-NOESY spectra. In
addition, 60 vicinal 3Jyn, scalar coupling constants were
obtained from the 2D [1*N,'H]-COSY spectrum (Figs. 1 and
2). Five-hundred-thirty-six of the NOE upper distance con-
straints (217, 75, 31, 213) and 52 vicinal scalar coupling

min~! at pH 6.2 and 28°C. In row A&13C?),
A(81 3Cy = &Bca)obs - 8(13Ca)m’ where
S(BC¥ops and &(13C*),c denote the observed
and the random coil chemical shifts, respec-
tively. Solid, shaded, and open circles indi-
cate residues with A§13C% > 1.5 ppm, 1.5
ppm = A8(13C%) = —1.5 ppm, and A&(13C?) <
—1.5 ppm, respectively. In row 3J/yNa, solid,
shaded, and open circles denote residues with
3JHNa < 6.0Hz, 6.0 Hz =< 3Jyna < 8.0 Hz, and
3JuNa > 8.0 Hz (some data are missing be-
cause of spectral overlap). The sequence lo-
cations of four helices identified from the data
® in this figure and from the structure calcula-
tions with the program DIANA (see text) are
indicated at the bottom.

constants are within the J domain, residues 2-72, which
corresponds to >8 constraints per residue. The average
pairwise rms deviation values relative to the mean structure
calculated for the backbone atoms N, C?, and C’ of the entire
polypeptide segment considered (0.32 X for helix I; 0.71 A
for helix IT; 0.61 A for helix III; 0.45 A for helix IV) show that
the four helices are locally well defined. The rms deviation
value obtained after superposition of all helical residues is
2.05 A, but the corresponding value after superposition of the
first three helices is only 1.17 A, which shows that the spatial
orientation of helix IV is not well defined relative to the
remainder of the J domain. Technically, this is due to the fact
that there are only two long-range NOE connectivities in-
volving protons of helix I'V. Since residues 61 and 64—-67 have
been completely assigned and only the assignments of 1>C?,
13C8, 13Ce for the residues 62, 63, and 66 respectively, are
missing, one can expect that additional NOEs with helix IV
would have been detected. Therefore, the poorly defined
orientation of helix IV (Fig. 3A) is probably due to increased
flexibility relative to the core of the J domain. Nevertheless,
after local superposition of residues 61-68, the precise def-
inition of helix IV as a regular secondary structure element is
readily apparent (Fig. 3B).

DISCUSSION

The 3D backbone fold of the DnaJ J domain, which likely
represents a superfamily of structural motifs (3-7), describes
a distinctive topology for the arrangement of a-helices I-III
(Fig. 4). For example, a search of the amino acid sequences of
the 3D protein structures available from the Protein Data Bank,
Brookhaven National Laboratory (Upton, NY) did not iden-
tify any sequences that exhibit >25% sequence homology to
the J domain, and no near-identity can be found with any of the
folding types that have recently been surveyed by Thornton’s
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group (32). Although the ongoing refinement of the NMR
structure still has to properly elucidate the structural role of
helix IV, it seems likely that helices I-III form a fold, which
is most likely common to all J-domain sequences (3, 5); i.e.,
helices II and III are oriented in an antiparallel fashion, with
helix I crossing from the C-terminal end of helix III to the
central region of helix II (Figs. 3 and 4). This spatial arrange-
ment of the three helices leads to the formation of a hydro-

Phe-74

GIn-68

Arg-19

Lys-31

Pro-34

FiG.4. Ribbon drawing of residues 4-74 of the DIANA conformer
of DnaJ-(2-108) with the lowest residual target function value. Note
that although helix IV (residues 61-68) is locally well determined (see
Fig. 3B), its orientation relative to the remainder of the molecule is
not defined by the NMR data (Fig. 3A). The coil region yond-
ing to the location of the highly conserved tripeptide segment
His-33-Pro-34-Asp-35 is solid. The figure was generated with the
program MOLSCRIPT (31).

Proc. Natl. Acad. Sci. USA 91 (1994)

31 Fic. 3. The 3D polypeptide
backbone fold in the NMR struc-
ture of DnaJ-(2-108) calculated
with the program DIANA. (A) Ste-
\ reoview of the polypeptide back-
\'ffi bone of residues 4-74 of the 20
S DIANA conformers with the lowest
target function values (0.89-1.94
A?), which were superimposed for
minimal rms deviation of the back-
bone atoms N, C¢, and C’ of the
helices I (residues 6-11), II (resi-
dues 18-31), and III (residues 41—
55). The flexibly disordered resi-
dues 2-3 and 75-108 are not dis-
played. (B) Same as in A for helix
IV (residues 61-68) after superpo-
sition of the backbone atoms N,
Ce, and C’ of residues 61-68.

phobic core that includes the interface between amphipathic
helices II and III (Fig. 5). Using a published alignment of nine
J-domain sequences (3), we found striking correlations be-

Fig. 5. Helix-wheel representation of the hydrophobic core of
the DnaJ J domain in the NMR structure of DnaJ-(2-108). Interhelical
NOE:s are indicated by arrows, while circles and squares denote
hydrophobic and charged residues, respectively. The thickness of
the symbols corresponds to the degree of conservation of the amino
acid residues in the alignment of nine J-domain sequences by Bork
et al. (3). Thick circles denote strictly conserved hydrophobic
residues, intermediate circles indicate residues with highly cop-
served aromatic or hydrophobic properties, and thin circles repre-
sent residues that are substituted by polar or charged side chains in
some of the other eight J domains. Intermediate squares denote
charged residues that are present in at least five of the nine sequences
and in no case are replaced by residues with the opposite charge, and
thin squares indicate positions with nonconservative mutations in the
other J domains.
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tween the conservation of hydrophobic residues in the J
domain with their structural roles in the hydrophobic cluster
(Fig. 5). The strictly conserved residues Tyr-7, Leu-10, Ala-
53, and Leu-57 constitute the central part of this hydrophobic
core. Interestingly, even conservative variations appear not to
be tolerated for these residues. For example, the Ala-179—>Thr
substitution in Sec63-1, which corresponds to position 53 in
Dnal, leads to a thermolabile phenotype (33). In addition, the
aforementioned sequence alignment (3) of nine J domains
shows that residues Tyr-32, Phe-47, and Tyr-54 are invariably
aromatic, residues Tyr-6, Val-12, Tyr-25, and Ile-50 are in-
variably hydrophobic; and Ile-9, Ile-21, Leu-28, Ala-43, and
Val-56 have conserved hydrophobicity in all but one of the
nine sequences. All of these residues are located within the
hydrophobic core (Fig. 5). In contrast, residues Ala-24, Ala-
29, Met-30, and Ala-45 in DnaJ, which are not conserved as
hydrophobic residues in all J-domain sequences, are not at all
or only peripherally associated with this hydrophobic cluster.
On the hydrophilic sides of the amphipathic helices, charged
residues Glu-18, Glu-20, Arg-22, Lys-26, Arg-27, Lys-46,
Lys-48, and Glu-55 are present in at least five of the nine
J-domain sequences aligned by Bork et al. (3) and are in no
case replaced by residues with opposite charge. Therefore, the
C-terminal segment of helix II containing residues 22-31 would
contain an excess of positive charges in all nine J-domain
sequences. Since this polypeptide segment is close to the
tripeptide segment His-33-Pro-34-Asp-35 (Fig. 4), which
plays an essential role in the DnaJ-DnaK interaction (8), it is
tempting to speculate that interactions of the positively
charged helix II with a negatively charged surface area of
DnaK might contribute to the functionally important interac-
tions between the two proteins.

Although we limited this discussion to the protein core
formed by helices I-III (Fig. 4), it seems worthwhile to point
out that position 66 in helix IV, which is invariably occupied
by an aromatic residue in the aforementioned nine J domains
(3), is involved in NOEs with two highly conserved core
residues (Fig. 5). It remains to be seen whether helix IV is
indeed in steady contact with this protein core or whether
these NOEs are instead due to transient interactions of the
two moieties.

The tripeptide segment His-33-Pro-34-Asp-35 (Fig. 4) is
extremely conserved among J-domain sequences (3, 6). Its
essential role in the DnaJ-DnaK interactions is directly shown
by the fact that these interactions are completely abolished by
the His-33—Gln point mutation (ref. 8; D.W., M. Zyclicz, and
C.G., unpublished data). Similarly, Feldheim ez al. (34)
showed for Sec63, a protein that interacts with BiP (Hsp70) in
protein transport and folding in the lumen of the endoplasmatic
reticulum of yeast, that amino acid substitutions in positions
that are homologous to Pro-34 and Asp-35 of DnaJ also result
in an inactive protein. Furthermore, mutations in the His-Pro-
Asp segment of simian virus 40 large tumor antigen result in
mutant phenotypes (6). The fact that this invariable segment
does not have an obvious structural role in the J domain (Fig.
4) is in agreement with the idea that the high degree of
conservation is related with an essential functional role of the
His-Pro-Asp segment, for example, in the specific protein—
protein interactions with DnaK.

Many J-domain proteins contain a Gly/Phe-rich region
C-terminal to the J domain, suggesting that this region may
have auxiliary functions to those of the J domain. For
example, an internal deletion of residues 77-108 in Dnal
results in a mutant protein that interacts with DnaK and with
polypeptide substrates with wild-type affinities but is defec-
tive in its ability to activate DnaK to bind substrates (D.W.,
M. Zyclicz, and C.G., unpublished data). Our NMR inves-
tigation shows that the Gly/Phe-rich region is flexibly disor-
dered in solution, a structural property that would match well
with the proposed function as a linker between the J domain

Proc. Natl. Acad. Sci. USA 91 (1994) 11347

and the C-terminal substrate binding domain (4) and could
help to orchestrate protein—protein interactions of Dnal,
DnakK, and the bound polypeptide substrate.
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