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ABSTRACT: The backbone dynamics of the N-terminal domain of the chaperone proteinEscherichia coli
DnaJ have been investigated using steady-state1H-15N NOEs,15N T1, T2, andT1F relaxation times, steady-
state13CR-13CO NOEs, and13CO T1 relaxation times. Two recombinant constructs of the N-terminal
domain of DnaJ have been studied. One, DnaJ(1-78), contains the most conserved “J-domain” of DnaJ,
and the other, DnaJ(1-104), includes a glycine/phenylalanine rich region (“G/F” region) in addition to
the “J-domain”. DnaJ(1-78) is not capable of stimulating ATP hydrolysis by DnaK, despite the fact that
all currently identified sites responsible for DnaJ-DnaK interaction are located in this region. DnaJ(1-
104), on the other hand, retains nearly the full ATPase stimulatory activity of full length DnaJ. Recently,
a structural analysis of these two molecules was presented in an effort to elucidate the origin of their
functional differences [Huang, K., Flanagan, J. M., and Prestegard, J. H. (1999)Protein Science 8, 203-
214]. Herein, an analysis of dynamic properties is presented in a similar effort. A generalized model-free
approach with a full treatment of the anisotropic overall rotation of the proteins is used in the analysis of
measured relaxation parameters. Our results show that internal motions on pico- to nanosecond time scales
in the backbone of DnaJ(1-78) are reduced on the inclusion of the “G/F” region, while conformational
exchange on micro- to millisecond time scales increases. We speculate that the enhanced flexibility of
residues on the slow time scale upon the inclusion of the “G/F” region could be relevant to the ATPase
stimulatory activity of DnaJ if an “induced-fit” mechanism applies to DnaJ-DnaK interactions.

Understanding the molecular mechanism of the biological
activities of a protein requires knowledge of both structure
and dynamics (1). Flexibility of the side-chains and the
backbones of residues in regions of contact are often
recognized as being necessary for binding substrates and
carrying out enzymatic reactions. Residues, which do not
directly participate in biological reactions but are involved
in the organization of secondary structure elements and the
tertiary framework, are more frequently thought of as
providing a rigid scaffold on which active sites are presented.
However, the case need not be this simple; the backbones
of secondary structure segments, and even side-chains buried
in the interior of a protein, can possess a certain degree of
mobility with characteristic time scales from pico- to
milliseconds or longer. These more global internal motions
can also be important for a protein in optimizing contacts,

particularly when contacts involve the more extended
interaction of protein pairs.

Herein, we present a study of the motional properties of
the N-terminal domain ofEscherichia coliDnaJ, which is
at the center of some very important regulatory and protein
folding processes involving protein-protein interactions.E.
coli DnaJ is a heatshock protein of about 44 kDa (2, 3). It
has been demonstrated in vitro that DnaK, DnaJ, and GrpE
act synergistically to refold denatured proteins in an ATP-
dependent reaction (4). DnaJ plays a key role in regulating
the activity of its cochaperone DnaK in the protein refolding
reaction. In the presence of ATP, DnaK hydrolyzes ATP and
changes its conformation to the ADP-bound form with high
affinity for peptide substrates. DnaJ is capable of increasing
the rate of the ATP hydrolysis catalyzed by DnaK, thus
promoting the ADP-bound state of DnaK and stabilizing the
peptide-DnaK complex (5, 6).

The N-terminal domain of DnaJ consists of the highly
conserved “J-domain” (residue 1-70) followed by a region
abundant in glycine and phenylalanine residues (“G/F”
region). Results from biochemical studies have shown that
the N-terminal domain of DnaJ is a key player in ATPase
stimulatory activity and the binding of DnaJ to DnaK (7, 8,
9). Several motifs in the “J-domain” have been identified as
being critical for the binding (10, 11, 12, 13). Nevertheless,
the “J-domain” alone does not stimulate ATPase activity of
DnaK. A second domain in DnaJ is required for this activity;
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it can be either the “G/F” region or an as yet undefined region
of the C-terminal domain of DnaJ.

Structural studies have shown that the “J-domain” is highly
helical (14, 15, 16, 17, 18). As shown in Figure 1, two central
antiparallel helices, helix II and helix III, are connected by
a long loop. Two short helices, helix I and helix IV, are found
at the N-terminal and C-terminal ends. Helix I and helix IV
are connected to helix II and helix III, respectively, by a
short turn. The “G/F” region does not appear to have any
ordered secondary structure. Nevertheless, an NMR structural
comparison of DnaJ(1-78) and DnaJ(1-104) shows that the
presence of the “G/F” region induces some structural change
in the “J-domain” (14). Previously, we have discussed the
potential relevance of structural changes in the “J-domain”,
upon the inclusion of the “G/F” region, to the ATPase
stimulatory activity of DnaJ (14). Herein, we explore the
effect of the “G/F” region on internal motions of the
N-terminal domain and discuss the possible functional roles
of dynamics.

The relaxation rates of nuclear spin magnetization are a
function of molecular motion, thus their measurements can
be used to extract information on the internal dynamics of
proteins occurring on various time scales. A number of
biological processes, including protein folding, ligand bind-
ing, and protein recognition, have been probed in this way
(19, 20, 21, 22, 23). A model-free approach (24, 25) and an
extended model-free approach (26) are frequently used to
characterize the amplitudes and the time scales of internal
motions in a protein that are faster than the overall molecular
tumbling rate. These descriptions are based on spin-lattice
relaxation times,T1, spin-spin relaxation times,T2, and NOE
measurements. To study slow conformational changes in the
range of micro- to milliseconds, measurements of spin-
lattice relaxation times in the rotating frame,T1F, are quite
useful (27, 28, 29).

15N-relaxation rate measurements have been most widely
applied to investigating the correlation between backbone
dynamics and mechanisms of biological processes. With the

availability of 13C,15N-enriched protein samples, there are
increasing interests in using the relaxation rates of13CO to
expand the description of backbone dynamics (30, 31, 32,
33). It is possible to probe the anisotropy of motions at
various sites along the protein backbone by studying both
amide 15N- and 13CO-relaxation (34). A few years ago,
Pellecchia et al. (17) made measurements of15N-relaxation
parameters on a similarly truncated DnaJ,E. coli DnaJ(1-
107). No efforts were made to extract the amplitudes and
the time scales of internal motions of individual N-H bonds
using a model-free approach in that study. In this paper, we
will describe the results of both15N- and 13CO-relaxation
studies on the N-terminal domain ofE. coli DnaJ. Because
of the nonglobular shape of the two proteins under study,
we apply a generalized model-free approach with a full
treatment of the anisotropic overall rotation of the proteins.
Both 15N-order parameters and13CR-13CO order parameters
are calculated to characterize the internal motions of N-H
bonds and13CR-13CO bonds, respectively. Moreover,13CR-
13CO order parameters are compared to15N-order parameters
of the same residue to detect possible local anisotropic
motions. The results show that the inclusion of the “G/F”
region has a significant influence on the backbone dynamics
of the “J-domain”.

EXPERIMENTAL PROCEDURES

Sample Preparation. Uniformly 15N- or 15N,13C-labeled
recombinant DnaJ(1-78) and DnaJ(1-104) were expressed
in E. coli and purified to homogeneity using protocols as
described elsewhere (14, 16).

NMR Experiments for Nitrogen-15 Relaxation Measure-
ments. Experiments for15N-relaxation measurements were
executed at 30°C on a Varian Unity 500 MHz spectrometer
equipped with a triple-resonance, pulsed field gradient probe
with an actively shieldedz gradient and a gradient amplifier
unit. The15N spin-lattice (T1) and spin-spin (T2) relaxation
times and the steady-state1H-15N NOEs were measured
from 1H detected1H-15N correlation spectra recorded with

FIGURE 1: Ribbon diagram of the “J-domain” in DnaJ(1-78) (panel a) and DnaJ(1-104) (panel b). The figure was generated with the
program MOLMOL (56).
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sensitivity enhanced pulse sequences. The pulse sequences
have been described in detail in the literature (35). The
reported acquisition parameters were applied in our studies
with only minor adjustment. The steady-state1H-15N NOEs
were determined from spectra recorded in the presence and
absence of a proton presaturation period of 3 s with a
relaxation delay of 5 s.T2 values were determined from
spectra recorded with 5 different durations of the delay T:
16.4, 32.8, 65.6, 98.4, 164.0 ms. Relaxation delays of 1 s
between scans were employed.15N T1 values were measured
from the spectra recorded with seven different durations of
the delay T: 54, 118, 200, 299, 426, 617, 935 ms.T1 spectra
were recorded with magnetization relaxing asexp(-T/T1)
and in such a way that the delay between scans affected only
the sensitivity and not the extractedT1 values (36). Thus, a
short relaxation delay of 1 s was employed between
successive scans. All spectra were recorded as 512× 160
complex matrices with 32 scans pert1 point. Spectral widths
of 1350 and 5500 Hz were employed in frequency domains
F1 and F2, respectively.

The15N spin-lattice relaxation rate in the rotating frame,
T1F, was measured using an on-resonance rotating frame
experiment. TheT1F experiment was similar to the one used
for the determination of15N T2 s, except that the CPMG
sequence was replaced by a train of continuous 2 ms low
power nitrogen pulses. A spin-lock field strength of 2.4 kHz
was employed. Proton refocusing pulses were applied every
4 ms to eliminate the effects of the cross-correlation between
1H-15N dipolar coupling and15N CSA relaxation mecha-
nisms.T1F values were determined from spectra recorded with
eight different durations of the delay T: 8, 20, 40, 80, 160,
320, 400 ms. A relaxation delay of 1 s between scans was
employed.

NMR Experiments for Carbonyl Carbon-13 Relaxation
Measurements. All the 13CO relaxation experiments were
carried out at 30°C on a Varian Unity Plus 600 MHz
spectrometer equipped with a triple-resonance, pulsed-field
gradient probe with an actively shieldedz gradient and a
gradient amplifier unit. The pulse sequence forT1 measure-
ment is similar to the one described by Zeng et al. (33) except
that the magnetization started from HR protons instead of
HN protons. The HR proton magnetization was transferred
to CR then to CO with a scheme similar to the CBCA(CO)-
HN experiment (37). Subsequently, there was a relaxation
delay before the magnetization was transferred to the amide
nitrogen, then the amide proton for detection. A States-TPPI
quadrature detection scheme was used (38), and pulsed-field
gradients were employed to suppress water and eliminate
artifacts in the spectra. A 155µs G3 (39) selective pulse
was applied in the middle of theT1 relaxation delay to
suppress the cross correlation between the13CO CSA and
the13CO-13CR dipolar relaxation mechanisms (40, 41). The
T1 values were determined from eight different relaxation
delays T: 5, 100, 200, 400, 600, 800, 1500, 2000 ms. As in
the case of15N measurement,13COT1 spectra were recorded
with magnetization relaxing asexp(-T/T1), and a relaxation
delay of 1 s between scans was employed. The pulse
sequences for the determination of the steady-state NOE
between13CR and13CO were the same as the ones described
by Zeng et al. (33). A relaxation delay of 10.6 s between
scans was employed in the NOE measurement experiments.

Data EValuation. Data processing was performed using
Felix (Biosym/Molecular Simulations, San Diego). All
spectra were processed with a 90 degree shifted sinebell
apodization function applied in both dimensions. The intensi-
ties of the peaks in the 2D spectra of15N-relaxation
experiments were taken from peak volumes as measured in
Felix. The intensities of the peaks in the 2D spectra of13CO
measurements were taken from peak heights using a Felix
macro provided by Professor Arthur Palmer (Columbia
University). We have analyzed data using both volumes and
peak heights and found no difference in the values of
relaxation rates derived. However, in the case of13CO
measurements, because of broader peaks, and less chemical
shift dispersion in the CO dimension, the use of peak
volumes gave larger deviations in nonlinear data fitting. Thus,
we chose to use peak heights in the13CO relaxation data
analysis.

All relaxation rates were determined by fitting the peak
intensities to a two-parameter function of the formI(t) )
I0exp(-t/T), whereI(t) is the intensity after a delay of time
t andI0 is the intensity at timet ) 0. Software developed by
Professor Lewis Kay’s group was used to extract relaxation
rates (35).

The offset effects in measurements of the spin-lattice
relaxation rate in the rotating frame were taken into account
using the following formula (42):

where R1 is the spin-lattice relaxation rate,R1F is the
uncorrected spin-lattice relaxation rate in the rotating frame
obtained from data fitting, andωe ) (∆ω2 + ωSL2)1/2, where
∆ω is the offset between the frequency of the applied spin
lock field and the individual amide nitrogen resonance
frequency, andωSL is the spin-lock field strength.

The steady-state1H-15N NOE values were determined
from the ratios of the peak intensities with and without proton
saturation. We assumed that the uncertainty in the peak
intensities equals the rms background noise in the spectra.
The error in the NOEs was estimated using the appropriate
error propagation rules from peak uncertainties in the spectra
recorded with and without1H saturation. The steady-state
13CR-13CO NOE values and the errors in those values were
determined in the same manner from spectra recorded with
and without13CR presaturation.

Expressions for the15N-Relaxation Rates. TheT1 andT2

relaxation times and the NOE enhancements of an amide
15N nucleus are dominated by the dipolar interaction of the
15N nucleus with its attached proton and by CSA as described
by Abragam (43):

R1F
eff ) R1cos2(â) + R1Fsin2(â)

1/T1 )

d2[J(ωH - ωN) + 3J(ωN) + 6J(ωH + ωN)] + c2J(ωN)

1/T2 )

0.5d2[4J(0) + J(ωH - ωN) + 3J(ωN) + 6J(ωH)

+ 6J(ωH + ωN)] + (1/6)c2[3J(ωN) + 4J(0)]

NOE+ 1 + (γH/γN)d2[6J(ωH + ωN) -3J(ωN - ωN)]T1

Backbone Dynamics of the N-Terminal Domain in DnaJ Biochemistry, Vol. 38, No. 32, 199910569



The constantsd2 andc2 are defined as

whereγH andγN are the gyromagnetic ratios of the1H and
15N nuclei, respectively,ωH and ωN are the1H and 15N
Larmor frequencies,rNH is the internuclear1H-15N distance
(1.02 Å),H0 is the magnetic field strength, and the parallel
and perpendicular components of the assumed axially sym-
metrical15N-chemical shift tensor are represented byσ| and
σ⊥, respectively. Aσ| - σ⊥ value of -160 ppm was used
for the amide nitrogen chemical shifts considered here (44).
J(ω) is a spectral density function, which describes the
frequency distribution of motions that modulates chemical
shift anisotropies and dipolar interactions.

Additional motional dependence ofT2 can arise from
chemical exchange processes, such as slow conformational
interconversions, that are normally not considered a part of
theJ(ω) described above. When this happens,T1F becomes
an important variable for separating exchange contributions.
An expression forT1F in terms of additional spectral density
function contributions and effective magnetic field param-
eters was developed by Peng et al. (45) using a semiclassical
formalism. In the limit of a weak on-resonance spin lock
field, and an assumption of a Lorentzian spectral density
function equal to that introduced above in the absence of
exchange,T1F provides the same spectral information asT2.
Hence, theT1F/T2 ratio is expected to be one when the above
conditions are satisfied. When an exchange process is present,
theT1F/T2 ratio, however, may significantly deviate from one.
Therefore, theT1F/T2 value can be used to screen for the
presence of an exchange process in proteins.

The contribution of exchange processes toT2 andT1F can
be analyzed by explicitly including an exchange contribution
to relaxation rates,Rex, as follows:

Here,T2
∞ is the spin-spin relaxation time in the absence of

exchange, andT1F
∞ is the spin-lattice relaxation time in the

rotating frame in the absence of exchange.T2
∞ and T1F

∞

should have approximately the same value.
In the fast-exchange regime, the contribution from the

exchange process toT2 is

in which pA andpB are the populations of different confor-
mational or chemical statesA and B. ∆Ω is the chemical
shift difference between stateA and stateB, andτex is the
time constant for the exchange process. The exchange term
contributes toT1F in a similar way, but it is modified by the
strength of the spin-lock RF fieldωSL (27)

The magnitude of the spin lock field usually is a few kHz.
Therefore, for an exchange process with aτex on the order
of a milli-second, the 1+ ωSL2τex2 factor in Rex

1F is large,
andT1F relaxation times are affected much less by exchange.
Under these circumstances, aT1F/T2 ratio larger than 1.0 will
be observed.

Model-Free Interpretation of15N-Spectral Density Func-
tions. The model-free approach has been widely used to
extract dynamical information from nuclear magnetic relax-
ation data. In its simplest form, the internal dynamics of a
nuclear spin is described by only two parameters: a motional
correlation time,τe, and an order parameter, S, that describes
spatial restriction of the motion (24, 25). The overall motion
of the protein in the isotropic tumbling limit is characterized
by an overall correlation time,τm. The corresponding spectral
density function is then

with 1/τ ) 1/τm + 1/τe.
In the case where the time evolution of the internal

reorientational motion contains a significant component at
a slow time scale, it may not be sufficient to use a singleτe.
An extended form of the model free approach was developed
by Clore et al. (26) to analyze relaxation rates in such
situations. Assuming that internal motions take place on two
distinct time scales differing by at least an order of
magnitude, and that the term containing the correlation time
describing the faster of the two time scales contributes a
negligible amount to the relaxation, the modified spectral
density function becomes

where the square of the order parameterS2 is expressed as
the square of the product of two order parameters character-
izing the fast and slow internal motion,Sf

2 andSs
2, respec-

tively. The effective correlation time for the slow internal
motions,τs, is included using the relationship 1/τ ) 1/τs +
1/τm.

In the case of anisotropic overall rotation, it is not
sufficient to describe the overall tumbling using a single
correlation timeτm. In the most general case, five correlation
times are needed (46). The correlation times are given in
terms of elements of a rotational diffusion tensor as follows:

where D ) (Dxx + Dyy + Dzz)/3, and L2 ) (DxxDyy +
DxxDzz + DyyDzz)/3. The spectral density function is the
Fourier transformation of the autocorrelation function,

d2 ) 1
4
γH

2 γN
2 p2 〈 1

rNH
3 〉2

c2 )1
3
γN

2 H0
2(σ| - σ⊥)2

1/T2 ) 1/T2
∞ + Rex, 1/T1F ) 1/T1F

∞ + Rex
1F

Rex ) pApB∆Ω2τex

Rex
1F ) pApB∆Ω2 τex

1 + ωSL
2 τex

2

J(ω) )
S2τm

1 + ω2τm
2

+
(1 - S2)τ

1 + ω2τ2

J(w) )
S2τm

(1 + ω2τm
2 )

+
(Sf

2 - S2)τ

(1 + ω2τ2)

τ1 ) (4Dxx + Dyy + Dzz)
-1, τ2 ) (Dxx + 4Dyy + Dzz)

-1

τ3 ) (Dxx + Dyy + 4Dzz)
-1, τ4 ) [6D + 6(D2 - L2)1/2]-1

τ5 ) [6D - 6(D2 - L2)1/2]-1

J(ω) ) S2 ∑
k)1-5

akτk

1 + ω2τk
2

+
(1 - S2)τ

1 + ω2τ2
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where 1/τ ) 1/τiso + 1/τe. τiso is the effective isotropic
rotational correlation time. For large molecules in the absence
of exchange,τiso can be measured by relating it to a ratio of
T1 to T2. The coefficientsak are given by

wherem, n, l are the direction cosines of the N-H vector
with respect to the diffusion axesx, y, andz, respectively,
andd ande are given by the following expressions:

The software package DASHA (47), which contains the
subroutines for the analysis of N-H relaxation data using a
model-free approach in the case of anisotropic overall
rotation, was used in our study. To determine the overall
rotational correlation times, we must know the direction
cosines of the N-H vectors with respect to the diffusion
tensor axes and the molecular diffusion constants. Both can
be estimated from existing three-dimensional structures of
the protein. The beads model, in which the shape of the
protein is defined by a large number of spherical subunits,
was used to represent the hydrodynamic properties of the
protein (48, 49, 50).

We selected all theR carbon atoms from the pdb files of
our NMR structures of the N-terminal domain of DnaJ (34)
as the “beads”. The effective hydrodynamic radius of a bead
was assumed to be proportional to the square root of the
accessible surface area of the bead, thus allowing for a
reduction in the hydrodynamic radius from its initial van der
Waals radius of 1.75 Å due to overlap with its neighbors
(51). The accessible surface area was calculated using the
Lee & Richards (52) algorithm with a probe size of 1.6 Å
and a scaling factor of 1.0. If the radius of the friction point
became smaller than 0.1 Å after a scaling factor was
included, the friction point was discarded. Note that for DnaJ-
(1-104), because the structure of the “G/F” domain is in
disorder and not defined, only the “J-domain” was taken into
account in the hydrodynamics calculation.

The experimental relaxation data were ultimately fit to five
different models: (1) internal motion characterized byS2 with
τe fixed to zero; (2) internal motion characterized byS2 and
τe; (3) internal motion characterized byS2 with τe fixed to
zero, and an exchange process characterized byRex; (4)
internal motion characterized byS2, τe, and an exchange
process characterized byRex; (5) internal motions character-
ized bySs

2, τs, andSf
2. The parameters characterizing internal

motions were extracted from the experimental relaxation data
by minimization of the loss function,ø2, using the Newton-
Raphson minimization algorithm,

where the variables with an indexc are theoretical values
and the variables with an indexe are experimental values.

The criteria for selecting the appropriate model from which
to calculate a spectral density function for each residue were
the following: (1) ø2 must be less than a critical value
corresponding to a 95% confidential limit; (2) the error in
the extracted value of model-free parameters must not be
larger than the value of the parameters; (3) if there were
several models satisfying criterion 1 and 2, an F-test (53)
was applied (vide infra) to decide if the model with a lower
number of degrees of freedom was statistically better than
the model with a larger number of degrees of freedom. If
the two models had the same number of degrees of freedom,
we would choose the model with smallerø2 value; (4) since
model 5 has zero degrees of freedom, it was selected only
when there was no other model satisfying the model selection
criteria 1 and 2. In the F-test, theF value was calculated as

in which p1 andp2 (p1 > p2) are the number of degrees of
freedom. The model with less freedom was considered
statistically better than the model with more freedom, if the
F value was larger than 0.1.

Model-Free Analysis of13CO Relaxation Rates. There are
some complications in extracting carbonyl carbon order
parameters from relaxation rates. For instance, unlike the
15N-chemical shielding, the assumption of an axially sym-
metrical shift tensor for13CO is not valid, and principle
components are not conveniently oriented along bonds.
Hence, it is necessary to know all components of the
chemical shift tensor in order to construct the expression for
T1, T2, and NOEs from spectral density functions. While
approximate values are known, these values are more
sensitive to both amino acid type and structural environment
than15N-chemical shift tensor components (32).

Nevertheless, sensitivity to these details can be minimized
and an approximate description of the local motion of the
CR-CO bond can be derived from an analysis of the13CO
T1 and the CR-CO steady-state NOEs. The steady-state NOE
can be written as

from whichσ, the dipolar cross relaxation rate between13CR

and 13CO, can be determined. In analogy to our previous
equation for a1H-15N NOE, the13CR-13CO cross relaxation
rate can be expressed in terms of a spectral density function
as

with

SinceωCR and ωCO are very similar, the above expression
can be simplified to

a1 ) 6m2n2, a2 ) 6l2n2, a3 ) 6l2m2, a4 ) d - e,
a5 ) d + e

d ) [3(l4 + m4 + n4) - 1]/2

e ) [δx(3l4 + 6m2n2 - 1) + δy(3m4 + 6l2n2 - 1) +

δz(3n4 + 6l2m2 - 1)]/6

δi ) (Dii - D)/(D2 - L2)1/2

ø2 )
(T1c - T1e)

2

σT1
2

+
(T2c - T2e)

2

σT2
2

+
(NOEc - NOEe)

2

σNOE
2

F )
p2(ø1

2 - ø2
2)

(p1 - p2)ø2
2

NOE) Isat/I0 ) 1 + σT1

σ ) d2[6J(ωCR + ωCO) - J(ωCR - ωCO)]

d ) 1
2
γc

2p 〈 1

rCRCO
3 〉

σ ) d2[6J(2ωC) - J(0)]
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In proteins at high fields,J(0) . J(2ωC), and thus the latter
term can be neglected. In the model-free approach,

where the spectral density coefficients,ai, can be derived
from the direction cosines of the CR-CO bond with respect
to the diffusion axes. Note that the values of these coefficients
are different from those for N-H bonds since the direction
cosines are different. The second term in the above expres-
sion can usually be neglected becauseτ is much shorter than
τi. In this limit, we get a simple expression for the13CR-
13CO order parameter,

RESULTS

Measured Nitrogen-15 Relaxation Parameters. The aver-
ageT1, T2, T1F, and NOEs for DnaJ(1-78) are 481( 49,
150( 36, 134( 14, and 0.65( 0.14 ms, respectively. The
corresponding average values for residues in the “J-domain”
in DnaJ(1-104) are 562( 51, 97 ( 19, 116( 16, and
0.73 ( 0.16 ms, respectively. The N-terminal residues in
both proteins, such as Gln 3, and residues in the “G/F” region
in DnaJ(1-104) consistently have longer values ofT1 and
T2, and lower values of the steady-state1H-15N NOEs. This
is indicative of flexibility in the backbone on the picosecond
to 100 picosecond time scale. These results agree with the
previous structural characterization and amide proton ex-
change rates for the DnaJ(1-104) construct, which showed
both the N-terminus and the “G/F” region to be in structural
disorder (14). The results also compare well to observations
made on a DnaJ(1-107) construct (17). We also observe
longer values ofT1 andT2, and lower values of steady-state
1H-15N NOEs for residues Glu 74 and Gln 75 in DnaJ(1-
78) than we do in DnaJ(1-104). These residues are near
the C-terminus in DnaJ(1-78), and some deviation upon
removal of the “G/F” region would be expected. Deviations
from the average values of relaxation rates are observed in
other regions as well, such as the loop connecting helix II
and helix III. However, those deviations are more compli-
cated and cannot be directly interpreted without further
analysis using the model-free approach.

The values of theT1F/T2 ratios as a function of residue
number for DnaJ(1-78) and DnaJ(1-104) are shown in
Figure 2. The averageT1F/T2 ratio is 0.93( 0.06 for DnaJ-
(1-78). The deviation from one is nearly within our
calculated standard deviation from the mean and is also
within our estimated experimental precision. Thus, we do
not consider the value of theT1F/T2 ratio to indicate
significant levels of slow internal motion. The averageT1F/
T2 ratio for the residues in the “J-domain” DnaJ(1-104) is
1.23( 0.20. While the deviation from one again appears to
be near the calculated deviation from the mean, the scatter
is more than 3× as large as that in DnaJ(1-78), and for a
number of residues, the deviations are clearly more than the
experimental precision might have allowed. Such residues
include Val 11, Ser 12, Tyr 31, Asp 34, Ala 44, Phe 46, Tyr
68, Ala 71, and Glu 74. The observation suggests that for
DnaJ(1-104) there could be exchange processes in the 100

µs - 1 ms range occurring in the regions where those
residues are located.

TheT1/T2 ratio is closely related to an effective isotropic
τm, with a higher ratio reflecting slower tumbling (35). The
rotational correlation timeτm estimated from the values of
15N T1/T2 is 5.6 ns for DnaJ(1-78). Those values of the
T1/T2 ratio that deviate from the average by more than one
standard deviation are not used in this calculation, assuming
that other factors such as chemical exchange might contribute
to these values. Because of the significant exchange contri-
bution to the15N T2 values in DnaJ(1-104),T1F instead of
T2 values are used in theτm estimation for DnaJ(1-104).
Moreover, theT1/T1F ratios of the residues in the “G/F” region
are excluded in the calculation. The estimatedτm is 7.4 ns
for DnaJ(1-104). The relative size of theτm values ap-
proximately scales with the molecular weight of these two
proteins.

Estimation of EffectiVe Isotropic Rotational Correlation
Time. The ratios of eigenvalues of the rotation diffusion
tensor calculated using the anisotropic structure model of
our proteins are 1.0:1.0:0.3 and 1.0:0.9:0.5 for DnaJ(1-78)
and DnaJ(1-104), respectively. The effective isotropic
rotational correlation time can also be calculated directly
from the hydrodynamics calculation. The values obtained
are 2.9 ns for DnaJ(1-78) and 3.1 ns for DnaJ(1-104),
excluding the “G/F” region. These values are low compared
to values derived from NMR experiments. It is, however,
well-known that including a solvent shell increases the values
of correlation times (54, 55). Because of the difficulties in
estimating the thickness of the hydration layer and because
of the additional complication of treating the “G/F” region
in DnaJ(1-104), we decided to use a semiempirical approach

J(0) ) S2 ∑
i)1-5

aiτi + (1 - S2)τ

S2 ) -σ
d2 ∑i)1-5 aiτi

FIGURE 2: A plot of T1F/T2 ratio as a function of residue number
for DnaJ(1-78) (panel a) and DnaJ(1-104) (panel b).
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to converting diffusion times to anisotropic correlation times.
We basically assume that anisotropy is appropriately repre-
sented, and scale eachτi by a factor,τm/τiso. Here,τiso is the
overall effective isotropic rotational correlation time given
by the hydrodynamic calculation without a solvent shell and
τm is the overall effective isotropic rotational correlation time
determined from aT1/T2 ratio. The rotational correlation times
scaled byτm/τiso areτ1 ) 7.1, τ2 ) 7.1, τ3 ) 3.9, τ4 ) 3.9,
τ5 ) 9.7 ns for DnaJ(1-78), andτ1 ) 8.6,τ2 ) 8.2,τ3 )6.0,
τ4 ) 6.0, τ5 ) 10.0 ns for DnaJ(1-104).

Model-Free Analysis. Values of model-free parameters and
Rex terms for each residue can be derived from nitrogen
relaxation rates using the calculated anisotropic diffusion
parameters of DnaJ(1-78) and DnaJ(1-104). The results
are shown in Figure 3 and Figure 4. When a 2 time scale
model is used, onlyS2

f values are shown. These values are

equivalent to theS2 values characterizing single time scale
internal motions since both are indications of the amplitude
of internal motions on sub-nanosecond time scales.

The models required to fit the relaxation data of the
residues in the “J-domain” are quite different for DnaJ(1-
78) and DnaJ(1-104). In DnaJ(1-78), 16 residues require
a 2 time scale model that includes a second slower internal
motion to fit the experimental data. A few of those residues
are in the N-terminal and C-terminal region, while most of
them are in helix II. Even when a single time scale model is
used to fit the data, manyτe are quite long. This is
particularly true in the loop region between helix II and helix
III. There are just 12 residues in DnaJ(1-78) requiring an
exchange term, and theRex terms in DnaJ(1-78) are less
than 1s-1. In DnaJ(1-104), there are only four residues

FIGURE 3: Values of model-free parameters plotted versus the
amino acid sequence for DnaJ(1-78). Residues requiring a two-
time scale model are labeled by * in panel (b). The secondary
elements are indicated with boxes.

FIGURE 4: Values of model-free parameters plotted versus the
amino acid sequence for DnaJ(1-104). Residues requiring a two-
time scale model are labeled by * in panel (b). The secondary
elements are indicated with boxes.
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requiring a 2 time scale model and only one of them is in
helix II. Also, the τe values from the single parameter fits
tend to be smaller. However, there are as many as 26 residues
in DnaJ(1-104) requiring an exchange term, and 21 of them
have anRex term larger than 1s-1. Thus, there appears to be
a shift from internal motion on the 10-100 ps time scale to
more extended motion on the 1µs - 1 ms time scale when
the “G/F” region is added.

The relaxation data for the residues in the “G/F” region
itself were analyzed using an isotropic model since it was
not possible to obtain anisotropic parameters for them. A
rotational correlation of 3.7 ns, which was estimated by
T1/T2 ratios of the residues in this region, was used in the
model-free analysis. Only residues Met 78, Ala 87, Asp 88,
Ser 90, and Asp 91 produced acceptable fits with one of the
five models. All resulting fits showed an order parameter
near zero.

Studies of Carbonyl Carbon-13 Relaxation. The values of
the 13CO T1, 13CR-13CO NOEs, and13CR-13CO order
parameters of residues in DnaJ(1-78) and DnaJ(1-104) are
plotted in Figure 5 and Figure 6. Because of chemical shift
degeneracy, few residues in the “G/F” region could be
analyzed reliably. Thus, we only show residues in the “J-
domain” for DnaJ(1-104) in Figure 6. The average values
of T1, NOEs, andS2 for DnaJ(1-78) are 1.53( 0.08,
0.874 ( 0.039, and 0.694( 0.214 s. The corresponding
average values for DnaJ(1-104) are 1.48( 0.14, 0.880(
0.037, and 0.555( 0.200 s. There is no significant variation
in the values of carbonylT1 values throughout the “J-

domain”, except for Lys 61, Ala 64 in DnaJ(1-78), and Thr
57 in DnaJ(1-104). 13CR-13CO NOE values are quite
uniform as well with only a few residues deviating signifi-
cantly from the average. In DnaJ(1-78), those residues are
Lys 30, Pro 33, Arg 35, Asn 36, Phe 73, and Glu 74. In
DnaJ(1-104), those residues are Asn 36, Gln 67, Tyr 68,
Gly 69, and Glu 74. The values for the13CR-13CO order
parameters are not as uniform asT1 and NOE values, partly
because of increased errors. In general, residues in the loop
region and the C-terminal region following helix IV have
significantly lower order parameters. Complete tables of
relaxation data and derived parameters for both13CO and
15N are included in the Supporting Materials.

DISCUSSION

The average values of15N order parameters for helix
I-helix IV in DnaJ(1-78) are 0.799( 0.112, 0.796( 0.047,
0.774( 0.051, 0.776( 0.041 s. As expected, these values,
which reflect increasing amplitude of internal N-H vector
motion as they decrease from an upper limit of one, are quite
close to one and are quite similar to each other in these
helical regions. In anR helix, N-H vectors are all hydrogen
bonded to the carbonyl groups in the amino acid four residues
away; the local environment is quite similar, quite restricted,
and at least at fast time scales, the spatial freedom of these
N-H vectors should not differ greatly. In helix III, however,
residues in the first half of the helix seem to have an lower
value of order parameter than those residues in the second
half of the helix. The average value of order parameters for
residues 42-47 is 0.74( 0.03, and the value for residues
51 to 55 is 0.82( 0.03. Both Pellecchia et al. (17) for the
DnaJ(1-107) construct and we for the DnaJ(1-78) and
DnaJ(1-104) constructs (14), have shown previously that
the amide proton exchange rates in the first half of helix III
are in the intermediate range so that they cannot be observed
in either a D2O exchange experiment or in a magnetization
transfer experiment. Thus, the difference in order parameters
observed herein seems to correlate with the difference
observed in amide proton exchange rates. There are a few
residues, such as Gly 10 and Val 11 in the turn between
helix I and helix II, and Asp 34 and Asn 36 in the loop
connecting helix II and helix III, that have order parameters
significantly lower than the average. These residues appar-
ently experience more flexibility than those residues in
helices.

There is a significant amount of motion on time scales of
pico- to nanoseconds in the backbone dynamics of DnaJ-
(1-78), as indicated by the requirement of a 2 time scale
model or a largeτe value for many residues in order to
produce an adequate fit to the15N-relaxation data. On the
other hand, there seems to be few slow time scale exchange
processes in DnaJ(1-78), suggested by the observation that
the exchange terms required to fit the relaxation data are
small (less than 1), and that theT1F/T2 ratios are not
significantly deviated from one.

The values of the13CR-13CO order parameter indicate that
the N-terminal region, C-terminal region, and the loop region
are more flexible than the rest of the molecule. This is
consistent with the results from the15N-relaxation studies.
Moreover, as shown in Figure 7, most residues show a fairly
good agreement between the magnitude of the15N and13CR-

FIGURE 5: Values of13CR-13CO order parameters plotted versus
the amino acid sequence for DnaJ(1-78).

FIGURE 6: Values of13CR-13CO order parameters plotted versus
the amino acid sequence for DnaJ(1-104).
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13CO order parameters. Since the15N-order parameters reflect
mainly the internal motion of the N-H bonds, and13CR-
13CO order parameters reflect the internal motion of the CR-
CO bonds, the consistency between the15N and13CO order
parameters is not unexpected when these two bonds are part
of a rigid peptide plane undergoing near symmetric internal
reorientation. A few residues, such as Asp 34 and Asn 36 in
the loop region, and Ala 71 and Glu 74 in the C-terminus,
do not have a good correlation between the13CR-13CO order
parameters and15N order parameters. They are all in flexible
regions, and their internal motions along directions sampled
by the various15N- and13C-interactions are more likely to
be anisotropic.

Changes in the backbone dynamics of the “J-domain” are
observed when the “G/F” region is included. In DnaJ(1-
104), the average value of15N order parameters for each
helix are 0.945( 0.065, 0.825( 0.056, 0.812( 0.125,
0.836 ( 0.059. Compared to corresponding segments in
DnaJ(1-78), there is a small but significant increase
throughout the molecule. Moreover, residue Asp 34 has a
very high order parameter in DnaJ(1-104). In concert with
the slight increase in15N order parameters for DnaJ(1-104)
over DnaJ(1-78), we find less need to fit relaxation data
with models that include internal motions on the time scale
of picoseconds to nanoseconds. It seems that by including
the “G/F” region, the very rapid backbone internal motions
of the “J-domain” are significantly damped. Despite the
reduction in the amount of fast motion in DnaJ(1-104), a
large number of residues seem to be involved in slower
exchange processes on the time scale of micro- to mil-
liseconds. Very largeRex terms are found in residues Val
11, Ser 12, Thr 14, Lys 25, Tyr 31, Asp 34, Ala 44, Phe 46,
and Tyr 68.

As shown in Figure 8, the overall13CR-13CO order
parameters seem to be lower than the values of the15N order
parameter for DnaJ(1-104). It has been suggested that the
concerted helix movement about the CdO bond direction
will cause a lower value of13CR-13CO order parameters than
that of the15N order parameter (34). It is possible that the
addition of the “G/F” region results not only in damping of
the amplitude of rapid local motions, but an increase in
amplitude of slower more anisotropic motion for helical
segments. In addition, individual residues such as Leu 9, Asp

34, Asn 36, Lys 40, Phe 46, Gln 67, Tyr 68, and Glu 74
show much less correlation between CR-CO order param-
eters and15N order parameters in DnaJ(1-104). These
residues may have different kinds of anisotropic motion from
other parts of the molecule.

ATP hydrolysis is the rate-limiting step in the DnaK/DnaJ
ATPase cycle that locks protein/peptide substrates into the
substrate binding cavity of DnaK. This key step is strongly
stimulated by the DnaJ cochaperone. To associate the
characteristics of the backbone dynamics of the “J-domain”
with its functions and understand the mechanism by which
the “G/F” region may modulate the interaction between DnaJ
and DnaK, we will focus further discussion on the sites that
are suggested to be responsible for the DnaJ-DnaK interac-
tion and the ATPase stimulatory activity. Results from NMR
titration experiments with DnaJ(1-74) and DnaK indicate
that the DnaK binding sites are localized in the outer face
of helix II, residues Val 11 and Ser 12 in the turn region
near the N-terminus of helix II, and the “HPD” tripeptide
following the C-terminus of helix II (13). The 32H-33P-
34D tripeptide segment in the loop region is required for
the ATPase activity of DnaJ and binds along a channel in
the ATPase domain of DnaK (57, 58). A second binding
determinant in DnaK is likely to be in the substrate binding
domain because mutations in the vicinity of the substrate
binding pocket have either a reduced rate and or affinity for
DnaJ binding (58). The current model suggests that DnaJ
binding may propagate conformational changes between the
ATPase and substrate-binding domains. The changes in
dynamical behavior of helix II on adding the “G/F” region
are in general not dissimilar from those of other helices, but
Lys 25 and Tyr 31, which are on the outer edge of the helix,
do change significantly. Also, the changes in the loop and
turn regions do stand out. Asp 34, for example, is very
flexible in DnaJ(1-78), but adopts a very high15N order
parameter, a bigRex term, and a low13CR-13CO order
parameter in DnaJ(1-104). Residues in the turn region also
exhibit an elevated level of slow conformational exchange
on addition of the “G/F” region. Consistent with this latter
observation, we have reported previously that amide proton
exchange rate constants of residues 10-15 change signifi-
cantly in the presence of the “G/F” region (14).

Another site that has been suggested to be responsible for
DnaJ-DnaK interaction is the QKRAA amino acid motif

FIGURE 7: Values of13CR-13CO order parameters plotted versus
15N order parameters for residues in the “J-domain” in DnaJ(1-
78). Residues showing poor correlation between13CR-13CO order
parameters and15N order parameters are labeled.

FIGURE 8: Values of13CR-13CO order parameters plotted versus
15N order parameters for residues in the “J-domain” in DnaJ(1-
104). Residues showing poor correlation between13CR-13CO order
parameters and15N order parameters are labeled.
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(residue 60-64) in helix IV (11). In the NMR titration studies
with DnaJ(1-74), this region is not found to be sensitive to
the presence of DnaK. So, it is possible that the conformation
of helix IV in DnaJ(1-74) simply makes it less accessible
to DnaK. More importantly, our structural studies have
shown that the packing of helix IV is different in the presence
of the “G/F” domain (14), and in the current study, we see
modest changes in the size of Rex terms in this region.

The apparent increase in slow motions of particular sites
along the “J-domain” backbone on adding the “G/F” region
may be associated with the molecular mechanism of DnaJ-
DnaK interaction in several ways. If they are large in
amplitude, then slow motions could be important in promot-
ing the protein-protein interaction via an “induced-fit”
mechanism. Recent mechanistic studies of ATPase stimula-
tion by DnaJ have emphasized the complexities of the DnaJ/
DnaK/peptide interactions that are necessary for ATPase
stimulation (59) and the likelihood that the mechanism
involves induced conformation changes in the proteins (60).
On the basis of the shortT2 value of Asp 34 and the critical
role of the “32H-33P-34D” tripeptide in DnaJ-DnaK
interaction, Pellecchia et al. (17) have previously speculated
that the loop containing the tripeptide is a good candidate
for an “induced-fit” mechanism in the interactions with
DnaK. Our data support the existence of slow motions in
the tripeptide region as well as the V11-S12 turn region
and K25, Y31 side of helix II. Therefore, it is not unreason-
able to suggest that the flexibility of residues on the entire
protein-protein interaction interface may be necessary for
an appropriate DnaJ-DnaK interaction. The dynamic prop-
erties of the “G/F” region may also play a role in facilitating
entry of residues in the J-domain into the channel in DnaK
and aid in transmitting information between the ATPase and
substrate-binding domains of DnaK.
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relaxation rate, and13CR-13CO order parameters; (3) model-
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pubs. acs. org.
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